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The organism that we recognise as plant is the result of integrated 
metabolic functions administered by a number of factors, including 
hormones. Out of these chemicals, five (Auxins, Gibberellins, 
Cytokininis, Abscissic acid and Ethylene) are well recognized for 
their functions but the more recent ones (Brassinosteroids, Salicylic 
acid, Polyamines and Jasmonates) can not be excluded from the list of 
hormones because of their involvement in important functions of 
plants. 

This book is providing information related with Salicylic acid (SA) 
that was first noticed to be a major component in the extract from 
Salix (willow) bark and used as an anti-inflammatory drug. It belongs 
to phenolic group and is ubiquitous in plants. SA is involved in signal 
transduction, pondering over the plant resistance to stress and 
generates significant impact on photosynthesis, transpiration, uptake 
and transport of ions and growth and development. However, the 
observations related with this hormone are very much scattered it was, 
therefore, decided to compile all in the form of a book, based on 13 
chapters written by various experts, working in this field. A total of 31 
experts have explained their results based on the practical work 
carried over by them and of others on various selected aspects of plant 
growth and development. After going through these chapters it may be 
concluded that the hormone has a wide range of actions by involving 
genes and / or the membranes. 

With great pleasure, we extend our sincere thanks to all the 
contributors for their timely preparation of excellent and up to dated 
contributions and also for their consistent support and cooperation.  

Thanks are also due to Springer, The Netherlands for expeditious 
acceptance of our proposal and completion of the review process. 
Subsequent cooperation and understanding of their staff, especially, 
Malanie van Overbeek, publishing assistant, is also gratefully 
acknowledged. 

We express our sincere thanks to the members of our family for all 
the support they provided and the neglect, what so ever, they suffered 
during the preparation of this book. 
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Chapter 1 

SALICYLIC ACID: BIOSYNTHESIS, 
METABOLISM AND PHYSIOLOGICAL ROLE IN 
PLANTS 

Department of Botany, Aligarh Muslim University, Aligarh, INDIA 

Abstract: Salicylic acid (SA) is a phenolic derivative, distributed in a wide range of 
plant species. It is a natural product of phenylpropanoid metabolism. 
Decarboxylation of transcinnamic acid to benzoic acid and its subsequent 2-
hydroxylation results to SA. It undergoes metabolism by conjugating with 
glucose to SA glucoside and an ester. SA has direct involvement in plant 
growth, thermogenesis, flower induction and uptake of ions. It affects ethylene 
biosynthesis, stomatal movement and also reverses the effects of ABA on leaf 
abscission. Enhancement of the level of chlorophyll and carotenoid pigments, 
photosynthetic rate and modifying the activity of some of the important 
enzymes are other roles assigned to SA. This chapter gives a comprehensive 
coverage to all the above aspects. 

Key words: Biosynthesis, chlorophyll, metabolism, photosynthetic rate, salicylic acid 

1. INTRODUCTION 

Salicylic acid, at one stage of time, was the world’s best selling drug 
synthesized in 1898 in Germany (Raskin, 1992b). However, it was John 
Buchner (1928) who isolated salicyl alcohol glucoside (Salicine) from 
willow bark at Munich that was later on named by Rafacle Piria (1938) as 
salicylic acid (SA). The word salicylic acid (SA) was derived from Latin 
word “Salix”, meaning willow tree. It is ubiquitously distributed in the 
whole plant kingdom (Raskin et al., 1990) and is classified under the group 
of plant hormones (Raskin, 1992a). SA is assigned diverse regulatory roles 
in the metabolism of plants (Popova et al., 1997). 
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Chemically, SA belongs to an extremely diverse group of plant 
phenolics, that possess an aromatic ring with a hydroxyl group or its 
functional derivatives (Figure 1). Free salicylic acid is a crystalline powder 
that melts at 157-159oC. It is moderately soluble in water but highly soluble 
in polar organic solvents. The pH of its aqueous solution is 2.4; pKa is 2.98 
and log Kow is equal to 2.26 (Raskin, 1992b). Aspirine, an analogue of SA, 
undergoes spontaneous hydrolysis to SA, in aqueous solution (Mitchell et 
al., 1967). 

Using most modern analytical techniques, SA has been characterized in 
36 plants, belonging to diverse groups (Raskin et al., 1990). In plants, such 
as rice, crabgrass, barley and soybean the level of salicyclic acid is 
approximately 1 mg g-1 fresh mass. Floral parts of seven species and the 
leaves of twenty seven thermogenic species exhibited substantial variation in 
the level of SA (Raskin, 1990). Nonetheless, a maximum quantity of 37.19 
mg g-1 fresh mass was detected in the leaves of rice. However, SA could not 
be detected in the thermogenic flowers of water lily, Victoria regia Lindl. 
(Nymphaceae) and Palmae, Bactris major Jacq. (Raskin, et al., 1990). 

Presently there is no clear cut direct evidence that may be used to prove 
the transportability of SA. However, the physical properties of SA suggest 
that it could be transported, metabolized and/or conjugated in the plants. 
Moreover, the exogenously applied SA seems to be carried away from the 
sites of its initial application to different other tissues of the plants to 
generate response (Raskin, 1992b). 

Figure 1. Structure of salicylic acid 

2. BIOSYNTHESIS OF SALICYLIC ACID

It is largely believed that SA (ortho-hydrobenzoic acid) is a natural 
derivative of cinnamic acid, an intermediate in shikmic acid pathway, 
operative for the synthesis of phenolic compounds. However, two possibile 
routes have been proposed in this direction (Figure 2). 

S. Hayat, B. Ali and A. Ahmad
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(i) Decarboxylation of the side chain of cinnamic acid to generate 
benzoic acid, that undergoes hydroxylation, at C-2 position. Recently, this 
scheme, for the synthesis of SA has been reported in tobacco plants (Yalpani 
et al., 1993) and also in rice seedlings (Silverman et al., 1995). The enzyme 
that catalyzes -oxidation of cinnamic acid to benzoic acid has been 
identified in Quercus pedunculata (Alibert and Ranjeva, 1971; Alibert et al., 
1972). However, the other enzyme that is responsible for the conversion of 
benzoic acid to salicylic acid has not been characterized, so far. 

(ii) Hydroxylation of cinnamic acid to o-coumaric acid followed by its 
decarboxylation to salicylic acid. The conversion of cinnamic acid to o-
coumaric acid is believed to be catalyzed by trans-cinnamate-4-hydroxylase 
(Alibert and Ranjeva, 1971; Alibert et al., 1972) that was first detected in 
pea seedlings (Russel and Conn, 1967). Later on it was also identified in 
Quercus pedunculata (Alibert and Ranjeva, 1971; Alibert et al., 1972), 
tubers of Jeruselem artichoke (Garbiac et al., 1991) and Melilotus alba
(Gestetner and Conn, 1974). However, the enzyme that activates the 
conversion of o-coumaric acid to SA has not yet been identified. 

Moreover, incorporation of radioactive 14C-benzoic acid or 14C-cinnamic 
acid resulted in the formation of labeled SA in Gaultheria procumbens (Ellis 
and Amrchein, 1971). This observation strongly favours the belief that SA is 
synthesized from cinnamic acid, mediated by benzoic acid as an 
intermediate but El-Basyuni et al. (1964) believe that both the above systems 
are operative, in higher plants, in the synthesis of SA. 

3. METABOLISM OF SALICYLIC ACID 

Salicylic acid is known to form conjugates with a number of molecules 
(Ibrahim and Tower, 1959; Griffiths, 1959; Lee et al., 1995) by 
glycosylation and less frequently by estrification (Popova et al., 1997). The 
glucose esters of SA have ben reported in suspension cultures of soybean, 
mung bean (Apte and Laloraya, 1982) and that of sunflwoer hypocotyls 
(Klambt, 1962) and also in other higher plants (Griffith, 1959; Ibrahim and 
Tower, 1959). Similarly, the conjugate (glucoside), b-glucoside-SA, has 
been identified in suspension culture of Mallotus japonicus (Tanaka et al.,
1990) and in the roots of Avena sativa seedlings (Balke and Schulz, 1987; 
Yalpani et al., 1992a). Nonetheless, they also identified an enzyme, SA-
glycosyltransferase (Gtase), that catalyzes the metabolism of SA to -
glucoside-SA. The presence of a conjugate with amino acids (salicyl aspartic 
acid) is also reported in wild grapes (Silverman et al., 1995) and French 
bean (Bourne et al., 1991). 

Salicylic Acid : Physiological Role 
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Although, SA-2-O- -D-glucoside is a predominant conjugate in plants, 
but other metabolites could be formed by estrification or additional 
hydroxylation of the aromatic ring. Out of them, 2,3-dihydroxybenzoic acid 
(O-pyrocatechuic acid) and 2,5-dihydrobenzoic acid (Gentisic acid) were 
identified in the leaves of Astilbe sinensis and Lycopersicon esculentum, fed 
with 14C-cinnamic acid and 14C-benzoic acid (Billek and Schmook, 1967; 
Chadha and Brown, 1974). 

COOH

COOH
H2N

COOH

OH

OH

COOH

COOH

Shikimic acid

Phenylalanine

trans-Cinnamic acid

Lignin, flavonoids, xanthones, 
phenolics, benzoic acids,
other natural products

Benzoic acid

Salicylic acid

o-Coumaric acid

OH

OH

OH

COOH

?

?

Figure 2. Proposed pathway for salicylic acid biosynthesis in plants. 

4. PHYSIOLOGICAL ROLE OF SALICYLIC ACID 

4.1 Effect of SA on plant growth

It is well documented that phenolic compounds exert their influence on 
physiological and biochemical processes including, photosynthesis, ion 
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uptake, membrane permeability, enzyme activities, flowering, heat 
production and growth and development of plants. One, such a natural 
compound is salicylic acid that may function as plant growth regulator 
(Arberg, 1981). The application of salicylic acid (SA), acetylsalicyclic acid 
(ASA) gentisic acid (GTA) or other analogues of SA, to the elaves of corn 
and soybean accelerated their leaf area and dry mass production but plant 
height and root length remained unaffected (Khan et al., 2003). Out of the 
various concentrations of SA used, Fariduddin et al. (2003) observed 
maximum increase in dry matter accumulation at a concentration of 10-5 M,
supplemented to the leaves of the standing plants of Brassica juncea but the 
concentrations, above that proved inhibitory (Figure 3). Moreover, wheat 
seedlings, raised from the grains soaked in 10-5M of SA possessed more 
number of leaves and higher fresh and dry mass (Figure 4), compared with 
water soaked, control (Hayat et al., 2005). Likewise, Pancheva et al. (1996) 
treated 2-day old seedlings of barley with SA whose growth was 
significantly enhanced but leaf emergence was delayed. The blades 
expanded slowly, over a longer span of time and the mature blades were 
narrow and shorter. The stem cuttings of some ornamental plants, treated 
with SA, exhibited a rapid rate of root differentiation (Singh et al., 1993). In 
contrary to the above, Pancheva et al. (1996) observed an inhibition in the 
growth of leaves and roots of barley seedlings, treated with salicylic acid and 
an increase in the concentration of SA enhanced it further. Similarly, a dose 
dependent, inhibition in bud formation in Funaria hygromatica was reported 
by Christianson and Duffy (2002). 

4.2  Effect of SA on attributes, related to photosynthesis  

The metabolic aspects of plants, supplied with SA or its derivatives, 
shifted to a varied degree, depending on the plant type and the mode of 
application of SA. The application of SA (20 mg ml-1) to the foliage of the 
plants of Brassica napus improved the chlorophyll contents (Ghai et al.,
2002). Similarly, soaking the grains of wheat in 10-5M of SA resulted in the 
plants with higher pigment contents which declined as the concentration of 
SA was increased above that (Hayat et al., 2005). Moreover, 30 day old 
plants of Brassica juncea sprayed with 10-5M of SA possessed chlorophyll 
20% higher than those sprayed by water only, however the maximum 
concentration (10-3M) decreased the chlorophyll contents and the values 
were below that of water sprayed control, at 60 day stage (Fariduddin et al., 
2003; Figure 3). However, the leaves of corn and soybean applied with 
acetyl salicylic acid (ASA) or gentisic acid (GTA), exhibited no change in 
their chlorophyll contents (Khan et al., 2003). Nonetheless, soaking the 
seeds of Vigna mungo in aqueous solutions of SA (10-150 m) lead a  

Salicylic Acid : Physiological Role 
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decrease in the contents of chlorophyll and carotenoid in the leaves of 
subsequent plants, but supplementing SA through irrigant did not prove as 
severe as seed-treatment (Anandhi and Ramanujam, 1997). Similarly, the 
leaves of barley plants had less chlorophyll, if added with 100 M to 1 mM 
of SA to the culture medium (Pancheva et al., 1996). Salicylic acid activated 
the synthesis of carotenoids, xanthophylls and the rate of de-epoxidation but 
decreased the level of chlorophyll pigments, both in wheat and moong plants 
and also the ratio of chlorophyll a/b, in wheat seedlings (Moharekar et al.,
2003). Furthermore, Spirodela fed with salicylic acid, possessed less 
anthocianin and chlorophyll pigments (Khurana and Maheshwari, 1980). 

Figure 3. Effect of leaf applied SA on dry mass and chlorophyll content of 60 day old 
Brassica juncea plants

Leaf-applied SA induced stomatal closure in Phaseolus vulgaris (Larqué-
Saavedra, 1979) and decreased transpiration rate in Phaseolus vulgaris and 
Commelina communis (Larqué-Saavedra, 1978, 1979). However, Khan et al.
(2003) observed an increase in transpiration rate and stomatal conductance 
in response to the spray of SA, ASA and gentisic acid (GTA) on the foliage 
of corn and soybean. Moreover, the leaves of soybean exhibited increased 
water use efficiency, higher rate of transpiration and increased internal CO2

concentration, on being supplemented with SA (Kumar et al. 2000). 
Similarly, barley plants, exposed to SA for a week, expressed an increase in 
the CO2 compensation point and stomatal resistance (Pancheva et al., 1996).

S. Hayat, B. Ali and A. Ahmad
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Figure 4. Effect of presowing seed treatment with salicylic acid for different durations on dry 
mass in wheat at 30 days after sowing 

The response of the intact plants and/or their parts to SA-treatment 
involves a shift in the activity of the enzyme/s, of the process. The activity of 
carbonic anhydrase in the leaves of mustard, supplied with 10-5M of SA to 
the foliage (Fariduddin et al., 2003) or as pre-sowing seed treatment to 
wheat grains (Hayat et al., 2005; Figure 5) was significantly enhanced. In 
both these studies, the authors observed a decline in the activity of carbonic 
anhydrase at the two subsequent higher concentrations (10-4 and 10-3M) and 
10-3M proved to be supraoptimal. The activity of the other very important 
enzyme, ribulose-1,5-biphosphate carboxylase/oxygenase (RuBPCO) in 
barley plants, exposed to SA treatment for a week, decreased by about 50% 
and this loss was in proportion to the concentration (100 M to 1 mM) of SA 
(Pancheva and Popova, 1997). Moreover, they also noted an increase in 
PEPCase in barley and a decline in the photosynthetic rate. Contrary to the 
above observations, the activity of rubisco in stressed-maize plants 
(Khodary, 2004) and photosynthetic rate in mustard plants (Fariduddin et al,
2003; Figure 3) increased under the influence of SA. Moreover, Fariduddin 
et al. (2003) also observed increased water use and carboxylation 
efficiencies in association with high photosynthetic rate in mustard plants, 
although the higher concentrations (10-4 and 10-3M) of SA proved 
deleterious. Likewise, SA stimulated photosynthetic rate in soybean, barley 
and/or maize (Khodary, 2004, Pancheva et al., 1996, Kumar et al., 2000, 
Khan et al., 2003). 

Salicylic Acid : Physiological Role 
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4.3 Effect of SA on nitrate metabolism 

A concentration (0.01-1.0 mM) of Ca(NO3)2 in association with SA 
activated the uptake of nitrogen and the activity of nitrate reductase (NR) 
both in the leaves and roots of maize plants, although higher concentration 
(5 mM) proved inhibitory (Jain and Srivastava, 1981). Similarly, SA 
increased the activity of NR in the presence of NO3 and also favoured 
protection of the enzyme against protenase, trypsin (Rane et al., 1995). The 
plants resulting from the wheat grains, soaked in aqueous solution (10-5M) of 
SA, exhibited high NR activity (Hayat et al., 2005) and also in mustard 
leaves whose foliage was fed with SA (10-5M) (Fariduddin et al., 2003; 
Figure 7). In the former, 10-5M of SA enhanced the activity of the enzyme 
by 36 % and by 13 % in the latter, as compared to their respective controls. 
Moreover, in both these cases the maximum concentration (10-3M) of SA 
proves to be inhibitory, that decreased the activity of NR by 14 % in wheat 
seedlings and 10 % in mustard plants. Higher NR activity, under the 
influence of SA, in Glycine max was coupled with protein content (Kumar et 
al., 1999) but SA decreased the level of soluble proteins in barley (Pancheva 
et al., 1996). Nonetheless the level of sugars, starch and phenols exhibited a 
decrease in Vigna mungo cultivars in response to SA (10-50 M) treatment 
(Anandhi and Ranjeva, 1997). 

Figure 5. Effect of presowing seed treatment with salicylic acid for different durations on CA 
activity in wheat at 30 days after sowing 

S. Hayat, B. Ali and A. Ahmad
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4.4 Effect of SA on ethylene production 

Comparing the effect, generated by 22 related phenolic compounds, it 
was demonstrated that out of them SA and ASA inhibit ethylene production 
where the effect of SA was inversely dependent on the pH of culture 
medium and did not require continuous supply of salicylate. Moreover, the 
inhibitory actions of SA most closely resembled with that of dinitrophenol, a 
known inhibitor of ethylene forming enzyme (Leslie and Romani, 1980). In 
a similar study Romani et al. (1989) observed that SA and ASA inhibited 
ethylene production by about 90%, in apple discs, within three hours. 

Figure 6. Effect of leaf applied SA on NR activity at 60 day stage and seed yield of Brassica 
juncea plants at harvest 

4.5 Effect of SA on mineral nutrients 

The plants also exhibit a shift in their nutrient status, under the impact of 
salicylic acid. The uptake of phosphate (Glass, 1973) and subsequently that 
of potassium (Glass, 1974) by barley roots was reduced by SA. However, 
the inhibition of the absorption of potassium by oat roots, under the impact 
of SA, was dependent on the pH and the concentration of the element in the 
medium. This inhibition was more prominent at lower pH, suggesting higher 
activity of protonated form of salicylic acid (Harper and Balke, 1981; 
Gordon et al. 2002). SA also caused the collapse of the transmembrane 

Salicylic Acid : Physiological Role 
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electrochemical potential of mitochondria and the ATP dependent proton 
gradient of tonoplast enriched vesicles (Macri et al., 1986).   

4.6 Effect of SA on heat production 

The involvement of SA in heat production in plants is well documented 
(Raskin, 1992b). The contents of SA, in five aroid species and in male cones 
of four thermogenic cycads, during heat production, increased by about 1 mg 
g-1 (Raskin et al., 1990). Besides this significant observation, the use of 
modern analytical techniques (Raskin et al., 1989) proved, SA to be a 
clerigen (heat producer) and an integral endogenous regulator of heat 
production, in plants (Popova et al., 1996). Therefore, the exogenous 
application of SA  @ 0.13 mg g-1 fresh mass to the sections of immature 
appendix of lilies led to an increase in temperature by 12oC (Raskin et al.,
1989). The mechanism of action of SA in thermogenic species, tobacco 
leaves is suggested to be through its action on respiration whose increased 
rate elevates the surface temperature (Van-Straten et al., 1995). 

4.7 Effect of SA on flowering 

The very first physiological response, ever attributed to SA in plants, was 
its impact on flower induction in tobacco tissue culture, supplemented with 
kinetin and indole acetic acid (Lee and Skoog, 1965; Eberhard et al., 1989). 
This impact of SA was later demonstrated in a number of plant species, 
belonging to different families. SA accelerated flower initiation in Lemma,
although the effect on the rate of subsequent flower development was not so 
significant (Cleland and Ajami, 1974; Cleland and Tanaka, 1979). Similarly, 
SA stimulated flowering in Xanthium strumarium (Cleland and Ajami, 
1974). Moreover, aspirine, an analogue of SA, hastened flowering under 
non-inductive photoperod, in Spirodela polyrrhiza (Khurana and 
Maheshwari, 1980), Spirodela punctata (Scharfetler et al., 1978) and Wolffia 
microscopica (Khurana and Maheshwari, 1987; Tamot et al., 1987) and in 
combination with sucrose it enhanced flower opening in Oncidium (Hew, 
1987). Similarly, flowering in Pisita stratiotes, a member of family 
Arecaceae, was also accelerated by incorporating the culture medium with 
SA (Piterse, 1982). The application of SA to the foliage of soybean also 
hastened flower bud and pod formation by 2-5 days (Kumar et al., 1999). 
This compelled the scientists to conclude that salicylic acid some how acts 
as an endogenous regulator of flowering (Cleland and Ajami, 1974). 

Comparing the individual effect of GA, -naphthol and that of SA on 
flowering in Impatiens balsamina, Nanda et al. (1976) and Sood and Nanda 
(1979) reported that SA generated an effect synergistic to that of GA. 
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Similar synergyism on flowering has also been reported in Arabidopsis 
thaliana (Goto, 1981). In another study Kumar et al. (2000) compared the 
flower inducing effect of SA with that of GA, kinetin, NAA, ethral and 
chloro choline chloride (CCC). They found that SA and/or GA were most 
effective than any other combination of the hormones. The specific flower 
inducing mechanism that involves salicylic acid is yet to be explored. 
However, Ooto (1975) hypothesized the belief that free o-hydroxyl group on 
Benzoic acid confers metal chelating characteristic that favours flower 
induction. This view gets the support from the observations where chelating 
agents induce flowering in Lamnaceae (Seth et al., 1970; Ooto, 1972) and 
were comparable with that of the SA (Piterse, 1977). Raskin (1992) on the 
basis of flower inducing (florigenic) activity of benzoic acid (Watanab and 
Takimoto, 1979; Fujioka et al., 1983) and other non-chelating phenolic 
compounds (Wataneb et al., 1981), concluded that additional flower 
inducing mechanisms, other than the general belief, may be involved, that 
made the question wide open for further work. 
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Chapter 2 

EFFECTS OF SALICYLIC ACID ON THE 
BIOPRODUCTIVITY OF PLANTS 

ALFONSO LARQUÉ-SAAVEDRA AND RODOLFO MARTIN-MEX 
Centro de Investigación Científica de Yucatán, A. C., Calle 43 No. 130, Chuburná de 
Hidalgo, Mérida, Yucatán, México CP 97200. 

Abstract: Salicylic acid is a plant growth regulator that increases plant bioproductivity. 
Experiments carried out with ornamental or horticultural plants in greenhouse 
conditions or in the open have clearly demonstrated that they respond to this 
compound. Moreover, lower quantities of SA are needed to establish positive 
responses in the plants. The effect on ornamental plants is expressed as the 
increase in plant size, the number of flowers, leaf area and the early 
appearance of flowers.  In horticultural species, the effect reported is the 
increase of yield without affecting the quality of the fruits. It is proposed that 
the increase in bioproductivity is mainly due to the positive effect of SA on 
root length and its density. 

Key words: Salicylic acid, bioproductivity, root length, root density, earliness, yield, 
flowering. 

1. INTRODUCTION 

In the early seventies it was demonstrated that abscísic acid (ABA) was 
involved in controlling the water status of plants. Moreover, it was suggested 
that its presence could be linked to drought tolerance of plants (Larqué-
Saavedra and Wain, 1974).Thereafter, in a series of experiments  an attempt 
was made to demonstrate how the ABA production was inherited (Larqué-
Saavedra and Wain, 1976). The induction to accumulate ABA by plant cells 
was then considered as a key question in this line of research, where it was 
proposed that receptors for drought may be localized in the membrane. A 
hypothetical model was set, in order to demonstrate this and compounds 
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such as prostaglandins and aspirin were tested. However, when the bioassays 
were conducted, it was detected that Aspirin affected the stomatal aperture 
of beans and Commelina plants (Larqué-Saavedra, 1978, 1979a, b). This 
unexpected effect was followed by a series of other assays that provided the 
fundamental basis to consider that salicylates affect the physiology of plants. 
Further studies were also carried out in these laboratories to study the 
salicylates and their relation to bioproductivity. In the literature, it was 
evident that the efforts were cocentrated on learning the role of salicylic acid 
in systemic acquired resistance (SAR) to pathogens. 

2. BIOPRODUCTIVITY 

Bioproductivity of plants has been one of the main topics of agricultural 
sciences and different experts (geneticists, plant breeders, biotechnologists, 
plant nutritionists, plant physiologists, etc) have been trying to describe it. 
One of the main proposals suggests that the root system plays a key role in 
the productivity of any plant and salicylates were reported to favor the effect 
of indolacetic acid in rooting of mung beans (Basu et al., 1969) and neem 
rootstocks (Mohinder et al., 1992). In this respect in 1974, an observation 
was made in one of the bioassays where Aspirin favored the rooting of bean 
explants (Larqué-Saavedra et al., 1975). Since then research work has 
focused on determining if salicylates could play a role in promoting better 
root systems in plants and if such an effect could give a better performance 
of the plant. However, it is important to mention that reproducible results 
were obtained by the applications of lower concentrations of salicylates. 

2.1      Effect of salicylates in root system

Increasing the total soil volume explored by the root of the plant is one of 
the best ways to improve yield since more water and nutrients may be taken 
up by the plants. A second important aspect is to increase rooting density 
which occurs as a result of increased initiation of secondary roots. In 
experiments carried out with salicylic acid both aspects (root length and 
density) were found to be affected. Such studies did not include the 
resistance to water flow into the root, however, it is expected that a positive 
relationship may be observed. 

Once it was observed that SA affected rooting, additional assays were 
conducted in order to determine the effect of SA on root growth and 
development. In a study carried out in 1996 it was reported that foliar 
application of SA to the shoots of soybean plants significantly affected the 
size of the root (Gutierrez-Coronado et al., 1998; Figure 1). Further work 
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has reproduced similar findings with Tagetus erecta, using concentrations as 
low as 10-10 M solutions of SA (Sandoval-Yepiz, 2004; Figure 2). 

Figure 1. Effect of shoot applied salicylic acid (10-8 M) on root length of Glycine max, under 

field conditions, 7 days after the treatment.

Figure 2. Effect of salicylic acid applications on the fresh and dry mass of Tagetes erecta.
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2.2      Effect of salicylates on shoot growth 

Application of salicylates to plants increased the shoot growth in 
different plant species such as Clitoria where the biomass production is 
important as forage for animal feed (Martin-Mex and Larqué-Saavedra, 
2001). Similarly, when it was applied to ornamental plants the biomass 
always increased. Data showed that values for stem diameter, number of 
leaves, shoot fresh and dry mass, were higher, in a response to SA treatment.  

In ornamental plants, such as gloxinia and violet, SA increased the 
number of leaves formed, and leaf area had values over 10% of that of the 
control. Similar values were recorded for the diameter of the rosette plant 
(Tables 1 and 2). 

Table 1. Effect of salicylic acid on the growth of Sinningia speciosa ‘Ultra’ (gloxinia) Values 

are the mean of 25 replicate samples per treatment,  standard error.

Treatments Number of leaves Leaf area (cm2)

Control 13 ± 0.6a 456.4 ± 3.0c 

10-10 M AS 13 ± 0.4a 496.2 ± 2.3bc 

10-8 M AS 13 ± 0.6a 680.9 ± 1.2a 

10-6 M AS 14 ± 0.4a 565.2 ± 1.6b 

Means with the same letter are not significantly different at P 0.05, Tukey’s 

Table 2. Effect of salicylic acid on the growth of Saintpaulia ionantha (violet) Values are the 

mean of 20 replicate samples per treatment,  standard error.

Treatments Number leaves Rosette diameter (cm) 

Control 16  1 b 139  16 b 

10-10M AS 19  2 a 177  12 a 

10-8 M AS 18  3 ab 152  11ab 

10-6 M AS 18  2 ab 156  10 a 

Means with the same letter are not significantly different at P 0.05, Tukey’s 

In a series of experiments run with Tagetes erecta cultivated in open 
conditions, it was found that beside the floral characters, the biomass of the 
shoot was significantly affected by the application of low concentration of 
SA (Sandoval-Yepiz, 2004; Figure 3). 
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Figure 3. Effect of shoot applied salicylic acid on legth (A), fresh (B) and dry mass (C) of the 

shoot of Tagetes erecta. 
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Ajami, 1974). They observed that an endogenous level of SA was involved 
in the flowering process of this photoperiod sensitive plant.  

Foliar application of SA, however, was later tested and this treatment 
gave promising results. One of the most conspicuous effect was the 
induction of the flowering. Different experiments clearly established that 
plants treated with SA flowered earlier than non treated plants. In 
ornamental species for instance such as Gloxinia (Sinningia speciosa),
treated plants flowered at the age of 24 days whereas the control plants 
flowered at the age of 30 days. This effect was not known previously and 
had not linked with any previous hypothesis. Further experiments, using 
different plant species, gave similar results although no clear explanation 
was given for this observation (Martin-Mex et al., 2003; 2005; Table 3). 

Table 3. The effect of salicylic acid on the flowering of african violet, gloxinia and habanero 

pepper.

Days to flower 

Plant species Treated Control 

Sainpaulia ionantha 80  2 a 89  5 b 

Sinningia speciosa 24  1 a 30  2 b 

Capsicum chinense 36  2 a 42  2 b 

Means with the same letter are not significantly different at P 0.05, Tukey’s 

2.4      Effect of salicylates on the yield of horticultural plants 

Plants treated with salicylates had higher yield in the species, cultivated 
either in greenhouse or in open conditions. Aristeo (1998) reported that SA 
induced bigger tubers in carrots (60%), beet (16%) and radish (200%). These 
data, collected in his preliminary work, suggested that SA could play 
important role in the bioproductivity of plants and that could be linked to the 
observed effect of promoting the root length of plants, as mentioned earlier. 
In resent years, commercial plantation of Carica papaya pre-treated with SA 
showed a significant increase in the fruit production, in comparision with the 
control. The experiment was run for over two years in order to allow the 
completion of the life cycle of the plant by cultivating the Maradol variety, 
widely planted in the Caribbean. SA is one of the growth regulators which is 
now in demand by the producers to enhance the papaya production by 
about 20% (Herrera-Tuz, 2004; Martin-Mex et al., 2005). Moreover, in 
case of tomato, grown in green house and in open conditions, the lower  
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Figure 4. Effect of salicylic acid applications on the yield of Lycopersicon esculentum (A), 

Cucumis sativum (B) and Carica papaya (C). 
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concentration (10-6 M) of SA increased the fruit yield from 90 to 
120 ton/ha in commercial plantations without affecting the quality of fruits. 
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It may be deduced therefore, that the bioproductivity of the horticultural 
plants could be improved by the application of SA. Lower concentrations of 
this natural plant growth hormone may also be employed on other 
economically important crops for better production. 

3. CONCLUSION 

Salicylic acid (SA) applied to the foliage of intact plants induced positive 
effects on the bioproductivity of horticultural and ornamental plants. 
Moreover, in order to get the desired effects it was observed that lower 
concentrations of the growth regulator are needed. The concentrations that 
proved best are 10-6 to 10-8M of SA. 
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Chapter 3 

EFFECT OF SALICYLIC ACID ON SOLUTE 
TRANSPORT IN PLANTS 
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Moscow, RUSSIA 

Abstract: The SA action on the membrane transport is its least studied physiological 
property. The changes in compound fluxes between the cell and the 
environment are, however, one of the early responses to SA treatment. Even 
low concentrations of SA retard potassium influx and increase that of calcium 
and alters proton influxes. These ion transport changes are related to the 
plasmalemma depolarization resulting from the loss of membrane selectivity 
and the activity of electrogenic pump. The data arguing for the SA-induced 
intercellular transport changes are also reviewed. One reason for these changes 
may be the reduction of plasmodesmata conductance resulting from rapid and 
short-lived callose deposition around the neck regions, the narrowest point of 
plasmodesmata. The possibility of SA influencing the callose synthase and the 

-1,3-glucanase activities is discussed. The loss of plasmodesmata 
conductance may influence the messengers transport or the pathogens spread. 
The isolation of an infected cell, brought about by callose deposition is one of 
the earliest plant defense reaction followed by the initiation of some other 
defense mechanisms. 

Key words: Salicylic acid, ion and pathogen transport, plasma membrane, mitochondrial 
membranes, plasmodesmata, cell-to-cell transport. 

1. INTRODUCTION

Salicylic acid (SA) is a ubiquitous signaling molecule involved in diverse 
physiological processes, such as the control of flowering, seed germination, 
stomata functioning, gravity sensing, and pathogenesis (see reviews by 
Raskin, 1992; Murphy et al., 1999; Alvarez, 2000; Lucas and Lee, 2004). 

S. Hayat and A. Ahmad (eds.), Salicylic Acid – A Plant Hormone, 25–68. 
©  2007 Springer.
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Endogenous SA is a key signal, involved in the activation of plant defense 
responses to fungal, bacterial and viral attacks. Classical studies performed 
on tobacco plants, infected with tobacco mosaic virus (TMV) demonstrated 
a substantial SA accumulation in these plants, an acquirement of resistance 
to subsequent infection, and the development of systemic resistance in these 
plants (Métraux et al., 1990; Malamy et al., 1990; Rasmussen et al., 1991; 
Yalpani et al., 1991). In 1990s, a correlation was found between SA content 
in plants and their resistance to the virus (Yalpani et al., 1991, 1993). A 
necessity of SA for the development of plant resistance to TMV was 
substantiated by using transgenic plants (Gaffney et al., 1993; Delaney et al., 
1994). Later, the involvement of SA in the development of plant resistance 
to other pathogens was also shown. Plant treatment with SA is one of the 
most efficient ways to protect plants against unfavorable biotic and abiotic 
environmental factors. 

During recent 10–15 years, the mechanisms of SA action became more 
understandable. Some genes for the synthesis of SA-dependent defense 
proteins (PR proteins) are identified, the modes of SA involvement in the 
hypersensitive response (HR) and systemic acquired resistance (SAR) are 
elucidated, the main components of the SA signaling pathway are revealed, 
and the relation of this pathway to generate the reactive oxygen species 
(ROS) has been studied (see reviews by Alvares, 2000; Singh et al., 2004). 
From these studies, the role of SA as a second messenger in recognizing 
external signals and amplify them after their intracellular transformation 
becomes evident. 

SA occurs not only in the cytoplasm but also in the apoplast. Plant 
capability of secretion of a volatile SA derivative, methylsalicylic acid, is 
well known, which is in agreement with SA possible extracellular 
localization in plant tissues. A transient SA release from its bound form and 
its appearance in the apoplast precedes the SA-induced expression of PR-
protein genes (Hennig et al., 1993). The enzyme for SA glycosylation, SA-
inducible glucosyltransferase, was found in the extracellular space of 
tobacco leaves (Seo et al., 1995). SA and its derivatives are present in 
various soils types; they are absorbed by plant roots and affect the uptake of 
other compounds. Thus, SA occurs in the apoplast of plant organs above- 
and underground and can affect the plasma membranes of their cells. 

SA presence in the apoplast makes it useful to examine the ways of 
exogenous SA action on the plant-cell functioning. Cytosolic SA may be 
considered an exogenous one, relative to intracellular organelles. In this 
connection, I would like to attract the attention towards early effects of SA 
on membrane and to discuss its possible influence on molecule and ion 
transport across the plasma membrane and membranes of intracellular 
organelles, and to cell-to-cell transport. Since many pathogens and elicitors 
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exert their activities via the SA-dependent signaling pathways, SA effects 
will be compared with those of pathogens. 

2.    SALICYLIC ACID AND SOME TRANSPORT 
CHARACTERISTICS OF PLANT MEMBRANES 

2.1 Transmembrane fluxes of ions and electrical 
parameters of the lasma membrane 

It has long been known that phenols and SA is one of them, which 
influence transport of substances in plants. Phenols are exuded by roots 
determining the interaction of the components in the phytocenoses. If 
phenols affect plant species and microorganisms differently they may be 
considered to affect phytocenoses composition (Wang et al., 1967; Shettel 
and Balke, 1983). Therefore, early studies on SA effects on transmembrane 
ion fluxes were directed to the elucidation of plant allelopathic interactions. 
Phenols are secreted from plant roots and washed out from leaves by rains; 
they are also abundant among the metabolic products of soil 
microorganisms. As a result, phenols accumulate in soil in substantial 
amounts (up to 10--4M) (Whitehead, 1964). Such concentrations of benzoic 
and cinnamic acids and also that of SA were applied in the first studies on 
the effects of these compounds on ion uptake by plant roots (Glass, 1973, 
1974a, 1975). 

SA sharply inhibited 32  and 86Rb uptake by the apical parts of the roots 
of barley seedlings (Glass, 1973; 1974a). The lowest inhibitory 
concentration was 10--5M, and complete inhibition was attained at 5 x 10--4M
SA. The effect was reversible and disappeared when SA was removed from 
the medium. The fact that SA affected both anion and cation uptake which 
permitted the author to conclude that its effects were unspecific (Glass, 
1975). The inhibitory effect of SA on potassium uptake was confirmed by 
other researchers (Scharff and Perry, 1976; Harper and Balke, 1981; Gordon 
et al., 2002). However, no damaging effects on the plasma membrane were 
noted. 

When the effects of various phenols on transmembrane ion transport 
were compared, a correlation between the efficiency of this transport 
inhibition and the coefficient of phenol partitioning in the octane/water 
system was found. This permitted to presume that phenols change properties 
of the plasma membrane. In fact, some researchers observed changes in the 
membrane electrical parameters after treatments with phenols and SA in 
particular. Thus, Glass (1974b) demonstrated SA-induced membrane 



28 M. S. Krasavina

depolarization; it was reversible and depended on the SA concentration. 
Other researchers also observed slight differences in the electric potentials at 
the inner and outer membrane surfaces. For example, Lyalin et al. (1986) 
noted a decrease in the membrane potential in submerged leaf trichomes of 
aqueous fern, salvinia immediately after the addition of acetylsalicylic acid 
(10—4M) to the solution. Methylsalicylic acid manifested a strong 
membranotropic effect as well (Lyalin et al., 1980). In this case, an active 
concentration was two order of magnitude lower (10-6M). SA-induced 
plasma membrane depolarization was also observed in root cells of wheat 
seedlings (Gordon et al., 2002). 

A decrease in the electric potential difference, at the plasma membrane 
was accompanied by an increase in its electric resistance, which can be 
recorded in the cells of salvinia trichomes, after a 2-min-long latent period 
(Lyalin et al. 1980, 1986). This fact is in agreement with a decrease in the 
plasma membrane hydraulic conductivity found in barley roots after 
treatment with SA (Ktitorova et al., 2006). 

SA membrane effects were also observed in animal membranes and 
artificial phospholipid membranes. SA treatment was shown to change 
membrane physical properties. In the presence of SA, isolated membranes of 
some animal cells, neurons in particular, changed their fluidity, a 
temperature of a phase transition, a density of surface charges, electric 
capacitance and tension (Tunstall et al., 1995; Balasubramanian et al., 1997; 
Zhang et al., 2001). Similar effects were observed in experiments with 
artificial lipid bilayer membranes (Balasubramanian et al., 1997). Changed 
membrane properties affected the value of the membrane potential and 
transport activity: electrical conductivity and ion channel activity. This 
might be one of the reasons of disturbed cell excitability and electrical 
activity, which are often observed at salicylate therapy (Levitan and Barker, 
1972; Zhang et al., 2001; Liu and Li, 2004; Basta and Ernst, 2004). Thus, 
the effects of SA on plant and animal membranes are quite comparable. 

2.2          Membrane transport functions during pathogenesis 
and at elicitor treatment 

Considerable attention of plant physiologists has recently been focused 
on SA involvement in the signaling pathways. SA is known to be one of 
messengers transmitting developmental signals and those of geotropism, 
growth, flowering, and other processes. SA is of importance in the 
transduction of stress signals, in particular during pathogenesis. Many 
effects of cell infection are mediated by the increased level of SA.
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First barrier on the way of pathogen penetration into the cell is the cell 
wall and plasma membrane and transmembrane ion fluxes also play an 
important role in the chain of primary responses to infection. In several 
minutes after infection, proton and calcium influxes are enhanced and that of 
potassium and chlorine, in contrast, are released from the cell (Atkinson et
al., 1985, 1990; Hahlbrock et al., 1995; Jabs et al., 1997). As a result, 
apoplastic pH and potassium concentration increase (Keppler and Baker, 
1989). It is of interest that these changes in the +/ + exchange occurred 
only after infection with pathogens, inducing a hypersensitive response 
(Atkinson et al. 1985; Baker et al., 1987). 

Elicitors, produced during the attacks by bacterial, fungal, and oomycete 
pathogens are the first signals recognized by the receptors at the plasma 
membrane. Like after infection, after elicitor treatment, SA accumulates in 
plant cells (Conrath et al., 1995). The interaction between the elicitor and its 
membrane receptor triggers a cascade of reactions resulting in the expression 
of defense genes. Rapid changes in ion fluxes play a noticeable role in the 
chain of such reactions. 

Elicitor treatment induces similar ion fluxes as that of infection or SA 
treatment: enhancement of +/ + exchange at the plasma membrane 
accompanied by the calcium entry into the cell. For example, a fungal 
elicitor from Pythium aphanidermatum induced a rapid acceleration of 
potassium release and calcium influx into suspension culture of carrot cells 
(Bach et al., 1993). Another elicitor from the Phytophthora sojae cell walls 
changed a transmembrane transport of +, +, l--, and 2+ in parsley 
suspension culture (Conrath et al., 1991; Nürnberger et al., 1994). This 
changed ion flux resulted in plasma membrane depolarization (Pelissier et 
al. 1986). 

The effects of stressors on ion fluxes can be exemplified by systemin 
action. Systemin treatment induced + uptake and + efflux from tomato 
Lycopersicon peruvianum suspension and leaf mesophyll cells (Felix and 
Boller, 1995; Moyen and Johannes, 1996). Similarly as systemin, 
oligogalacturonides induced the accumulation of wound-response proteins 
(Thain et al., 1995). 

Temporal activation of ion fluxes is induced by the activation of ion 
channels in the plasma membrane. Experiments with the modulators of ion 
channels indicate an important role of ion fluxes in the transduction of stress 
signals and in the development of plant defense responses. Thus, Schaller et 
al. introduced ionophores in the leaves of young tomato plants via the cut 
stems (Schaller and Oecking, 1999; Schaller and Frasson, 2001). 
Valinomycin, a passive potassium carrier, which dissipates a transmembrane 
potassium gradient, mimicked the effects of wounding and induced a rapid 
accumulation of wound-response gene transcripts in leaves. The effects of 
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nigericin and gramicidin were still more efficient; they dissipated 
transmembrane gradients not only of potassium but also of proton. 
Treatment with a channel-creating peptide gramicidin induced transcript 
accumulation as actively as a systemin treatment (Schaller and Oecking, 
1999; Schaller and Frasson, 2001). Polyenic antibiotic amphotericin 
exhibited similar action: it mimicked elicitor effects on ion fluxes (Jabs et 
al., 1997). Antibiotic interacts with membrane sterols and phospholipids, 
inducing ion fluxes independently of the specificity of elicitor receptors.  

Alamethicin, a voltage-gated cation channel-forming peptide from 
Trichoderma viride, mimicked SA action in the induction of plant defense 
responses. It produces channels for monovalent cations with a slightly higher 
selectivity for +. A treatment of lima bean (Phaseolus lunatus) leaves with 
alamethicin induced a 90-fold increase in SA content. The concentration of 
the SA volatile derivative, methylsalicylic acid, was also increased, resulting 
in the improved resistance not only of treated plant but also of neighboring 
ones (Engelberth et al., 2001). 

Anion channels are also involved in SA and elicitor effects on plant 
resistance; the inhibitors of anion channels blocked plant responses to 
elicitor treatment (Lurin et al., 1996; Jabs et al., 1997). Mutations in the 
gene encoding cyclic nucleotide-gated ion channel resulted in the loss of 
Arabidopsis thaliana plant capability of responding to avirulent 
Pseudomonas syringae strain by hypersensitivity (Clough et al., 2000). 

When speaking about the effects of elicitors and pathogens, I also 
mentioned the effects of wounding and systemin. According to current 
knowledge, SA is not involved in the transduction of wounding signals. It 
can even suppress some responses related to wounding (Doares et al.,1995). 
However, we can see that different stimuli (pathogens, elicitors, wounding, 
and SA) induce similar changes in ion channels at the plasma membrane. 
This supports Glas idea that primary changes in ion transport are rapid but 
unspecific cell responses to stress. Some specificity is manifested in this 
action, happening per se. I have mentioned above that rapid changes in ion 
transport occur predominantly in the cases when the agent induces a 
hypersensitive response.  

The analysis of published data concerning the effects of elicitors and SA 
on ion transport shows that potassium fluxes from the cell and proton and 
calcium fluxes into the cell attract most attention. Potassium significance in 
plant life is diverse. Potassium is a major intracellular cation determining its 
osmotic potential; potassium is required in all important processes, such as 
protein and nucleic acid synthesis, the activity of glycolysis and Krebs cycle 
enzymes, and others. Potassium partitioning between the cell and 
environment determines plasma membrane electrical properties: diffusion 
component of its membrane potential and conductivity. Control of 
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transmembrane potassium transport is an efficient mode to change a 
transmembrane difference of electric potentials (Em) and one of the earliest 
cell responses to stress. Such a response may be based on the efflux through 
K outward rectifying channels (Demidchik et al., 2003). SA was shown to 
activate these channels (Lurin et al., 1996). 

Changes in the transmembrane electrical potential, via changes in 
transmembrane gradients of potential-forming ions (mainly potassium and 
proton) are induced by SA, elicitors, or ionophores. Thus, the elicitor 
cryptogein disturbed ion transport and induced plasma membrane 
depolarization in tobacco cells (Pugin et al., 1997). When tomato leaves 
were damaged or treated with systemin or oligogalacturonic acid, membrane 
depolarization occurred along with changes in ion transport (Thain et 
al.,1990; Moyen and Johannes, 1996). A decrease in the membrane potential 
was also observed after the treatment of transgenic arabidopsis plants 
harboring the avrRpt2 gene from Pseudomonas syringae pv tomato with
dexamethasone (Pike et al., 2005) and after potato cell infection with 
Phytophthora infestants (Tomiyama et al., 1983). The treatment of cotton 
cotyledons with an incompatible bacterium Pseudomonas syringae also 
resulted in plasma membrane depolarization. It was noted that, in this 
experiment, it occurred because of changes in the diffusion potential 
(Pavlovkin et al., 1986).  

In some experiments, a decrease in not only diffusive but also in the 
electrogenic component was observed (Keppler and Novacky, 1986). Melon 
or maize root treatment with the elicitor from the Colletotrichum lagenarium
(melon pathogen) or from Phytophthora parasitica var nicotianae (tobacco 
pathogen) mycelia, respectively, induced a rapid, stable, and reversible 
membrane depolarization due to changes in the electrogenic component 
(Pelissier et al., 1986).  

The electrogenic component comprising of a great part of the membrane 
potential of plant cells is mainly created by the +-pump. Significance of 

+-ATPase activity in plant defense responses was demonstrated in 
experiments with the agents affecting this activity. Thus, a fungal toxin 
fusicoccin and a plant hormone auxin activated +-ATPase and 
simultaneously induced plasma membrane hyperpolarization. These agents 
suppressed the effects of wounding and systemin on + transport and 
wounding gene expression (Doherty and Bowles, 1990; Schaller and 
Oecking, 1999). Moreover, in the presence of fusicoccin, systemin did not 
induce plasma membrane depolarization (Moyen and Johannes, 1996), 
oligogalacturonic acid did not induced phenylalanine ammonia-lyase 
expression (Messiaen and von Cutsem, 1994), and cryptogein did not induce 
the oxidative burst in tobacco cells (Simon-Plas et al., 1997). On the other 
hand, the inhibitors of +-ATPase, like ionophores, favored the 
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accumulation of wound-response gene transcripts (Schaller and Oecking, 
1999; Schaller and Frasson, 2001). These data permitted a conclusion that 
changes in membrane permeability for ions, a decrease in their 
transmembrane concentration gradients, and plasma membrane 
depolarization are necessary and sufficient for the induction of wound-
response genes (Schaller and Oecking, 1999; Schaller and Frasson, 2001). 

As evident from wound-response genes, the induction of PR-genes 
related to the SA signaling system was noted at +-ATPase activation and 
membrane hyperpolarization (Roberts and Bowles, 1999; Schaller et al.,
2000). Tomato plant treatment with fusicoccin induced expression of several 
PR-genes: acidic chitinase (PR1), acidic glucanase (PR2), basic chitinase 
(PR3), and 1-aminocyclopropane-1-carboxylic acid oxidase (Roberts and 
Bowles, 1999). Tobacco cells constitutively accumulating bacterio-opsin, an 
electrogenic pump from Halobacterium halobium is capable of developing 
spontaneous necrotic-like lesions without any external stimuli (Mittler et al.,
1995). A Cladosporium fulvum avirulence factor could activate plasma 
membrane H+-ATPase and cell defense systems (Vera-Estrella et al.,1994). 
The fact that plant defense responses are activated during either plasma 
membrane depolarization or its hyperpolarization, permitting Schaller and 
Frasson (2001) to conclude that changes in the membrane potential not only 
mediate the transformation of external stimuli into gene expression but its 
value can specifically determine which genes have to be activated at which 
value of the membrane potential. A conclusion derived from the analysis of 
the effects of factors affecting the membrane potential that SA-induced PR-
gene activation should occur under conditions of membrane 
hyperpolarization is contrary to the facts that SA induced a decrease in 
transmembrane potassium fluxes and plasma membrane depolarization. In 
this connection, I would like to accentuate two points: (1) a complex system 
of signal transduction operates between the electrical potential at the plasma 
membrane and gene activation, which can disturb a direct correlation; (2) 
each treatment induces at least biphasic changes in the membrane 
parameters. Thus, cell response must depend on the concentration of the 
stimulus and duration of its action. In experiments with alamethicin 
treatments, SA accumulated after membrane depolarization, which argues 
against a strict requirement of high values of the membrane potential for 
expression of SA-dependent genes (Engelberth et al., 2001).  

The extracellular irritation of animal cells results in a rapid potassium 
efflux from them. In neurons, this efflux determines the origin of the action 
potential, a nervous impulse. A slower potassium efflux is characteristic of 
unexcitable cells; it is accompanied by a slow and prolonged depolarization. 
In plant tissues, various stimuli also result in a slow wave of membrane 
depolarization. Plant cell plasma membrane depolarization and the 
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development of a slow electrical response occurred not only at pathogenesis 
but also under the influence of some abiotic factors, such as salinity, 
chilling, mechanical stimuli (Mamulashvili et al., 1973; Opritov et al.,
2002). Analogous responses of both plant and animal cells to stimulation 
indicate a similarity of the responding systems in the cells of different origin. 
Such notions are in accordance with the ideas expressed in classical studies 
by Russian scientists Ukhtomskii and Vvedenskii, who believed that the first 
response of each cell to stimulation is an unspecific change in its electrical 
properties. 

Changes in proton transport are not less important for the cell than 
potassium fluxes. As was aforementioned, SA enhances + absorption by 
the cell, which results in cytosol acidification. Many bacterial and fungal 
elicitors also induce a decrease in the cytoplasmic pH (Strasser et al., 1983; 
Atkinson et al., 1985; Ojalvo et al., 1987; Kneusel et al.,1989; Mathieu et 
al., 1996; Kuchitsu et al., 1997; Roos et al., 1998). In these cases, pH 
changes are insignificant because the buffering systems of the cell maintain 
pH-stat. However, even a small, transitory, and local pH reduction results in 

+-ATPase activation and membrane hyperpolarization (Marre et al., 1983; 
Kurkdjian and Guern, 1989; Michelet and Boutry, 1995). Another 
consequence of a pH decrease is the activation of ion channels – potassium, 
calcium, and anionic ones (Lurin et al., 1996). This must affect processes 
related to pathogenesis. In fact, artificial cytosol acidification with weak 
acids activated MAPKs (Tena and Renaudin, 1998) and enhanced expression 
of defense genes (Lapous et al., 1998; He et al., 1998). These data imply an 
important role of cytoplasmic pH reduction occurring during stresses, at 
diverse stages of signal transduction. At the same time, elicitation did not 
ever induce cytosolic pH change (Horn et al., 1992); this is expected, taking 
into account a large buffering capacity of the protoplasm. This capacity 
determines a short duration of pH changes during stresses.  

Along with the influence of SA on transmembrane proton fluxes, it can 
otherwise affect the intracellular pH. Being a weak acid, SA enters the cell 
from the more acidic apoplast in the undissociated form; in the neutral 
cytosol, it separates proton, thus acidifying the cytosol. It was even 
suggested that SA partitioning between the cell and its environment could be 
used for intracellular pH determination (Garcia-Sancho and Sanchez, 1978). 
These experiments were performed with the cells of Ehrlich carcinoma, 
which are characterized by a low capability of transition of SA into bound 
form at acidic pH and a rapid equilibrium of intracellular contents and 
medium. Therefore, i values, calculated from SA partitioning between the 
cell and medium, coincided with those obtained with dimethyloxazolidine 
dione, most widely used reagent for the estimation of intracellular pH. Such 
an approach could not be applied to plants because SA is very rapidly 



34 M. S. Krasavina

glycosylated in their cells. However, SA protonophore properties may be 
one more way to reduce transmembrane electrical gradients. 

In spite of important role of pH in pathogenesis, many of the SA effects 
are not related to Hi changes. For example, some compounds (4-
hydroxybenzoic or butyric acid) reduced cytosolic pH approximately to 
similar values as SA but did not induce defense responses, characteristic of 
SA (Lebrun-Garcia et al., 2002). This means that, along with an unspecific 
decrease in the intracellular pH, SA also induces specific defense responses 
in plants.  

Along with potassium and proton, calcium plays an important role in 
signal transduction. + and Ca2+ are widely accepted as important second 
messengers in the intracellular signal transduction from the cell surface to 
internal compartments of the cell (Guern et al., 1992; Sanders et al., 1999; 
Scott and Allen, 1999). Ca2+ content increases in response to diverse cell 
treatments. Many SA-induced defense responses in plants require the 
presence of extracellular Ca2+. For example, calcium was required for SA-
induced accumulation of chitinase in tobacco leaves (Raz and Fluhr, 1992) 
and in the carrot suspension culture (Schneider-Müller et al., 1994). In 
transgenic BY-2 tobacco cells expressing aequorin, SA stimulates calcium 
entry into the cell (Lin et al., 2005). Rapid and transitory calcium 
accumulation in the cytosol was also observed in yeast cells in response to 
SA treatment (Mori et al., 1998). Changes in Ca2+ concentration depended 
on SA concentration and pH of the medium. Although high SA 
concentrations (1--5 mM) were used in these experiments, its action was 
evidently specific and did not result in any membrane injury. It was not 
related to cytoplasm acidification (which is possible at such concentrations 
of the weak acid) because similar concentrations of benzoic and sorbic acids 
did not induce changes in the intracellular calcium content.  

Elicitors and pathogens increased the concentration of cytoplasmic 
calcium as well (Atkinson et al., 1990; Moyen et al., 1998). Although, such 
an increase may be explained by the cation mobilization from intracellular 
stores, the usage of Ca ionophore 23187 permitted a substantiation of a 
requirement in the transmembrane calcium fluxes for subsequent 
development of defense responses (O’Brien et al., 1998). The treatment with 
this ionophore mimicked the effects of the elicitor in the induction of 
phytoalexin synthesis in carrot (Kurosaki et al., 1987) and soybean (Stäb et
al., 1987) suspension cells.  ionophores acted similarly as increased 
calcium concentration in the apoplast, resulted in cation accumulation in the 
cell and favored activation of defense mechanisms (Suzuki et al., 1995). 
Ca2+ penetration into the cell occurs through Ca2+-selective channels, for 
example through aluminum-dependent TPC 1-type channels (Lin et al.,
2005). Ca2+ channel blockers abolished the manifestation of calcium effects: 
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nifedipine suppressed an elicitor-induced signal transduction (Waldmann et
al., 1988), whereas LaCl3 interfered with membrane depolarization and 
subsequent electrolyte leakage (Pike et al., 2005).  

All these studies emphasize an important role of ion transport in the 
chain of events leading to defense responses. Change in ion fluxes is a 
transitory and rapid phenomenon. This is an early component of the elicitor 
signal transduction (Conrath et al., 1991; Nürnberger et al., 1994). Thus, 
when parsley suspension culture was treated with a Phytophthora 
megasperma oligopeptide, changes in ion fluxes were recorded within 2--5 
min (Hahlbrock et al., 1995). SA-induced changes in the membrane 
potential occurred still more rapidly (Lyalin et al. 1980, 1986). During 
longer elicitor action, unspecific changes in the membrane permeability and 
intracellular metabolite leakage into the apoplast occurred along with the 
development of necrotic lesions (Goodman, 1968; Cook and Stall, 1968; 
Goodman and Plurad, 1971; Keppler and Novacky, 1986). 

Ion fluxes in the living cell are interdependent: activation of one ion flux 
affects the other ion fluxes. However, only scarce and contradictory 
information appeared concerning the interaction between fluxes of different 
ions. For example, some researchers state that Ca2+ uptake and its increased 
concentration in the cytoplasm activate channels for other ions, especially 
for potassium (Hedrich and Schroeder, 1989; Schroeder and Hagiwara, 
1989; Tester and MacRobbie, 1990). In contrast, according to other data, 
Ca2+ channel activation and its increased concentration in the cytoplasm 
resulted in the inactivation of inward rectifying K+ channels (Blatt and 
Grabov, 1997). Some data even indicated a stimulatory calcium effect on 
anion efflux from the cell (Schroeder and Hagiwara, 1989). 

2.3         Salicylic acid, ion transport and reactive oxygen 
species

ROS accumulation is also one of the earliest plant responses to stresses 
affecting ion transport across the plasma membrane. Three types of ROS - 
superoxide ( 2

.-), hydrogen peroxide ( 2 2), and hydroxyl radical ( .) - 
are critical for cells life; the effects of less active but more stable hydrogen 
peroxide and hydroxyl radicals are better studied. Like + and Ca2+, ROS are 
second messengers in diverse signaling pathways (Prasad et al., 1994; 
Alvarez et al., 1998; Sanders et al., 1999; Neill et al., 2002) and in the 
activation of numerous cell responses (Levine et al., 1994; Dat et al., 1998; 
Bowler and Fluhr, 2000).  

SA action is tightly related to the generation of various ROS (Kauss and 
Jeblick, 1995; Rao et al., 1997; Anderson et al., 1998; Kawano et al., 1998; 
Kawano and Muto, 2000). This is especially important when ROS are 
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produced at the infection sites because they can activate apoptosic processes 
and pathogen death (Yang et al., 2004). In its turn, peroxide treatment results 
in the activation of SA synthesis (León et al., 1995). SA and ROS manifest 
additivity in the control of many cellular processes (Jabs, 1999; Alvarez, 
2000). SA and ROS similarly affect respiratory parameters and 
mitochondrial protein composition (Robson and Vanlerberghe, 2002). On 
the other hand, the interaction between SA and ROS is ambiguous. By 
interacting with Fe, SA can acquire superoxide dismutase activity and 
function as an antioxidant (Jay et al., 1999). It can protect catalase from 
inactivation in vitro and reduced 2 2 accumulation (Durner and Klessig, 
1996). On the other hand, at the action of some biotic and abiotic agents, SA 
can suppress ROS generation (Castagne et al., 1999; Yang et al., 2004). 

ROS are produced in all cell compartments and in the apoplast and affect 
membrane properties. For example, an increased 2 2 concentration near the 
plasma membrane, induced by chilling, reduces a hydraulic conductivity of 
the plasma membrane of the root cells (Lee et al., 2004).  

Many elicitors activate NADPH oxidase and enhance ROS generation. 
2 2 can induce PR-gene expression like elicitors. Cell treatment by a 2+-

agonist (BAYK-8644) resulted in hydrogen peroxide accumulation by 
inducing the expression of the gene encoding glutathione-S-transferase, the 
component of ROS signaling pathway (Clayton et al., 1999). 

Changes in transmembrane ion fluxes accompanying SA, pathogen, and 
elicitor action are required for ROS generation. In this aspect, calcium ions 
are especially important, for example for the activation of plasma membrane 
NADPH oxidase, a major source of extracellular ROS. Ca channel activation 
is involved in the induction of ROS generation; their inhibition retards the 
process. In its turn, hydrogen peroxide activates Ca channels, enhancing 
further Ca uptake by the cell (MacRobbie, 1999; Pei et al., 2000; Murata et 
al., 2001; Sanders et al., 2002) and its accumulation (Price et al., 1994; 
Rentel and Knight, 2004). ROS treatment of the rhd2 arabidopsis mutant, 
incapable of environmental Ca uptake, activated Ca channels and suppressed 
a defective phenotype (Foreman et al., 2003). 

ROS affect other ion channels as well. Thus, hydrogen peroxide 
treatment was shown to inactivate inward-rectifying K+ channels (Zhang et
al., 2001b). Hydroxyl radical activated K+ outward rectifier channels, which 
results in potassium efflux (Demidchik et al., 2003). A decrease in 
potassium uptake and its enhanced release result in a declined intracellular 
potassium concentration, which we observed after all external signals action.  

In the presence of hydrogen peroxide, proton fluxes change, induced 
cytosol alkalinization (Zhang et al., 2001a). A possible reason for this 
phenomenon might be the inhibition of plasmalemmal +-ATPase due to 
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disturbed association of +-ATPase and 14-3-3 proteins under ROS effect 
(Zhang et al., 2004). 

Thus, SA, pathogens, elicitors, and ROS affect ion transport in a similar 
manner, suggesting a tight relation between their action mechanisms. 

2.4 Salicylic acid and transport functions of 
mitochondrial membranes 

SA affects substance fluxes not only across the plasma membrane but 
also across the membranes of organelles. The effects of SA on mitochondrial 
membrane functioning are most studied. Similarly as in the plasma 
membrane, protonophore properties of SA, its effects on transport of 
potential-producing ions resulted in membrane potential dissipation in 
mitochondria. After SA treatment, electron transport along the cytochrome 
oxidase pathway was disturbed, oxidative phosphorylation was uncoupled, 
and the ATP content in the cells declined (Macri et al., 1986; Maxwell et al., 
2002). These processes affected the rate of oxygen uptake by the cells and 
isolated mitochondria. Most data obtained indicate that, in association with 
suppressed ATP generation, oxygen uptake by tobacco cells was also 
inhibited (Xie and Chen, 1999). However, some observations demonstrated a 
dependence of the direction of respiratory changes on SA concentration. 
Thus, administration of low SA concentrations (0.01--0.1 mM) into the 
medium of tobacco suspension culture activated cell respiration; inhibition 
was observed only at higher concentrations. Similar dependence was 
manifested in isolated mitochondria as well (Norman et al., 2004).

Mitochondria are the most active ROS generators in the cells. SA-
induced disturbance of respiration in mitochondria resulted in ROS 
accumulation in tobacco suspension cells; pretreatment with antioxidants 
blocked this accumulation (Maxwell et al., 2002). One of the causes for 
ROS accumulation is an insufficient rate of respiratory substrate oxidation in 
the cytochrome oxidase pathway of electron transport. Therefore, the 
inhibitors of this pathway (antimycin A and cyanide) enhance ROS 
accumulation. SA acts similarly (Chen et al., 1993).  

Along with the cytochrome oxidase pathway, one more specific electron 
transport pathway operates in plants; it involves alternative oxidase (AOX). 
AOX directs the electrons from ubiquinone directly to oxygen, bypassing 
two points of coupling with phosphorylation. It functions usually under 
conditions of a low activity of the basic cytochrome oxidase electron 
transport chain in the mitochondrial membrane, maintaining the rate of 
electron transport and providing rapid oxidation of respiratory substrates. 
Alternative pathway of oxidation interferes with excessive ROS 
accumulation. SA is well known to induce Aox 1 gene, encoding alternative 
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oxidase (Rhoads and McIntosh, 1992, 1993). Thus, on the one hand, SA 
inhibits electron transport, favoring ROS accumulation, and, on the other 
hand, it activates AOX retarding this process. This demonstrates a necessity 
for a strict control of ROS concentration in mitochondria. 

ROS (superoxide, hydrogen peroxide, and hydroxyl radical) induce plant 
defense responses. Therefore, the inhibition of electron transport by SA, 
antimycin A, or cyanide, which increased ROS content, improved tobacco 
plant resistance to TMV without the activation of PR-protein synthesis 
(Chivasa and Carr, 1998; Wong et al., 2002). Enhanced ROS generation is 
another mode of resistance improvement, distinct from PR-protein synthesis, 
including SA activity. Since the extent of ROS accumulation is under the 
control of alternative pathway of electron transport, superactive AOX 
reduces plant resistance toward the virus, whereas a decrease in AOX 
activity increases resistance (Gilliland et al., 2003).  

A hypersensitive response plays an important role in plant defense 
against stress factors, resulting in the appearance of necrotic lesions. HR is 
manifested in plants harboring the N gene when they are infected by 
avirulent pathogen strain. HR is a kind of cell death. The programmed cell 
death (PCD) of animal cells is studied in more detail than plant HR. A 
characteristic feature of PCD in animals is the release of cytochrome  and 
some other photogenic factors from mitochondria. These factors released 
through the, so-called mitochondrial permeability transition pores (PTP), 
which are formed due to the interaction of the adenine nucleotide 
translocase, a protein located in the inner membrane, and some proteins of 
outer membrane, for example, some unspecific components of anion 
channels. This interaction occurs via a protein of the intermembrane space 
cyclofilin D. Each of these proteins fulfils its own well-known functions: 
voltage-dependent anion channel (VDAC) mediates transport of low-
molecular-weight compounds between the cytosol and mitochondrial inner 
membrane; adenine nucleotide translocase (ANT) provides for an DP/ATP
exchange required for energetic processes; cyclofilin D (CyP-D) might be 
involved in folding/unfolding of transported molecules. All these 
components can produce easily and rapidly the complexes of variable 
conductivity.  

Among possible reasons to explain the increased permeability of such 
pores, their "opening", are oxidative burst, increased content of inorganic 
phosphate and 2+ in the cytosol, and increased pH (Jones et al., 2000; Kim 
et al., 2003). Proteins belonging to the Bcl-2 family occupy an important 
place in the regulation of pore permeability. Some of these proteins 
counteract PCD triggering and favour cell survival by blocking caspase 
activity. Other proteins from this family fulfill opposite function: they 
accelerate cell death. Proapoptotic members of this family (Bax, Bad, Bak, 
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and Bid) stimulate the formation of leakage channels in the outer 
mitochondrial membrane and open PNP; antiapoptotic proteins (Bcl-2, Bcl-
X), in contrast, close these pores and stabilize membranes (Marzo et al., 
1998; Adams and Corey, 2001; Robson and Vanlerberghe, 2002). BAX-like 
proteins can inactivate antiapoptotic proteins by the formation of 
heterodimers Bcl-2/BAX (Lacomme and Santa Cruz, 1999). Another way of 
BAX activity is the induced disturbance in the transport functions of 
mitochondrial membranes by interacting with adenine nucleotide 
translocase. 

Increased permeability of PTP might caused cytochrome  release from 
mitochondria and its appearance in the cytoplasm (Liu et al., 1996; Li et al., 
1997; Cai and Jones, 1998; Desagher and Martinon, 2000). Proapoptotic 
Bcl-2 proteins facilitates this release, and antiapoptotic proteins prevent it 
(Adams and Corey, 2001). Cytochrome  release normally translocates 
electrons from cytochrome reductase to cytochrome oxidase that  inhibits 
respiration. Membrane potential is dissipated, respiratory control is lost, 
electron transport and phosphorylation are uncoupled, and mitochondria 
accumulate calcium. The addition of exogenous cytochrome , at early 
stages of these disturbances, restores normal mitochondria functioning 
(Mootha et al., 2001). 

Cytochrome  released from mitochondria interacts with some cytosolic 
proteases (caspases), to activate them and finally result in the degradation of 
cell structure (Li et al, 1997; Green and Reed, 1998; Susin et al., 1998; Li et 
al., 2000). Simultaneously with cytochrome c, mitochondria also release a 
complex of apoptogenic compounds, including AIF, a factor of apoptosis 
induction (see review by Kim et al., 2003). 

It should be noted that an increase in the permeability of the 
mitochondrial membrane could occur in the absence of some components, 
normally involved in PTP formation. For example, channels can function 
without cyclofilin D or without adenine nucleotide translocator (Forte and 
Bernardi, 2005). In the establishment of the pathways for mitochondrial 
membrane permeability, other components may be involved, which are not 
related to PTP formation. For example, cytochrome c can be released from 
isolated mitochondria, before PTP formation (Wei et al., 2000; von Ahsen et 
al., 2000). In addition, some stages of cell death come to existence without 
caspase activation (Mootha et al., 2001; Koumura et al., 2005). 

It is of interest that the extent of mitochondrial provision of ATP affects 
the character of the cell death. When ATP stores are exhausted, apoptosis is 
blocked. Instead, the same apoptogenic signals induce somewhat different 
type of death resembling necrosis (Kim et al., 2003).  

It seems likely that the mechanisms of cell death are similar in plant and 
animal. Some observations indicate that the classical mitochondrial 
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permeability transition occurs also in plants. In plant mitochondria, pores 
were found with characteristics resembled to those of animal mitochondrial 
pores (Arpagaus et al., 2002). Similarly, as in animal cells, oxidative burst 
disrupts mitochondrial membranes and permits the release of cytochrome c
from plant mitochondria (Tiwari et al., 2002). Cytochrome c released from 
cucumber mitochondria, subjected to heat shock (Balk et al., 1999) and from 
tobacco protoplasts, treated with menadione (Sun et al., 1999) was also 
observed. Although no faithful identification of plant proteins composing of 
plant mitochondrial pores has been performed (Assaad, 2001) but some 
analogs of animal mitochondrial proteins are found in plants, for example 
caspase-like proteins (Korthout et al., 2000). Caspase inhibitors from animal 
cells prevent the development of HR in plants, infected by pathogens (Del 
Pozo and Lam, 1998). On the other hand, some animal cancer cells treated 
with the extract from Gleditsia sinensis fruits exhibited apoptotic features 
(Chui et al., 2005). A similarity in the PTP involvement in the induction of 
cell death in plant and animal cells is confirmed by experiments with a 
BAX:GFP fusion protein (BAX is an inducer of apoptosis in animal cells). 
Infection of Nicotiana benthamiana (genotype nn incapable of necrotic 
lesion formation) plants with a TMV-based vector harboring murine bax
cDNA encoding an apoptogenic protein in animal cells induced localized 
tissue collapse and cell death type, resembling to plant HR. Cell death 
induction was accompanied by the accumulation of a defense PR1 protein, 
characteristic of HR. Since Bax:GFP was located in mitochondria, it was 
supposed that this protein functions in plant mitochondria in a similar was as 
in animal mitochondria by controlling membrane permeability and releasing 
cytochrome c, thus affecting nuclear gene expression (Lacomme and Santa 
Cruz, 1999). A similarity in functioning of plant and animal mitochondrial 
membranes was demonstrated also in experiments with another inhibitor of 
transmembrane transport, bongkrekic acid. This inhibitor binds to the PTP 
and prevents 2 2-apoptosis in animal and human cells (Dumont et al., 
1999). Treatment of tobacco cell suspension with bongkrekic acid did not 
affect gene expression. However, treatment with this acid before SA 
treatment completely abolished the SA-induced expression of Aox 1 gene 
(Maxwell et al., 2002). This implies that SA did not affect the direct 
expression of the gene encoding alternative oxidase but operates via a 
disturbance in mitochondrial membrane transport properties. Mitochondria 
evidently are not the only center for integration of diverse stress signals but 
also transmit these signals to the nucleus, thus controlling gene expression. 
The mitochondrial pore complex can regulate its conductivity: pore 
transitory opening increases its permeability, transmitting regulatory 
molecules inside and releasing metabolic intermediates into the cytosol. 
Such transitory changes in mitochondrial pore permeability are evidently 
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required for the interaction between organelles: mitochondria, cytosol, and 
nucleus (Maxwell et al., 2002).

I have considered the functioning of mitochondrial pore complex so fully 
because I deduce a similarity in the control of its permeability and the routes 
of plant cell-to-cell transport, which will be discussed below. A transitory 
increase in the mitochondrial pore complex permeability resembles the 
control of the animal cell gap junction or plant plasmodesmata by the 
endogenous or exogenous factors (for example, an increase in the 
plasmodesmata permeability under the effect of viral proteins, TMV 
movement protein in particular). The involvement of SA in the functioning 
of mitochondrial PTP may only be expected and investigations in this 
direction seem promising. 

2.5 Phytoalexin synthesis, their secretion and 
pathogenesis virulence factors 

Changes in ion fluxes in response to infection, elicitors and SA treatment 
resulted in the activation of synthesis and secretion, in the apoplast, of 
phytoalexins, compounds with antipathogen action. Phytoalexin secretion is 
an important step in the development of plant defense responses. Derivatives 
of coumarin and cell-wall phenols are among phytoalexins, produced during 
pathogenesis (Nürnberger et al.,1994; Jabs et al., 1997). Like elicitors, SA 
and its active analogue are shown to activate enzymes for coumarin 
biosynthesis and also enhance its secretion by the cell (Hahlbrock and 
Scheel, 1989; Kauss et al., 1992). Thus, not only ion transport but also 
transport of larger molecules may be under SA control. 

Along with the effects on the components of the plant defense system, 
SA can affect excretion of pathogen virulence factors. For example, 
exogenous SA reduced the capability of Pseudomonas aeruginosa to attach 
to arabidopsis roots. In addition, it suppressed the synthesis and secretion of 
bacterial protease, alastase, and pyocyanin (Prithiviraj et al., 2005). Thus, 
outside the role of SA as a signal molecule, it can manifest anti-infectional 
action on pathogen physiology, weakening its virulence (Prithiviraj et al., 
2005). Experiments, demonstrating a direct inhibitory action of SA on 
pathogen spores (Lapikova et al. 2000) argue for this possibility as well. 

2.6 Salicylic acid potentiates elicitor action 

A novel aspect of SA action on transport processes was highlighted in 
experiments on plant-cell defense responses to varying amounts of 
pathogens or elicitors. Along with the direct action of SA on ion fluxes, it 
can enhance their changes during subsequent treatment with elicitors (Katz 
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et al., 2002). Cell pretreatment with 10--500 M SA increased cell 
sensitivity to elicitor oligopeptide -13: induction of +/H+ fluxes at the 
plasma membrane and subsequent coumarin secretion, occur at lower 
concentrations of elicitor. 

SA also potentiated metabolic changes in infected plants. SA treatment 
before cucumber infection with Colletotrichum lagenarium enhanced phenol 
deposition in the cell walls of systemically resistant tissues and activated 
chitinase and peroxidases in them (Siegrist et al., 1994). SA treatment before 
the infection of parsley suspension with fungal pathogen Phytophthora 
megasperma f.sp. glycinea enhanced expression of the genes encoding 
phenylalanine ammonia-lyase, 4-coumarate:CoA ligase, hydroxyproline-rich 
glycoprotein, and PR-10 (Thulke and Conrath, 1998). Pretreatment of 
tobacco leaf surface with SA turned out to be useful for the induction of 
defense genes after pathogen attack (Mur et al., 1996). A functional SA 
analog benzothiazole also exhibited a potentiating effect (Katz et al., 1998). 

Finishing the description of the effect of SA and related compounds on 
the transport of ions and some organic substances, it should be emphasized 
here that SA-induced changes in membrane electrical parameters, therefore, 
transport properties of the membrane are the early rapid responses to a 
treatment. A short duration of induced changes in ion fluxes indicate their 
signaling function and similarity in the direction of action of SA, elicitor, 
and pathogen indicates common mechanism. The fact that similar changes 
occurred in ROS that shows the involvement of ROS in the system of signal 
transduction. Changes in ion transport are evidently the first signals in 
response to adverse environmental conditions, indicating a requirement in 
directed cell responses. Further investigations have to elucidate that how the 
cell recognizes such a SOS signals. 

3. SALICYLIC ACID AND INTERCELLULAR 
TRANSPORT THROUGH PLASMODESMATA 

The functionally related plant cells are interconnected via plant-specific 
structures, plasmodesmata. Primary plasmodesmata originate during 
cytokinesis within the cell plate of the dividing cell; secondary 
plasmodesmata are inserted in the mature cell wall (Ehlers and Kollmann, 
2001). Plasmodesmata perform a direct connection between the neighboring 
cells via continued plasma membrane, endoplasmic reticulum appressed into 
the desmotubule, and cytoplasmic annulus (see reviews Lucas et al., 1994; 
Lucas and Lee, 2004; Zambryski and Crawford, 1995; Scholthof, 2005). 
Plasmodesmatal conductivity is higher than that of plasma membrane. 
Therefore, they are important routes for cell-to-cell communications. Ions 
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and organic metabolites, including assimilates, hormones, and other signal 
molecules are transported through plasmodesmata.  

As distinct from animal gap junctions and probably mitochondrial 
permeability transition pores, plasmodesmata are stable structures. However, 
like in gap junctions and mitochondrial permeability transition pores, 
plasmodesmatal conductivity is controlled. Most plasmodesmata permit the 
penetration of molecules not exceeding 1 kDa. However, some factors can 
decrease or increase their size exclusion limit (SEL). In these cases, 
plasmodesmata are closed or opened, so that macromolecules can also be 
transported through such open (or gate) plasmodesmata. 

Viruses and most other pathogens spread through plasmodesmatal 
connections. For this, they synthesize special movement proteins (MP), 
which are capable of increasing plasmodesmal SEL. Transported viral 
nucleic acid is unfolded, facilitating translocation of --vRNA complex 
through the plasmodesmal transport channel (Wolf et al., 1989; Waigmann 
et al., 1994; Oparka, 2004). Some plant proteins were found, which are 
immunologically related to viral MP and are also capable to change 
plasmodesmata permeability, thus controlling the transport of 
macromolecules and possibly restricting pathogen from spreading. It is 
unknown whether SA is involved in the control of this transport; however, 
some evidences indicate such an involvement. 

3.1 Effect of salicylic acid on cell-to-cell substance 
transport 

Volume of data indicates that SA treatment reduces the number of 
necrotic lesions on the leaves of plants harboring the N gene and infected 
with pathogens. Simultaneously, a decrease in the size of these lesions was 
noted (Enyedi et al., 1992). In transgenic plants, expressing the bacterial 
NahG gene, TMV infection-induced lesions were larger than lesions in the 
wild-type tobacco (Gaffney et al., 1993; Delaney et al., 1994). Salicylate 
hydroxylase degrades SA to catechol, preventing SA accumulation during 
infection development. In this type of studies, SA treatment was usually 
performed several days before infection, and necrotic lesions were 
characterized several days after inoculation. Such a long action of SA 
implies the initiation of some metabolic changes, such as the synthesis of 
PR-proteins and phytoalexins (Klessig and Malamy, 1994). These changes 
can finally result in a decrease in the number of necrotic lesions.  

SA-induced suppression of virus replication and its cell-to-cell transport 
may be one of the direct causes for inhibited necrosis development. Some of 
the data proves that SA can inhibit virus replication, which immediately 
affects the number of necrotic lesions. In fact, in the sensitive TMV tobacco 
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nn genotype, SA retarded the accumulation of viral RNA (vRNA), RNA-
dependent RNA polymerase, and TMV coat protein at infected sites 
(Chivasa et al., 1997; Naylor et al., 1998). For some other viruses (for 
example, potato virus X , turnip vein clearing virus), it was also shown that 
SA inhibited the accumulation of viral RNA or viral particles (Naylor et al.,
1998; Wong et al., 2002). In experiments with tobacco plants, a tissue-
specificity of SA action on virus replication was demonstrated. SA reduced 
the content of vRNA in the mesophyll cells but did not affect or affected 
only weakly, the virus replication in the epidermis (Murphy and Carr, 2002). 
Nevertheless, SA suppressed virus transport from the primarily infected 
epidermal cell to neighboring epidermal cells (Murphy and Carr, 2002). In 
this case, the second aspect of SA action on virus spreading seems quite 
evident. 

Until now, the mechanism of SA action on substance transport through 
plasmodesmata remains undisclosed. In the above-cited work by Murphy 
and Carr, the inhibition of TMV translocation between neighboring 
epidermal cells cannot be explained because of a reduced permeability of 
plasmodesmata; in contrast, plasmodesmal SEL even increased, permitting a 
greater number of dextrane molecules, 3 kDa in size to be transported from 
the inoculated cell to neighboring ones. However, the molecules of 10 kDa, 
comparable in size with viral transport complex, could not be transported 
either in the presence or in the absence of SA. SA did not affect the 
capability of viral movement protein to increase plasmodesmata 
permeability (Murphy and Carr, 2002).  

It should be noted that, in aforementioned study as well in earlier 
investigations, SA treatment was performed five days before inoculation 
with the virus. In this connection, it is of interest to recall the observations 
made by Mur and others. The authors used the salicylate hydrolase gene 
(SH-L) from P. putida; its expression did not result in catechol production, 
which interferes with the interpretation of results obtained on NahG plants. 
They inserted this gene into the tobacco (cv. Samsun) genome under the 
control of various promoters and, in this way, retarded SA accumulation 
during different stages of development of TMV infection. The authors found 
that only early expression of the SH-L gene could affect virus spreading, and 
only early accumulation of SA could interfere with infection development 
(Mur et al., 1997). 

In the study performed on submerged leaf trichomes of aquatic fern 
Salvinia auriculata, primary SA effects on plasmodesmal electrical 
conductivity were examined. A short-term (4 min) treatment with SA 
induced a biphasic response. Immediately after SA addition to medium, a 
transitory increase in plasmodesmal conductivity was observed along with 
membrane depolarization. Thereafter, conductivity decreased sharply up to 
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its complete disappearance, indicating plasmodesmata closing (Lyalin et al.,
1986). Similar data were obtained for sucrose accumulation in maize root 
tips treated with  SA.Sucrose was synthesized in scutellum cells from  the  applied 

Figure 1. Effect of 4 min treatment with SA on membrane potential and plasmodesmatal 

conductivity of a submerged leaf trichome of Salvinia. Left - the membrane potentials and the 

potential shifts following a series of 2s-long 7nA electric pulses applied at 1.5pulse/min 

frequency; the shift value reflects the membrane resistance. Right – the changes of the 

membrane resistance rin and of the intercellular electric conductivity1/ rc. The line overhead 

corresponds to duration of SA action. Modified from Lyalin et al, 1986. 

deoxyglucose and transported to the root through the phloem. In this case, 
we also observed a biphasic response, although it had other temporal 
characteristics. During the first hour, sucrose inflow to the root parenchyma 
cells increased; however, in the later hours, it got retarded (Krasavina et al.,
in press). SA effects depended on its concentration: at the concentrations 
exceeding 0.1 mM, we did not observe any stimulation in sucrose transport. 
In the root tips, assimilate efflux from the phloem and their partitioning 
among the cells is known to occur along the symplast; therefore, sucrose 
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influx to sink cells can be considered a measure for plasmodesmatal 
conductivity.  

One of the possible reasons to defend the SA-induced changes in 
plasmodesmata conductivity might be its action on the cytoskeleton. In 
plasmodesmata, the main cytoskeletal components were actin (White et al., 
1994; Blackman and Overall, 1998; Krasavina et al., 1998), myosin-like 
proteins (Blackman and Overall, 1998; Radford and White, 1998), plant-
specific myosin VIII (Reichelt et al., 1999). Therefore, actomyosin system 
might be involved in cell-to-cell transport along plasmodesmata (Baluška et 
al., 2004). The inhibitor of the actin cytoskeleton cytochalasin increased 
plasmodesmal SEL in tobacco leaves (Ding et al., 1996) and reduced 
plasmodesmata electrical resistance in the root of aquatic higher plant 
Trianea bogotensis and trichomes of fern Salvinia (Krasavina et al., 2001). 
According to Roberts and Oparka, actin filaments may form a scaffold 
within plasmodesmata, along which some substances may move using a 
my sin-based motor (Roberts and Oparka, 2003). However, it is unknown 
whether SA is involved in the control of the actomyosin system functioning. 

The interrelation between SA and 2+-dependent cytoskeletal 
components is more understandable: a SA-induced increase in the content of 
intracellular calcium might change their activity. Among 2+-depended
contractile elements in plasmodesmata, centrin, a calcium-binding 
contractile protein (Baluška et al., 1999; Blackman et al., 1999), and in the 
cortical endoplasmic reticulum, the calcium-sequestering protein calreticulin 
(Baluška et al., 1999, 2001) were found. It might be that increased calcium 
concentration affected these components of plasmodesmata (Tucker 1990; 
Holdaway-Clarke et al., 2000). 

Calcium can evidently affect plasmodesmal conductivity by different 
ways. Aside its effects on the cytoskeleton, calcium can operate via 2+-
dependent protein kinase co-localized with plasmodesmata (Yahalom et al., 
1998) and involved in phosphorylation of membrane components. For 
example, activation of NADPH oxidase requires 2+-dependent 
phosphorylation. It is also known that the activity of some regulators of 
plasmodesmal permeability including viral movement protein depend on  
phosphorylation/dephosphorylation (Citovsky et al., 1993; Matsushita et al.,
2000, 2002; Oparka, 2004). SA can affect phosphorylation via some protein 
kinases. Thus, in tobacco cells, salicylic acid dependent activity of protein 
kinase (SIPK) was rapidly induced. SA induced a phosphorylation-
dependent step in the HR signaling pathway. SA-dependent protein 
phosphorylation is required for the expression of plant defense genes and for 
activation of transcription factors. 
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Another consequence of calcium accumulation in the cortical 
cytoplasmic layer in the presence of SA might be the changes in the content 
of callose, near plasmodesmata. 

3.2 Callose, plasmodesmata and cell-to-cell substance 
transport 

In most cases, plasmodesmal diameter differs along its length. Usually, 
the plasmodesmata get narrow at the site of their exit from the cell wall, so-
called neck region. The regulation of plasmodesmata permeability is most 
easily exerted by controlling the diameter of this region. Constricted neck-
region is surrounded by an electron-transparent collar located in the cell 
wall, outside of the plasmodesmata. This region is usually called external 
sphincter; the capability of reducing a plasmodesmal conducting channel is 
often ascribed to this structure (Olesen and Robards, 1990; Badelt et al.,
1994)). Callose is believed to be deposited just at these sites. Callose 
deposition around plasmodesmata was confirmed immunochemically 
(Northcote et al., 1989; Delmer et al., 1993).  

It is known since long that callose deposition is rapid and only sensitive 
cells respond to any external factor (Shimoura and Dijkstra, 1975). 
Mechanical pressing, ultrasound, chilling, heating, and cell injury induce 
callose deposition (Curier and Webster, 1964; McNairn, 1972). Even tissue 
cutting and routine fixation used for electron microscopy can induce callose 
deposition near plasmodesmata (Radford et al., 1998). However, callose 
deposition is not only a stress response. Callose is of importance during 
normal cell development and functioning: cell division, cell plate formation, 
sieve pore development, protonema differentiation, seed germination, pollen 
development and maturation. 

A correlation was found between callose deposition and assimilate 
transport in plants. Thus, callose deposition on sieve plates is activated after 
sieve element damage (Eschrich, 1965; McNairn, 1972). In such a way, 
some sieve tubes are temporarily excluded from assimilate transport; for 
example, damaged sieve tubes, sieve tubes not functioning in winter or not 
coping with a rapid assimilate flow. This respond is rapid and reversible: 
when the damaging factor is removed, callose disappears. A maize sxd1
mutant defective in sucrose export was characterized by enhanced callose 
deposition in conducting tissues of source leaves, positioned between the 
bundle sheath and vascular parenchymatous cells (Botha et al., 2000). It 
might be that just callose retards assimilate loading into the phloem of this 
mutant (Hofius et al., 2004). Callose deposition in cell wall can suppress not 
only symplastic transport but also prevents the transport inside the apoplast.  
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It seems likely that common elements occur in the control of 
plasmodesmal conductivity for low-molecular-weight compounds, 
macromolecules, and pathogens. Therefore, callose deposition prevents 
pathogen transport as well. Local callose deposition may constrict the neck 
region of plasmodesmata, reduce their permeability, thus preventing 
infection spreading (Botha and Cross, 2000; Roberts and Oparka, 2003). The 
intracellular content of callose is known to increase during pathogen attack; 
callose deposits around plasmodesmata and disturbs cell-to-cell transport of 
pathogens (Delmer et al., 1993; Radford, 1998). Firstly, callose deposits 
near plasmodesmata, closing them (Tucker and Boss, 1996; Clarke, 1996) 
and then it covers the entire surface of damaged cells, thus isolating the 
damaged loci (Wu and Dimitman, 1970; Shimomura and Dijkstra, 1975; 
Donofrio and Delaney, 2001). In the presence of callose, the long-distance 
trafficking of viruses (Leisner and Turgeon, 1993), oomycete Phytophthora 
sojae (Enkerli et al., 1997), and fungal pathogens (Bailey et al., 1990) is also 
suppressed. 

3.3 Putative involvement of salicylic acid in the control 
of callose content in plant cells 

3.3.1 Salicylic acid and callose synthesis 

Callose is a polymer of ß-1,3-linked glucose residues. Its synthesis is 
catalyzed by plasma membrane bound ß-glucan synthase (callose synthase), 
a transmembrane protein transferring glucose from uridinediphosphate 
glucose, synthesized by sucrose synthase, to the oligosaccharide chain 
positioned at the outer surface of the plasma membrane. The intracellular 
content of callose can be controlled by some agents, such as detergents, 
polycations interacting with phospholipids (polymyxin B, phospholipase), 
that is, by affecting membrane fluidity (Köhle et al., 1985). Some hormones, 
for example abiotic stress hormone ABA, also affect the content of callose 
(Ton and Mauch-Mani, 2004). 

Inositide triphosphate (IP3), activated by G-protein, markedly affects 
callose synthesis. IP3 induces callose synthesis via its action on calcium 
channels and to facilitate calcium influx into the cell. Calcium is quite 
necessary for callose synthesis, most probably because of its direct action on 
calcium-sensitive callose synthase (Köhle et al., 1985; Kauss and Jeblick, 
1985, 1986a, 1986b; Kauss, 1985, 1987). In the presence of EDTA, a 
chelating agent, callose deposition is sharply reduced (Eschrich, 1965; Köhle 
et al., 1985). The inhibitors of 2+ channels, nifedipin and gadolinium, also 
block callose synthesis (Kartusch, 2003).  
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SA and stresses activate callose synthesis due to the induction of calcium 
influx into the cell and its increased concentration in the cortical cytoplasm 
layer (Kauss, 1985, 1987; Bhuja et al., 2004). In 2 h after treating the 
arabidopsis plant with SA, the content of AtGSL5 mRNA increased; the 
AtGSL5 gene encodes a protein homologous to the catalytic subunit of ß-1,3-
glucan synthase (Østergaard et al., 2002). This increase in mRNA content 
was transient; after 16 h, it decreased to the initial level even in the presence 
of SA for the whole duration. The mpk 4 mutant, characterized by 
constitutive systemic acquired resistance and an intense accumulation of SA, 
accumulated a great amount of AtGSL5 transcript (Petersen et al., 2000). 
Simultaneously, the activity of ß-1,3-glucan synthase increased, and callose 
accumulated in this mutant (Østergaard et al., 2002). When plant contained 
simultaneously the mpk 4 mutation and the bacterial NahG gene preventing 
SA accumulation, the synthesis of AtGSL5 mRNA was suppressed. This 
indicates a requirement of SA for the functioning of AtGSL5 gene.

A rapidity in the activation of callose synthase after spraying the 
arabidopsis plant with SA implies a possibility that SA affects callose 
deposition on the cell surface (Østergaard et al., 2002). In fact, the treatment 
of tobacco leaves or epidermal stripes with SA (Fig. 2) resulted in the 
appearance of fluorescing callose spots in the cell walls (Krasavina et al., 
2002). The appearance of such fluorescence is often used for detecting 
plasmodesmata localization (see, for example, Baluška et al., 1999). Callose 
deposition became evident as early as after 1h of SA treatment; the response 
was reversible, and callose disappeared after SA removal. Enhanced callose 
deposition in the presence of SA, detected cytochemically, was confirmed by 
callose content, quantificatied in tobacco leaves (Serova et al., 2006). 

A significance of SA-dependent callose deposition in plant resistance 
was substantiated in experiments with Pseudomonas syringae harboring the 
mutated CEL gene (DebRoy et al., 2004). This gene encodes bacterial 
effectors suppressing plant SA-dependent defense responses. When 
arabidopsis leaves were infected with this bacterial mutant, less necrotic 
lesions appeared and the content of callose increased markedly (by an order 
of magnitude). However, when plant expressed the NahG gene, the content 
of callose remained unchanged. This indicated the occurrence of the SA-
dependent defense system mediated by the callose synthesis in plant cell 
wall (DebRoy et al., 2004). 
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Figure 2. Callose deposition in the leaf epidermis of Nicotiana glutinosa is stimulated by SA. 
Left - untreated leaves, right - leaves treated with 1mM SA 1 hour ago. Callose was 

determined by its fluorescence after staining with aniline blue. 

However, callose deposition around the infection sites is not a universal 
way of plant defense. At fungal infection, callose can even enhance infection 
spreading, by providing the fungus with an additional source of nutrition for 
growth (Jacobs et al., 2003). After the identification of the glucan synthase-
like AtGSL5 gene in Arabidopsis thaliana, (Østergaard et al., 2002), the 
plants with silent callose synthase GSL5 gene were obtained (Jacobs et al.,
2003). Such plants did not contain wound callose and callose producing 
papillae during infection with powdery mildew and other fungal pathogens. 
In spite of the absence of callose, plant resistance did not decline; papillae 
were formed but from other compounds. Similar data were obtained with the 
arabidopsis pmr4 mutant, which did not produce callose after infection with 
powdery mildew; this mutant was even more resistant than wild-type plants. 
It turned out that the cause for improved resistance in callose-deficient plants 
was an activation of SA-dependent defense responses (Nishimura et al.,
2003). The authors concluded that callose synthesis is, on the one hand, a 
rapid plant response to stresses but on the other hand also results in the 
inhibition of other SA-dependent defense responses. 

2+ can affect plasmodesmatal permeability not only by the activation of 
callose synthase. Another, a more fine and still more rapid way of the 
control of callose content in the cells is related to the effects of 2+ on the 
cytoskeleton, whose functioning is evidently required for callose deposition. 
Cytochalasin, an inhibitor of cytoskeleton, disturbed callose deposition, and 
even nonpathogenic fungi penetrated into the cells and produced haustoria 
(Kobayashi and Hakuno, 2003). 
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3.3.2 Effect of salicylic acid on ß-1,3-glucanase activity 

In addition to callose synthase, the content of callose in the cell is under 
the control of another enzyme - ß-1,3-glucanase. ß-1,3-Glucanase catalyzes 
callose breakdown, including the callose that is located around 
plasmodesmata. Such an activity of the enzyme must abolish callose-induce 
plasmodesmata narrowing, thus facilitating their transport activity. On the 
other hand, ß-1,3-glucanase is one of plant defense proteins (PR2). Since 
PR2 hydrolyzes glycans in the cell walls of many fungal and bacterial 
species, their role in plant defense against these pathogens is very important 
(Linthorst, 1991; Lozovaya et al., 1998; Li et al., 2003; Wróbel-
Kwiatkowska et al., 2004). ß-1,3-Glucanase is shown to exert a direct action 
on the growth of  pathogenic fungi (Mauch et al., 1988; Leubner-Metzger 
and Meins, 1999). Therefore, an increase in the intracellular content of ß-
1,3-glucanase is correlated with the improved plant resistance to fungal and 
bacterial pathogens.  

Viral infection induces ß-1,3-glucanase as well. The content of glucanase 
increased 20--30-fold in several days after TMV treatment of necrotic 
lesions-producing plants (Kauffmann et al., 1987; Vögeli-Lange et al.,
1988). The significance of such an increase for virus-infected plants is not 
quite clear. Activation of ß-1,3-glucanase might be an unspecific plant 
response to stresses, and viruses only passively use a plant response, against 
fungal infection, thus facilitating their spreading within the host tissues by 
callose hydrolysis. 

ß-1,3-Glucanase functioning as plant defense PR-protein starts 
simultaneously with the appearance of visible injuries, 2--7 days after 
infection. During the early period, enzyme activity facilitates the infection 
spreading. Nicotiana tabacum and N. sylvestris plants deficient in ß-1,3-
glucanase synthesis (antisense expression or glucanase-deficient mutant) 
turned out to be more resistant to TMV infection. In these plants, symptoms 
of viral infection were less expressed, the number and size of lesions 
decreased, and these lesions appeared later, than in control plants. In 
mutants, deficient in ß-1,3-glucanase activity, a reduced plasmodesmatal 
permeability (SEL) was noted that could not be controlled by viral 
movement proteins; the cell-to-cell transport of different viruses was 
retarded (Beffa et al., 1996; Iglesias and Meins, 2000; Bucher et al., 2001). 
The reason might be a stronger increase in the callose content near 
plasmodesmata and around necrotic lesions.  

Interdependence occurs between glucanase activity, callose content, and 
viral moving proteins. Viral movement proteins are capable to increase SEL 
of plasmodesmata and facilitate viral translocation to neighboring cells. Such 
plasmodesmatal  opening  occurs at advancing edge of  the  infected region; 



52 M. S. Krasavina

1,3-glucanase activation and callose content decrease in this region (Oparka 
et al., 1997; Roberts et al., 1998; Bucher et al., 2001). That means that 
viruses can induce local callose degradation by the induction of ß-1,3-
glucanase. Plant response might be in the formation of compensatory 
(ersatz) callose and later the induction of antiviral ß-1,3-glucanase. SA might 
be involved in these processes. 

It is well known that SA induces the synthesis of ß-1,3-glucanase in 
various plant species (Shah and Klessig, 1996; Vidal et al., 1997; Kang et
al., 1998; Li et al., 2003; Zhen and Li, 2004, and many other reports). The 
SA-responsive elements in the promoter of the gene, encoding glucanase 
were identified (Shah and Klessig, 1996; Li et al., 2005). ß-1,3-glucanase is 
activated during HR; its increased activity is often used as an indicator of the 
involvement of SA-dependent signaling pathway. Such processes demand 
long-term SA treatment and are manifested only within two or more days. 

We could not find any activation of ß-1,3-glucanase at the early duration 
(3-20h) of action of SA in tobacco leaves (Serova et al., 2006). In contrast, 
enzyme activity decreased. Such enzyme inactivation was correlated with 
callose accumulation in the leaf tissues and retardation of cell-to-cell TMV 
transport. By using of transgenic tobacco plants with apoplastic or cytosolic 
localization of bacterial ß-1,3-glucanase it was observed that extracellular ß-
1,3-glucanase activity resulted in a greater decrease in callose content in 
tissues than cytosolic enzyme (Serova et al., 2006). 

A complex combination of SA-depended and SA-independent metabolic 
pathways is known to determine plant resistance to biotic and abiotic stress 
factors. Such multiplicity of defense responses expands plant possibility to 
protect themselves against diverse pathogens and unfavorable environmental 
factors. Among such defense responses, a rapid and reversible synthesis of 
callose takes an important place; it limits the availability of the 
plasmodesmal transport route for spreading the infection or that of damaging 
agents. This type of defense responses may function independently of the 
pathway leading to the synthesis of PR-proteins; it represents an independent 
alternative defense mechanism (Zimmerli et al., 2000; Chen et al., 2002). 

4. CONCLUSION 

It has long been known that changes in the plasma membrane properties 
of the cell are one of the earliest observed responses to the presence of 
exogenous SA. However, the exact location for these responses in the 
system of SA-induced responses has not yet established. The possible reason 
is a similarity in the changes of membrane properties, induced by diverse 
factors. This implies that the very first cell response to exogenous SA is 

ß-
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unspecific. A transition of unspecific into specific response to a particular 
factor is a general biological and so far has been an unsolved problem. 

Biotic and abiotic stresses and separate molecules induce potassium 
efflux and proton and calcium influx into the cell. Depolarization of the 
plasma membrane may result because of these changes in ion fluxes. SA 
molecule, being a protonophore, can enhance dissipation of the membrane 
electric potential. It might be that temporal parameters of these changes at 
the level of the membrane potential contain some information, but this 
aspect of SA action is unknown. Another property of SA molecules is its 
capability of metal chelating that can be manifested at the cell surface. 
However, the consequences of this putative SA effect on the cell are 
unknown as well. SA is also capable of converting into the free radical by 
interacting with apoplastic peroxidase; therefore, it can oxidize other 
compounds and thus changes the redox state of the apoplast. It seems 
understandable that ROS effects and SA protective properties are very much 
alike.

A specific response is determined by the interaction between some 
stimulus and its receptor at the membrane. However, I am not aware about 
the occurrence of such receptors of SA. To understand the significance of 
primary cell responses to SA, a detail study of temporal parameters of 
changes occurring and their dependence on the concentration of the acting 
agent is required. The data concerning tissue- and species-specificity to SA 
action are scarce. In-between, differences in SA effects induced in different 
plant tissues and species can help in the understanding the role of SA in 
various processes as well (see an interesting report by Mayers et al., 2005). 
The detection of particular SA-depended reactions is also of importance. 
One of the directions of such a search is SA effects on callose synthesis. 
When our data about the inhibition of -1,3-glucanase activity by SA 
treatment will be confirmed, in further experiments, SA-induced callose 
deposition at the outer plasma membrane surface might turn out to be one of 
the primary responses to SA, which might be more specific. A rapid and 
reversible callose deposition at the plasmodesmatal neck regions is an 
efficient way to affect transport through plasmodesmata, including those of 
signal molecules and pathogens. A search for other ways of cell-to-cell 
transport regulation also seems promising. 
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Chapter 4 

ROLE OF HORMONAL SYSTEM IN THE 
MANIFESTATION OF GROWTH PROMOTING 
AND ANTISTRESS ACTION OF SALICYLIC 
ACID 

F. M. SHAKIROVA 
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69 pr. Octyabrya, 450054, Ufa, Russia. 

Abstract: Salicylic acid (SA) is an endogenous plant growth regulator. When applied to 
wheat plants in concentration similar to that used in case of exogenous 
hormones (0.05 mM), SA causes growth promoting and protective effects 
against an abiotic stresses. SA was shown to cause changes in hormonal 
system associated with transitory parallel accumulation of IAA and ABA with 
no change in cytokinins, which took place in case of treatment of seeds before 
sowing as well as seedling treatment. SA-induced accumulation of ABA lead 
to no detrimental effects, evidenced by clearcut stimulation of growth of root 
cells both by division and expansion, accumulation of raw and dry mass of 
seedlings and productivity of wheat treated with SA. This indicated an 
important role to IAA in the expression of growth stimulating action of SA. 
ABA is likely to be intermediator in manifestation of antistress action of SA. 
This is evidenced by the data showing that SA-induced accumulation of ABA 
was followed by enhanced expression of genes of dehydrins and accumulation 
of proline, i.e. substances having a relation with osmoprotection of cells. 
Moreover, SA causes activation of superoxide dismutase and peroxidase, 
including anionic peroxidase, phenylalanin-ammonia-lyase, favouring 
accelerated lignification of cell walls of seedlings roots. This is likely to 
contribute to a decline in the extent of injurious effects of salinity and water 
deficit on plants, pretreated with SA, evidenced by a decline in the level of 
lipid peroxidation and leakage of electrolytes from plant tissues as well as by 
more intensive growth processes as compared to control plants. It is important 
to underline that pretreatment with SA prevents a sharp decline in IAA and 
cytokinin content observed under stress and maintains a high level of ABA. 
Such a character of SA effect on the state of hormonal system may well 
contribute to protective reactions of plants and acceleration of reparative 
processes during a post-stress period. 

S. Hayat and A. Ahmad (eds.), Salicylic Acid – A Plant Hormone, 69–89. 
©  2007 Springer.
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1. INTRODUCTION 

Salicylic acid (SA) is an endogenous growth regulator of phenolic nature, 
which participates in the regulation of different physiological processes in 
plants. SA, for example, might play a role of natural inductor of 
thermogenesis in Arum lily, induce flowering in a range of plants, controls 
ions uptake by roots and stomatal conductivity (Raskin, 1992). There are 
experimental data indicating participation of SA in signalling and regulation 
of gene expression in the course of leaf senescence in Arabidopsis (Morris et 
al., 2000). Moreover SA might serve as a regulator of biogenesis of 
chloroplasts (Uzunova and Popova, 2000) and activity of photosynhtesis 
(Fariduddin et al., 2003), gravitropism (Medvedev and Markova, 1991), 
inhibition of fruit ripening (Srivastava and Dwivedi, 2000) and of other 
processes.  

However, recently this substance has drawn attention of researchers 
because of its ability to induce system acquired resistance (SAR) in plants to 
different pathogens, which is manifested as appearance of pathogenesis 
related proteins (PR), while SA is considered to serve as a signal in the 
induction of expression of these genes (Ward et al., 1991; Metraux, 2002). 

Moreover, a considerable interest has been generated by the ability of SA 
to produce protective effects in plants under the action of abiotic stress 
factors. Thus convincing data have accumulated about the SA-induced 
increase in the resistance of wheat seedlings to salinity (Shakirova and 
Bezrukova, 1997; Shakirova et al., 2003; Sakhabutdinova et al., 2004), and 
water deficit (Bezrukova et al., 2001; Singh and Usha, 2003), maize (Janda 
et al., 1999), cucumber and rice to low temperature (Kang and Saltveit, 
2002), tomato and bean plants to low and high temperature (Senaratna et al., 
2000), as well as about injurious action of heavy metals on rice plants 
(Mishra and Choudhuri, 1999) and freezing on winter wheat leaves (Tasgin 
et al., 2003). 

The important role of SA in protective action is probably played by its 
ability to induce the expression of genes coding not only for PR-proteins but 
also, for gene of extensin in Arabidopsis plants (Merkouropoulos et al.,
1999). There are reports about SA induced synthesis of heat shock proteins 
in tobacco plants (Burkhanova et al., 1999) and accumulation of wheat lectin 
(Shakirova and Bezrukova, 1997), fast activation of 48-kD protein kinase in 
suspension cell culture of tobacco at osmotic stress (Mikolajczyk et al.,
2000). This shows the participation of SA in realization of different 
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antistress programs. However the routes of signal regulation in plant 
resistance to abiotic factors of environment are still not clear enough. 
Progress in understanding this problem can, however, be achieved by a 
complex study of the mechanisms of SA action in plants under normal and 
stressful conditions of growing.  

2. INFLUENCE OF SA ON GROWTH AND 
HORMONAL STATUS OF WHEAT PLANTS 

Since salicylic acid is an endogenous growth regulator, it was important 
to study the influence of exogenous SA on intensity of growth processes in 
wheat plants. In order to reach this goal two types of treatments on wheat 
(Triticum aestivum L., Saratovskaya 29) with a concentration of SA (0.05 
mM), optimal for seedling growth, have been planned (a) soaking of seeds 
(Shakirova and Bezrukova, 1997; Shakirova et al., 2003) and (b) treatment 
of intact seedlings (Sakhabutdinova et al., 2004).  

2.1 Soaking of seeds in SA  

In order to study the action of SA, under laboratory conditions, the seeds 
were soaked in 0.05 mM SA solution for 3 h and then were germinated for 5 
d on moist filter paper in cuvetters (24-h light/dark photoperiod with the 
light phase duration of 16 h; light intensity, 15 klx; temperature; 22-240C).
Estimation of the influence of presowing seed treatment with 0.05 mM SA 
on hormonal status of leaves and milky grains and various characteristics in 
wheat were carried out in microplots (2 m2) in the field of Chishminsky Crop 
Production, Bashkortostan, Russia. 

Presowing seed treatment with SA leads to an activation of germination 
and seedling growth (Shakirova et al., 2003), while the enhancement of the 
division of root apical cells is an important contribution to the growth 
stimulating effect of SA (Table 1). This effect was also revealed in field 
experiments when elements of yield structure were analysed. As evident 
from table 2, plants pretreated with SA were characterized with increased 
size of ears, mass of 1000 seeds and grain yield, indicating prolonged effect 
of presowing treatment of seeds, which produced stimulative effect on the 
productivity of wheat, at harvest. 

Phytohormones are known to play a decisive role in the regulation of 
plant growth and development and thus it was important to study the effect 
of the treatment with SA on hormonal system of seedlings. Data presented 
on figure 1 demonstrates fast transitory shifts in hormonal balance of wheat 
seedlings in the course of germination under the influence of SA, associated 
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with simultaneous sharp accumulation of IAA and ABA with maximum on 
the second day, while noticeable changes in cytokinin level were not 
revealed. Thus growth promoting effect of SA on wheat seedlings was 
associated with the increase in the level of IAA, but it is necessary to 
underline that accumulation of ABA did not produce inhibitory effect on the 
growth of seedlings. Moreover, the intensity of growth processes of plants 
treated with SA was noticeably higher than in control (Table 1). 

Table 1. Mitotic index of root meristem cells of wheat seedlings (Data are the mean + S.E. of 
three assays) 

 2-day 3-day 4-day 

Control SA Control SA Control SA Age of 
seedlings

3.0+0.07 4.0+0.10 3.2+0.10 5.2+0.13 3.5+0.06 5.3+0.11

Table 2. The effect of presowing treatment with salicylic acid on wheat productivity (Data are 
the mean + S.E. of three assays 

Variant 
Quantity of 
seeds in main 
ear 

Seeds weight 
in ear, g 

Weight of 
1000 seeds 
(g) 

Yield, g m-2

Control 18.7 0.67 35.5 199 

SA 
23.7 
(127%) 

0.93 
(139%) 

38.2 
(115%) 

272  
(137%)

Analysis of hormone content in wheat plants in the course of ontogenesis 
of wheat plants revealed a parallel accumulation of IAA and ABA in leaves 
in the phase of tillering albeit this study as well as the previous one 
concerning seedlings revealed no significant change in cytokinin 
concentration (Figure 2a). Thus observed changes in the concentration of 
IAA under the impact of SA are important in the regulation of growth and 
development of young wheat plants, playing a significant role in the 
activation of growth processes and the accumulation of ABA probably 
enhancing unspecific resistance of wheat plants. 

In milky grains (14 days, after flowering) changes in hormone balance 
are mainly manifested to two fold increases in the level of cytokinins (Figure 
2b) known to play an important role in the control of grain development, in 
the course of its maturation. This is likely to make an important contribution 
in the control of grain size and mass during the period of its filling, since by 
the time the crop is harvested the mass of grains obtained from experimental 
plants significantly exceeded those of the control ones (Table 2). 

An important contribution, in the control of grain development, is 
attributed to ABA, which is due not only to its involvement in the assimilate 
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attraction (alongside with cytokinins and auxins) but also to induced 
synthesis of storage proteins, control of germ dormancy and inhibition of 
germination (Rademacher and Grabe, 1984; Bewley, 1997).  

Thus shift in the balance of phytohormones induced by preseeding 
treatment with SA are of great importance for the growth stimulating action 
of SA on wheat plants. 

Figure 1. The effect of presowing seed treatment with 0.05mM SA on phytohormone content 
in wheat seedlings. Data are mean + S.E. of three assays. 

2.2 Treatment of seedlings with SA 

The 0.05  SA has prominent growth stimulating effects when applied 
to seedlings. Incubation of seedlings on a solution of SA during a day leads 
to noticeable increase in their linear size and weight (Figure 3). Clearly 
expressed influence of SA on mitotic activity of cells of apical meristem 
contributes significantly to its growth stimulating effect. Thus mitotic index 
(MI) of cells of root apical meristem was incresed by 70 %, 24 hours after 
the start of SA treatment.  
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As in case of presowing treatment parallel transitory accumulation of 
IAA and ABA is induced by SA treatment of seedlings (Figure 4), that is the 
way to achieve its growth promoting effect on wheat plants.Alongside with 
this, SA-induced an increase in ABA content that might have contributed to 
preadaptation of plants to different stressful influences not only of abiotic 
but also of biotic nature, since ABA is ascribed to have a key role in 
triggering protective reactions of plants, in induction of the synthesis of a 
range of stress proteins (Rock, 2000) and a range of PR-proteins (Moons et 
al., 1997) in particular. 

Figure 2. The influence of presowing seed treatment with 0.05 mM SA on hormonal status 
during wheat ontogenesis. Mean data of three independent replicates and their S.E. are 

presented. 

Accumulation of proline, which is a well-known effective cell 
osmoprotectant (Pesci, 1987; Kuznetsov and Shevyakova, 1999), might 
serve as an example of such reactions. Consequently, it is reasonable to 
suggest a significant role of ABA-controlled changes in the concentration of 
proline in SA-induced preadaptation of wheat plants to stress factors, which 
disturb water relations. The treatment of seedlings with SA caused a 
significant increase in the concentration of proline in seedlings, which 
reached a level about 3-4 times, within 7 hours, compared with the control 
(Figure 5a). Increase in the concentration of proline was preceded by a 
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transitory accumulation of ABA, induced by SA treatment that indicates the 
involvement of endogenous ABA in the control of accumulation of proline 
in cells (Figure 5a). The data obtained is an evidence for the implication of 
proline in the spectrum of the mechanism of SA action in wheat plants, 
which is achieved through its influence on the accumulation of ABA. 

Figure 3. The effect of 1-day treatment with 0.05 mM SA on fresh and dry weight of 5-days-
old wheat seedlings. S.E.s of three assays are indicated. 

Figure 4. The effect of treatment of 4-day-old seedlings with 0.05 mM SA on phytohormone 

content. Data are mean + S.E. of three assays. 

Another example illustrating the key role of ABA in the expression of 
protective action of SA on wheat plants is presented by the results of 
experiments showing the influence of SA on the dymamics of ABA 
accumulation and level of transcription activity of wheat dehydrin gene 
TADHN. Dehydrins are related to rab-(ABA-responsible) proteins. They 
belong to LEA-(late embriogenesis abundant) proteins, whose synthesis is 
dated to the stage of grain maturation accompanied by dehydration (Close, 
1996; Rock, 2000). Alongside with these protective functions of dehydrins 
manifested in their ability to retain water and to prevent denaturation of cell 
biopolymers under dehydration turned out to be useful for vegetating plants 
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under conditions leading to disturbance in water relations (Allagulova et al., 
2003). It was revealed by us earlier that ABA treatment of wheat seedlings 
results in an increase in the expression of dehydrin gene TADHN (Shakirova 
et al., 2005). Data presented in figure 5b, demonstrates the ability of SA to 
increase the level of dehydrin mRNA, which is preceded by SA-induced 
accumulation of ABA. These data indicate the involvement of dehydrins in 
the spectrum of ABA-mediated protective action of SA on wheat plants. 

Figure 5. The effect of treatment of 4-day-old seedlings with 0.05 mM SA on proline content 
(a) and level of wheat dehydrin gene TADHN expression (b). Mean data of three independent 

replicates and their S.E. are presented. 

Taking into account the fact of the observed participation of ABA in the 
control of osmoprotectors, we may make a conclusion concerning the 
important role of stress hormone ABA in the expression of preadaptive 
action of SA on wheat plants. Consequently ABA might have served as an 
intermediate in the development of SA-induced mechanisms of 
preadaptation of wheat plants to possible stress factors, leading to the  
disturbance of water relations. 

It is important to underline that SA caused similar changes in hormonal 
balance of wheat plants with both variants of SA-treatment, which is likely 
to explain its growth promoting and protective action.  

3. MECHANISMS OF PROTECTIVE EFFECTS OF 
SA ON WHEAT PLANTS, UNDER SALINITY 

3.1 Effect of pretreatment with SA on growth and 
balance of phytohormones of wheat seedlings 

Salinity results in a decline in metabolic activity of plant cells 
(Ramagopal, 1987), which should be inevitably reflected as inhibition of 
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their growth. Action of 2% NaCl on 4-d-old wheat seedlings led to a 
noticeable and almost equal extent of inhibition of growth of plants both 
with or without SA treatment, however, by the start of experiment seedlings 
pretreated with SA had greater biomass compared to control (Figure 6) and 
even after the action of 2% NaCl this characteristic was still higher than in 
control (not exposed to NaCl). 

Figure 6. The effect of pretreatment of wheat seedlings with 0.05 mM SA on their fresh mass 

under salinity. 4-d-old seedlings after treatment with SA were subjected to 2% NaCl for 7 h. 

Data are mean + S.E. of three assays.

Moreover, the treatment with SA accelerated reparation of growth 
processes in seedlings after this stress as evidenced by the results of analysis 
of mitotic activity of root meristem cells of 4-5-d-old seedlings (Table 3).  

Table 3. Mitotic index (%) of root meistem cells of wheat seedlings, under salinity (Data 

are the mean + S.E. of three assays 

Variant 
Before influence 

2%NaCl 
2%NaCl

(7 )
One day after 

2%NaCl

Control 
SA 

3.52+0.06 
5.31+0.11 

2.90+0.05 
3.51+0.08 

2.92+0.07 
5.50+0.1 

Incubation in 2% NaCl for 7 h led to an inhibition of cell division of not 
only roots of untreated seedlings but also that of pretreated with SA. 
However, it is necessary to underline the observations that initially cells of 
root meristem of these seedlings were characterized by significantly higher 
MI (mitotic index) but salinity decreased MI of cells down to the level that 
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of the control plants, grown under normal conditions. Moreover, root 
meristem cells of seedlings pretreated with SA completely restored their 
high level of mitotic activity after a short-term effect of salinity, the 
untreated plants did not recover (Shakirova et al., 2003). Thus, the results of 
these experiments evidence an SA-induced activation of division at root 
meristem cells, which contributed to SA-induced growth of wheat seedlings, 
and also maintains high intensity of mitotic activity in seedlings under 
salinity. Such an effect of SA on cell division is likely to be an important 
mechanism, which enables not only a decline in the extent of injurious effect 
of this stress factor on growth in general, but also accelerates the resumption 
of growth processes in seedlings during recovery after being exposed to 
salinity. 

Pretreatment of wheat with SA contributes to the development of 
resistance in plants to salinity. It may be assumed that SA-induced changes 
at the level of transcription of dehydrin gene TADHN and the increased 
concentration of proline in seedlings, in the course of pretreatment with this 
growth regulator, might have served as an important contributor to protect 
the plants from salinity-induced dehydration. 

In order to understand the mechanisms of the protective effects of SA on 
growth, we carried out analysis of the state of hormonal system in plants 
pretreated and untreated with SA grown under salinity. Unfavourable 
environmental conditions generate to sharp changes in the balance of 
phytohormones, associated not only with the accumulation of ABA, but also 
with the decline in the level of growth activating hormones, IAA and 
cytokinins (Jackson, 1993; Zholkevich and Pustovoytova, 1993). 

In fact, as seen from figure 7, incubation of seedlings on the medium 
containing 2% NaCl results in transitory accumulation of ABA and decline 
in cytokinins as well as a limited decrease in the level of IAA. The 
pretreatment with SA (Figure 7) completely prevented salinity-induced 
decline in the concentration of IAA and cytokinins in the seedlings and 
reduced accumulation of ABA, which could be a prerequisite for the 
resumption of accelerated growth of wheat seedlings, after the withdrawal of 
stressor from the medium.  

Along with this, maintenance of comparatively higher level of ABA, 
under stress conditions, in plants pretreated with SA is of primary 
importance from our point of view because ABA might serve as an 
important regulating factor in SA-induced unspecific plant resistance. 
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3.2 Influence of SA on the state of prooxidant-
antioxidant system in wheat plants 

Stress-factors are well-known to cause a shift in the prooxidant-
antioxidant balance in plant cells. This shift is due to an increase in the rate 
of generation of reactive oxygen species (ROS), which induce lipid 
peroxidation (LPO) in the membrane structures of the cells (Zenkov et al.,
2001; Tarchevskii, 2002). Antioxidant system plays an important role in the 
process of neutralization of the after effects of oxidative stress. The literature 
contains evidences of SA-induced effects on the rate of generation of O2

- and 
H2O2 (Chen et al., 1993; Minibayeva et al., 2001) and the activity of  

Figure 7. The influence of salinity on hormonal status in wheat seedlings, untreated (a) and 
pretreated with SA (b). Data are mean + S.E. of three assays.

superoxide dismutase (SOD), peroxidase, and catalase, i.e., the enzymes 
involved in the utilization of ROS (Janda et al., 1999; Senaratna et al., 2000; 
Kang and Saltveit, 2002). However, at the time when this work was planned, 
there were no reports in the literature on the effects on the level of ROS and 
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changes in the activity of the ROS-detoxifying system in wheat plants 
exposed to stress-factors. On the other hand, this information is important 
for understanding the mechanisms of the antistress effects of SA in plants, 
which is a prerequisite to justify the use of this natural growth regulator for 
increasing wheat resistance to salinity.

3.2.1 Normal conditions of growing 

Treatment of seedlings with SA caused a transitory enhancement of O2
-

and H2O2 production by plants and simultaneous increase in the activity of 
SOD (Figure 8), which is one of key enzymes of antioxidant system (Wu et 
al., 1999; Alscher et al., 2002). Dismutation of O2

- with the help of SOD 
results in the accumulattion of H2O2 in the control tissues, where the 
important role is attributed to peroxidase. Consequently it is not surprising 
that enhancement of the generation of H2O2 in SA treated seedlings is 
accompanied by the activation of peroxidase (Figure 8). These results 
confirm the fact of enhancement of production of O2

- and 2 2 under the 
influence of SA (Minibayeva et al., 2001; Kawano et al., 2003), and activity 
of SOD (Vuletic et al., 2003) and peroxidase (Janda et al., 1999; Kang and 
Salveit, 2002) in plants. Along with this it is also known that a low level of 
ROS generation may play an important role in the preadaptive activity of SA 
in seedlings with respect to extended stress situations, because it is well 
known that ROS acts as signaling molecules that triggers the cascade of 
protective reactions in plants (Tarchevskii, 2002), including activation of 
antioxidant enzymes, favouring a decrease in the level of stress-induced 
generation of ROS, under subsequent conditions of stressful environment. 

The data showing SA-induced SOD activation in wheat plants was 
consistent with the results obtained with other various plant species: maize 
(Zea mays L.), cucumber (Cucumis sativus L.), and rice (Oriza sativa L.). 
These plants demonstrated an increase in the activity of SOD and, therefore, 
SA-induced development of resistance to further hypothermia (Kang and 
Salveit, 2002). The effect of SA on the activation of SOD may facilitate the 
integrity of membrane structures of the cell, because SOD is involved in the 
processes of LPO deactivation (Zenkov et al., 2001). Elevation of total cell 
SOD may be associated both with changes in the activity of latent isozymes 
of SOD and with de novo biosynthesis of this enzyme. It is well known that 
ABA is involved in the process of induction of the expression of genes, 
encoding proteins involved in plant stress responses (Rock, 2000), including 
the genes of SOD (Sakamoto et al., 1995). Moreover there are data that 
water stress-induced accumulation of BA in maize leaves resulted in the 
enhancement in the activity of SOD (Jiang and Zhang, 2002). Therefore, we 
assume that SA-induced activation of SOD is due to its effect on ABA, but 
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this suggestion should be tested experimentally. Our data show that SA is 
involved in the regulation of peroxidase activity, which controls intracellular 
concentration of H2O2. Therefore, it is safe to suggest that this enzyme 
contributes to the preadaptation effect of SA on wheat plants. Indeed, there 
is evidence in the literature that pretreatment with SA for 1 day increased 
peroxidase activity in maize plants. This fact offered an explanation for SA-
induced resistance of plants to low temperature (Janda et al., 1999). The 
ability of SA to stimulate H2O2 production and activation of peroxidase 
system may play an important role in biochemical processes associated with 
the biosynthesis of lignin and suberin, which are involved in the 
strengthening of barrier properties of cell walls (Kolattukudy et al., 1995). 
On the other hand, the effect of SA on the activation of SOD may facilitate 
the integrity of membrane structures of the cell, SOD being involved in the 
deactivation of LPO processes (Zenkov et al., 2001). 

Figure 8. The effects of the treatment of 4-day-old wheat seedlings with 0.05 mM SA on the 
production of ROS and activity of SOD and peroxidase in plants. Mean data of three 

independent replicates and their S.E. are presented. 
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Thus, the data obtained by us demonstrate the ability of SA to cause 
simultaneous and reversible changes in the level of the production of ROS 
and activity of antioxidant enzymes in wheat seedlings and as a result of this 
the prooxidant-antioxidant balance is not disturbed, which is illustrated by 
the absence of noticeable changes in the concentration of the final LPO 
product, malonic dialdehyde (MDA) (Figure 10) and by the clearly 
expressed growth promoting effect of SA on plants. At the same time, 
activation of antioxidant enzymes induced by the treatment with SA may 
contribute to its antistress effects in plants.

3.2.2 Effect of SA on the pro-antioxidant balance in wheat 
seedlings under salinity stress 

It is known that stress-factors of various origins induce the generation of 
ROS in cells. Therefore, it was not surprising that incubation of four-day-old 
seedlings in a medium containing 2% NaCl caused a significant increase in 
the concentration of O2

- and H2O2 in roots (Sakhabutdinova et al., 2004), 
which was fairly consistent with the data on the enhancement of ROS 
generation in plants exposed to salinity (Mittova et al., 2004). 
Concentrations of O2

- and H2O2 in seedlings pretreated with SA and 
incubated with 2% NaCl were substantially less than in untreated seedlings 
(about a 50%). Similar picture was observed when activity of SOD and 
peroxidase was estimated in roots of seedlings pretreated with SA. A sharp 
stress-induced increase in the concentration of ROS may have severe 
destructive consequences, which require ROS neutralization by antioxidant 
enzymes. Therefore, our subsequent experiments involved measurement of 
SOD and peroxidase activities in roots of seedlings under salinity. 

Figure 9 shows that salinity causes a significant increase in the activity of 
SOD and peroxidase in roots of seedlings, which may be associated with a 
significant increase in the rate of generation of O2

-.and H2O2. On the other 
hand, this parameter in seedlings pretreated with SA and incubated with 2% 
NaCl was substantially lower than in untreated seedlings. 

The balance between antioxidant system and LPO is an important 
prerequisite for normal functioning of cells, because of the direct correlation 
between the stress-factor intensity and the rate of ROS generation (i.e., LPO 
development). Concentration of MDA can serve as an indicator of the rate of 
oxidative processes in cell. In untreated seedlings, the addition of 2% NaCl 
caused only insignificant changes in the concentration of MDA, the effect 
remained at a low level even after 7 h of incubation (concentration changes 
did not exceed 30% of the control level). This parameter in the seedlings 
pretreated with SA was indistinguishable from that in control plants. 
However, following 1-day exposure to salinity, there was a twofold increase 
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in the level of MDA in untreated seedlings, whereas pretreatment with SA 
brought about a 50% decrease in the concentration of MDA (Figure 10a). 
This could be the consequence of the preadaptation effect of SA on wheat 
plants, in which SA-induced events leading to activation of the antioxidant 
system were initiated before the exposure of the plants to 2% NaCl. This 
may facilitate the strengthening of cell walls and effectively neutralize 
excessive (damaging) increase in the level of ROS during further exposure 
to the stress-factor, thereby preventing the damage of cellular membrane 
structures and changes in their permeability under stress conditions. The 
results of the measurement of leakage of electrolytes may provide 
information on cell membrane permeability changes: incubation in 2% NaCl 
for 3 h exerted a strong damaging effect on cells, judging by the two-fold 
increase in the rate of release of electrolytes, compared to the control (Figure 
10b). Pretreatment with SA for 24 h protected wheat plants against the 
salinity-induced damage, which was manifested as a substantial decrease in 
the rate of the stress-induced leakage of electrolytes. The SA pre-treatment 
for 1 day did not cause any substantial increase in the rate of release of 
electrolytes itself, which indicated that SA-induced effect was favorable for 
the plants. This conclusion is supported by the facts that pretreatment with 
SA stimulated cell growth in roots, and increased their fresh and dry mass.  

Figure 9. The effect of pretreatment with 0.05 mM SA on the activity of SOD and peroxidase 
in wheat seedlings, under salinity. 

While discussing these results it is of interest to present the data showing 
that overproduction of dehydrins in Citrus unshiu Markov (CuCOR19) 
increases resistance of transgenic plants to hypothermy by decreasing cold-
induced POL probably at the expense of direct neutralization of ROS (Hara 
et al., 2004). Consequently we may suggest that dehydrins of wheat, which 
enhanced the observed expression under the effect of SA, might contribute 
to normalize pro/antioxidant balance of SA-treated seedlings. 

As mentioned above the SA-treatment itself leads to the enhancement of 
H2O2 production and an increase in the total activity of peroxidase, involved 
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in lignin synthesis in roots of seedlings. Phenylalanin-ammonia-lyase (PAL) 
is known to play a key role in the synthesis of phenolic substances necessary 
for lignification (Dixon and Palva, 1995; Shadle et al., 2003). There are data 
indicating the ability of SA to induce expression of the genes of PAL as well 
as anionic peroxidase (POX) in the cell culture of parsley (Thulke and 
Conrath, 1998). Our observation showed that SA increased the activity of 
PAL in the roots of wheat seedlings 12 hours after the start the treatment, 
with a maximum at 24 h. This allows us to suggest the involvement of SA in 
the acceleration of lignification of cell walls which in turn might have 
contributed to an increase in salt resistance of wheat plants. 

Table 4 does show that in 2 days SA accelerated lignification of the cell 
walls of vasculatures as compared to the control. The treatment with 2% 
NaCl also lead to the acceleration of this process, however it was observed 
one day later than under SA-treatment alone. Alongside with this, 
pretreatment with SA contributed to the additional enhancement of 
lignification of cell walls of roots of seedlings under salinity. Thus, this set 
of data evidences that the increase in PAL activity, enhancement of ROS 
generation and activation of antioxidant enzymes in the course of SA 
treatment promoted additional strengthening of barrier properties of cell 
walls of roots under salinity, which might contribute to the increase in 
resistance of seedlings to this stress. 

Figure 10. Effect of pretreatment with 0.05 mM SA on the concentration of MDA and 
leakage of electrolytes induces by the incubation of wheat seedlings in 2% NaCl. 

Consequently, the changes in the state of prooxidant-antioxidant system 
presented by balanced activation of ROS generation and antioxidant 
enzymes, the increase in activity of PAL, acceleration of lignification of cell 
walls in roots of wheat seedlings, observed in the course of pretreatment 
with SA make an important contribution to the increase in resistance of 
wheat plants to subsequent action of salinity. This is expressed in a decline 
in the level of stress-induced POL, release of electrolytes and is reflected in 
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growth parameters of SA-treated plants and acceleration of reparation of 
growth processes after withdrawal of stress.  

Table 4. Dynamics of lignin accumulation in basal part of roots of wheat seedlings pretreated 

and not treated with SA and after exposure to 2% NaCl for 24 h 

Variants 5 days 6 days 7 days 
Control - - +

+ + ++ 

2 % NaCl - + ++ 

C  + 2% NaCl ++ +++ ++++ 

*4-days-old seedlings pretreated with SA were transferred to the solution of NaCl for 24 h; 

mark «-» indicates absence of colouring by phloroglucinol, mark «+» reflects the extent of 

colour intensity (Sedlarova and Lebeda, 2001). 

4. CONCLUSION 

The set of data obtained by the authors evidences the growth promotive 
and clearly pronounced protective action of SA on wheat plants under 
salinity. In expressing these properties a decisive role may be attributed to 
hormonal system responding sensitively to changes in the environment. The 
SA treatment induces a shift in hormonal balance coupled with transitory 
accumulation of IAA and ABA. We link growth promoting action of SA 
with accumulation of auxin, while its protective action may be explained by 
that of ABA, osmoprotectants contributing to the latter effect in a great 
extent. We revealed an increase in the concentration of proline and 
expression of wheat dehydrin gene in SA-treated seedlings preceded by SA-
induced accumulation of ABA, which might promote an increase in their 
resistance to stress factors.  

The effect of salicylic acid on the state of pro- and antioxidant system 
plays an important role in its protective action on wheat plants. Balanced, 
elevated generation of 2

- and H2O2 and activity of SOD and peroxidase 
influenced by SA is likely to prepare plants for forthcoming oxidative stress 
caused by unfavorable factors decreasing its detrimental effect. It is not 
excluded that SA controls the activity of antioxidant enzymes through transit 
accumulation of ABA in wheat seedlings, which is evidenced by the data 
that indicates implication of ABA in the enhancement of the expression of 
SOD genes and activation of the enzyme. It is of interest to note that 
antioxidant activity was revealed in the spectrum of functions attributed to 
dehydrin, ABA participating in the control of dehydrin synthesis. Ability of 
SA to regulate production of ROS, activity of peroxidase and PAL correlates 
with the acceleration of lignification of cell walls under its influence, which 
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contributes in the protection of wheat plants to forthcoming stressful 
influences. 

Present data clearly indicates that treatment of wheat seeds or that of 
seedlings with SA contributes to increase the resistance of plants to stress 
factors of the environment and ABA might serve as an intermediate in the 
protective action of SA. 

Preadapting wheat plants by SA to salinity is illustrated by the data. This 
shows that SA treatment prevents a decline in the content of IAA and 
cytokinins and maintains increased level of ABA, over the control and 
reduces stress-induced generation of ROS and activation of antioxidant 
enzymes. In general, this is manifested as a decline in the level of injurious 
effect of salinity on the integrity of cell membrane in SA-treated plants, 
evidenced by a decline in POL and leakage of electrolytes. This is also 
indicated by the growth of seedlings and growth recovery during the period 
following stress withdrawal. It is important to underline that in our 
experiments we used 0.05 mM concentration of SA, which is comparable 
with that of the classical hormones, used for the treatment of plants in the 
study of the mechanism of their action. Data presented in this chapter allows 
us to consider endogenous growth regulator SA as an effective inductor of 
unspecific resistance of wheat plants, in whose regulation important role is 
assigned to the hormonal status and pro- antioxidant system. 
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Chapter 5 

ROLE OF SALICYLIC ACID IN THE 
INDUCTION OF ABIOTIC STRESS TOLERANCE 

T.  JANDA, E. HORVÁTH, G. SZALAI AND E. PÁLDI 
Agricultural Research Institute of the Hungarian Academy of Sciences, H-2462, Martonvásár, 
POB. 19. HUNGARY 

Abstract: Investigations on compounds capable of reducing the stress sensitivity of 
crops are of great importance from both the theoretical and the practical point 
of view. In terms of stress physiology, salicylic acid was first demonstrated to 
play a role in responses to biotic stress. However, it was gradually found to 
have more and more effects that could be of importance for other stress 
factors, and a great deal of evidence has accumulated in recent years 
suggesting that salicylic acid also plays a role in responses to abiotic stress 
effects (such as low and high temperature, UV-B irradiation, ozone, heavy 
metals, etc.). Most papers, on this subject, have reported on the protective 
effect of exogenous salicylic acid against abiotic stress. When applied in 
satisfactory concentrations salicylic acid may cause a temporary low level of 
oxidative stress in plants, which acts as a hardening process, improving the 
antioxidative capacity of the plants and helping to induce the synthesis of 
protective compounds such as polyamines. Numerous mutant or transgenic 
plants are now available in which the salicylic acid metabolism has been 
modified in some way. These allow us to obtain a more accurate picture of the 
endogenous effect and role of salicylic acid. Evidence now suggests the 
existence of a regulatory defence mechanism in which salicylic acid plays an 
important role, but which is not stress-specific, apparently functioning against 
many different stress factors. This chapter provides a review of the effects 
exerted by salicylic acid and related compounds in relation to abiotic stress 
tolerance. 

Key words: Abiotic stresses, oxidative stress, salicylic acid, signal transduction. 
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1. INTRODUCTION

The name of salicylic acid (SA) is derived from the word Salix, the 
scientific name of the willow tree. Both the American Indians and the 
ancient Greeks knew that the leaves and bark of willow trees could be used 
as a painkiller and antipyretic (one has the feeling that they discovered 
everything, but their knowledge lost and we have to start again from the 
beginning). Salicilin, the glucoside of salicylic alcohol, was isolated from 
willow bark in 1828. Acetyl SA, commercially known as aspirin, is one of 
the best known “antistress compounds” used by human beings. 

SA is generally present in plants in quantities of a few g/g fresh mass or 
less (Raskin et al., 1990), either in a free state or in the form of glycosylated, 
methylated, glucose-ester or amino acid conjugates (Lee et al., 1995). It can 
be detected in the largest quantities in thermogenic flowers at flowering, or 
after pathogenic infection (Raskin, 1992). The biosynthesis of SA starts from 
phenylalanine and follows one of two known paths of synthesis, one of 
which involves trans-cinnamic acid and the hydroxylation of benzoic acid 
(BA). Feeding tobacco leaf tissue with putative precursors showed that only 
BA was capable of increasing tissue levels of SA, suggesting that BA is a 
direct precursor of SA in tobacco (Raskin, 1995). However, later results 
indicated that benzoyl glucose, a conjugated form of BA, is more likely to be 
the direct precursor (Yalpani et al., 1993; Chong et al., 2001). The cinnamic 
acid-derived synthesis of SA also takes place in cucumber, potato and rice. 
The other possible pathway is the formation of ortho-coumaric acid (ortho-
hydroxy-cinnamic acid; oHCA) from trans-cinnamic acid, followed by a 
chain-shortening reaction leading to SA. The latest results show that higher 
plants may produce pathogen-induced SA from isochorismate, a biosynthetic 
pathway typical of bacteria (Wildermuth et al., 2001). 

The first plant physiological processes in which SA was reported to play 
a role were growth regulation (DeKock et al., 1974) and flower induction, 
which was demonstrated in a long-day Lemna gibba L. strain (Cleland, 
1974; Cleland and Ajami, 1974). Since then both endogenous and exogenous 
SA have been shown to have various effects (Raskin, 1992), but these cannot 
always be generalised, as the studies were carried out on various plant 
species in various systems (from the whole plant to cell suspensions). It has 
been demonstrated that SA and other phenolic compounds may influence the 
uptake of numerous ions. In the case of barley the uptake of phosphate 
(Glass, 1973) and potassium ions (Glass, 1974a) was inhibited in the 
presence of SA, probably due to the depolarisation of cell membranes 
(Glass, 1974b). There was a substantial decrease in transpiration in bean 
leaves after treatment with 1 or 10 mM SA (Larque-Saavedra, 1978, 1979). 
It has been demonstrated that SA and related compounds are capable of 
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inhibiting the abscisic acid (ABA) induced stomatal closure (Rai et al., 
1986). Long-term SA treatment was observed to reduce the quantity of the 
Rubisco enzyme in barley plants, thus inhibiting photosynthetic activity 
(Pancheva and Popova, 1998). When wheat plants were treated with SA for 
seven days, it was found that, while low (0.05 mM) concentrations of SA 
promoted photosynthesis, higher quantities (0.5–1.0 mM) inhibited 
photosynthetic activity, principally due to the inhibition of PSI electron 
transport and to a reduction in the level of cytochrome f554. No effect was 
observed, however, when isolated thylakoids were treated with SA (Sahu et 
al., 2002). 

SA was able to stimulate the adventitious root primordia of bean plants 
(Kling and Meyer, 1983), while in maize shoots the in vivo nitrate reductase 
activity was found to increase after treatment with 0.01–0.1 mM SA (Jain 
and Srivastava, 1981). It is probable, however, that this increase in activity is 
an indirect effect arising from the inhibition of enzyme inactivation. Another 
well-known effect of SA is that it increases the temperature of certain 
thermogenic plants. The production of heat by plants was first described by 
Lamarck in 1778 in a study on Arum species, but since then many cases have 
been reported, mainly in members of the Annonaceae, Araceae, 
Aristolochiaceae, Cyclanthaceae, Nymphyaceae and Palmae families 
(Meeuse and Raskin, 1988). In some flowering Arum species, the oxygen 
uptake when heat production is most intense may be as great as the oxygen 
consumption of a flying hummingbird (Lance, 1972). Heat production in 
these species serves principally to aid the exudation of perfumes. During 
certain parts of the flowering period the temperature of the flower may rise 
by as much as 12°C. It was demonstrated in the species Sauromatum 
guttatum S. that the calorigenic substance responsible for the induction of 
heat production was identical to SA (Raskin et al., 1987). Evidence was 
found to show that the increase in alternative oxidase expression as the result 
of SA played a role in the induction of thermogenesis (Rhoads and 
McIntosh, 1992). However, SA was also shown not only to induce cyanide-
resistant respiration but also to block electron flow from the substrate 
dehydrogenases to the ubiquinone pool in isolated mitochondria, and acted 
as an uncoupler of the mitochondrial electron transport chain (Norman et al.,
2004).  

The role of SA in the signal transduction processes of biotic stress 
tolerance has already been widely studied. It is involved in the development 
of the hypersensitive reaction (HR): in tobacco leaves infected with tobacco 
mosaic virus and there is an increase in the level of endogenous SA in the 
necrotic lesion and surrounding tissues (Enyedi et al., 1992). The external 
application of SA induces the expression of pathogenesis-related (PR) 
proteins in tobacco (Malamy et al., 1990; Yalpani et al., 1991) and in rice 
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(Rakwal et al., 2001). A large body of evidence indicates that SA is also 
required for the development of systemic acquired resistance (SAR). The 
level of endogenous SA increased in cucumber plants when acquired 
resistance developed (Métraux et al., 1990). Transgenic tobacco plants, 
incapable of accumulating SA due to the presence of a salicylate-
hydroxylase enzyme gene (NahG) of bacterial origin, were unable to 
develop systemic acquired resistance (Gaffney et al., 1993). Nevertheless, 
SA does not appear to be the signal molecule transported from the site of 
infection to more distant tissues, though the accumulation of SA in the given 
tissues is essential if SAR is to develop (Vernooij et al., 1994). 

There is an increasing body of evidence suggesting that SA is involved 
not only in biotic stress, but also in abiotic stress. Most work has been done 
on the protective effect of exogenously applied SA. A summary will be 
given in the next chapter of the relationship between SA and various abiotic 
stress factors, followed by a summary of the known physiological and 
biochemical effects of SA that may explain the change in stress tolerance. 

2. STUDIES ON THE EFFECT OF EXOGENOUS 
SALICYLIC ACID 

2.1 Toxic metals

Heavy metal ions play an important role in many metabolic processes, 
making them essential in trace element quantities for the metabolism, growth 
and development. Heavy metals are only able to exert any stimulatory or 
inhibitory effect on plants if they are present in a form available to the 
plants. Availability is influenced by a range of abiotic and biotic factors. The 
abiotic factors include the ionogenicity of the toxic metal, its solubility in 
water, and its ability to form complexes, and the pH and redox potential of 
the soil. The biotic parameters include the protons and organic acids (e.g. 
citric acid, amino acids) exuded into the rhizosphere from plant roots, the 
symbiosis of higher plants with mycorrhizal fungi, and the quantity of humic 
acids and humin present in the soil as a result of organic matter 
decomposition. Problems only arise when the cells encounter a higher 
concentration of heavy metal ions, which cause cell damage. One aspect of 
heavy metal toxicity is the inactivation of biomolecules, either through the 
blockage of functional groups or through the exchange of vital ions. A 
further source of danger is the autooxidation of the heavy metals and the 
formation of reactive oxygen species (ROS), which may also damage the 
cells due to the Fenton reaction. 
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Both plants in natural ecosystems and cultivated crops can be divided 
into two major groups, based on the ability or inability of the plants to adapt 
to heavy metal ions. In plants, sensitive to heavy metals and unable to adapt, 
cell damage, or in severe cases cell death, may be caused by a number of 
mechanisms: i) certain heavy metal ions, readily exchanged, for the essential 
metal ions in the active centre of enzymes (e.g. Mg2+, Zn2+, Cu2+, Co2+), thus 
inhibiting the regulatory role of the enzymes, ii) they may prevent the 
maturation of nucleic acids by inhibiting the splicing process, iii) heavy 
metal ions may form free radicals, leading to the lipid peroxidation of  cell 
membranes thus cause them to lose their ion permeability. Plant species 
tolerant of heavy metal ions have various mechanisms to ensure their 
survival. These include the inhibition of metal ion uptake, biochemical or 
enzymatic modifications of the root surface, the binding of metal ions to cell 
wall sections, the transportation of metal complexes to the vacuoles for 
storage, the formation of less toxic compounds by means of methylation, and 
the excretion or secretion of heavy metal ions. Some of the most important 
compounds involved in heavy metal tolerance are metal-binding proteins 
and phytochelatins. The former are cysteine-rich, low-molecular-mass 
proteins, found mostly in animals, capable of neutralising toxic heavy metal 
ions by forming mercaptide complexes, while the latter are peptides 
occurring in plants and yeasts and contain glutamic acid in a -bond, 
allowing them to form thiolate bonds with heavy metal ions and thus protect 
plant cells from damage. Phytochelatins are important not only due to their 
metal-binding capacity, but also because they transport the bound metal ions 
from the cytoplasm into the vacuoles, where they can be stored as non-toxic 
form, bound to organic acid ligands.  

One of the earliest works to report on the protective effect of SA against 
abiotic stress factors, dealt with heavy metals. SA application at a 
concentration of 0.1 or 0.2 mM reduced the inhibitory effect of Pb2+ and 
Hg2+ on the seed germination and seedling growth of two rice (Oryza sativa
L.) cultivars (Mishra and Choudhuri, 1997). SA increased the fresh and dry 
mass of shoots and roots in both cultivars under heavy metal stress 
conditions. The higher concentration of SA was more effective, as evident 
from a better recovery from metal-induced growth inhibition. SA moderated 
the inhibitory effect of lead on the activity of the nitrate reductase enzyme in 
maize (Zea mays L.) plants (Sinha et al., 1994). SA-induced aluminium 
tolerance was also reported in Cassia tora L. plants, while Al increased the 
SA concentration in the roots (Yang et al., 2003). Increased citrate efflux 
due to the SA treatment was associated with decreased inhibition of root 
growth and of Al content in the root tips. The results suggest that exogenous 
SA was able to confer Al tolerance by increasing the citrate efflux, not by 
increasing the citrate synthase activity and citrate concentration in the root 
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tips, which remained unaffected by the treatment (Yang et al., 2003). This 
suggests that SA has some role in the tolerance of plants to heavy metal 
stress, though other authors found no increase in the endogenous SA content 
as the result of Cd treatment, or any difference in the SA content of sensitive 
and resistant plants of Salix viminalis in the control (Landberg and Greger, 
2002).

The preliminary treatment of barley plants with SA was found to prevent 
the lipid peroxidation induced by 25 M cadmium, thus increasing the fresh 
shoot and root mass. However, this protective effect was not due to an 
increase in the antioxidant capacity. The increased activity of antioxidant 
enzymes observed in untreated plants during cadmium stress could not be 
detected in plants, preliminarily treated with SA (Metwally et al., 2003). 
Other results indicate that, although SA reduced the cadmium uptake of the 
roots, the compound itself stressed the plants; so preliminary treatment with 
SA could aggravate the damaging effect of cadmium (Pál et al., 2002). At 
the same time, the endogenous SA content exhibited a concentration-
dependent increase in maize plants, treated with cadmium (Pál et al., 2005). 
Higher cadmium concentrations (0.025 mM or more) triggered an 
approximately 3-fold accumulation of free and conjugated BA and SA, with 
a higher amount in the bound form. However, the accumulation was not of 
the same magnitude for SA and BA. The accumulation of conjugated forms 
of BA indicates the rapid conversion of free forms to conjugated forms. The 
large-scale accumulation of bound BA can also be explained by the lower 
rate of SA biosynthesis. The accumulation of free and bound oHCA was also 
observed in Cd-treated leaves. Among the phenolic compounds the highest 
accumulation was found in the case of bound oHCA in the leaves. Since 
oHCA has been demonstrated to have antioxidant properties (Foley et al.,
1999), these results, therefore, suggest that the increase in the oHCA content 
was induced independently of the SA biosynthesis, but may play a role in the 
antioxidative response to cadmium. The increased endogenous SA levels in 
the leaves of maize seedlings may be associated with the oxidative stress 
observed in the leaves of Cd-stressed plants, suggesting a role for SA in the 
response of maize to cadmium. 

Worldwide, several hundreds plant species are now known to 
hyperaccumulate various trace elements, including heavy metals in their 
shoots when growing in their native habitats (Freeman et al., 2005). The 
extraordinary ability of these plants to hyperaccumulate Ni/Zn makes them 
an ideal source of genetic material for the development of both mineral 
nutrient-fortified crops and plants suitable for the phytoremediation of 
metal-polluted soils and waters (Guerinot and Salt, 2001). Heavy metal 
tolerance is often correlated with intracellular compartmentization (Brune et 
al., 1995). Nickel hyperaccumulation is usually due to a highly efficient 
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pumping system that transfers the metal to the central vacuole of the shoot 
cells, leading to a high level of tolerance to this element (Krämer et al.,
2000). It is clear from cellular Ni distribution studies (Krämer et al., 2000), 
that a substantial amount of cellular Ni also accumulates outside the vacuole, 
suggesting the need for a cytoplasmic-based tolerance mechanism. 
Nicotianamine may also play an important role in the detoxification of 
extravacuolar Ni in hyperaccumulating plants (Vacchina et al., 2003). Due 
to the constitutively enhanced activity of serine acetyltransferase, 
glutathione concentrations in Thlaspi hyperaccumulators are also 
constitutively elevated, leading to enhanced tolerance to Ni-induced 
oxidative stress (Freeman et al., 2004). In a later experiment, it was also 
proved that the glutathione-mediated Ni tolerance mechanism observed in 
Ni-hyperaccumulating Thlaspi species is signalled by the constitutively 
elevated levels of SA. It was also observed that both biochemical and 
genetic manipulations that increase SA in Arabidopsis thaliana (L.) Heynh 
plants mimic the glutathione-related phenotypes of the hyperaccumulating 
Thlaspi, and that these biochemical changes in the non-accumulator are 
associated with increased glutathione-mediated Ni resistance. Such 
observations suggest that SA may be one of the regulators involved in 
coordinating certain key biochemical differences between Ni/Zn 
hyperaccumulators and non-accumulator plant species.  

2.2  Drought  

Plants are exposed to drought stress when there is not sufficient water 
available, or when, for some other reason, the water present cannot be taken 
up by the plants, e.g. if the ground is dry, if there is intense evaporation or 
severe frost, or if the soil has a high salt content, leading to strong osmotic 
water-binding. The first, most sensitive sign of water deficiency is a 
reduction in turgor, leading to the retardation of growth processes, especially 
lengthwise growth. Drought stress also reduces photosynthesis, for a number 
of reasons: i) hydroactive stomatal closure reduces the CO2 supply to the 
leaves, ii) water deficiency damages the cytoplasm ultrastructure and 
enzyme activity, iii) dehydrated cuticles, cell walls and plasma membranes 
are less permeable to CO2. An analysis of the correlation between drought 
and the carbohydrate metabolism reveals that one characteristic symptom of 
water deficiency is the mobilisation of the starch stored in the chloroplasts. 
As there is also a reduction in the translocation of carbohydrates during 
drought stress, this leads to a change in source-sink relationships.  

Although ion uptake and water uptake are not closely related, water 
deficiency has also been found to jeopardise nutrient uptake. This can be 
attributed to the fact that when the soil moisture content is low, there is a 
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reduction in water migration and thus in the quantity of ions transported by 
the water. A further difficulty arises due to the retardation of root growth in 
dry soil, with a consequent reduction in ion uptake. The negative effect of 
drought stress is first felt in the uptake of phosphorus from the upper soil 
layers. Water deficiency also has a major effect on the nitrogen metabolism. 
There is a considerable decline in protein synthesis in water-deficient plants, 
due to the reduced number of polysome complexes in tissues with a lower 
water content. Another noticeable change is the decline in nitrate reductase 
activity. Parallel with the drop in water potential, there is a reduction in the 
intensity of transpiration and in the quantity of nitrate transported by water 
flow, in the xylem, resulting in lower nitrate content and nitrate reductase 
activity in the leaves. Another characteristic symptom of drought stress is the 
formation and accumulation of ABA. The biosynthesis of this stress 
hormone is induced by the turgor reduction, arising due to water loss. ABA-
dependent and ABA-independent signal transduction chains have been 
shown to function between the primary signal, induced by drought or cold 
stress and the expression of specific genes. One pathway of ABA-dependent 
signal transduction systems requires protein synthesis, while the other does 
not. The regulation of one ABA-independent pathway, on the other hand, 
involves a dehydration responsive element in the case of both drought and 
salt- or cold-induced stress, while the other pathway is only initiated by 
drought or salt stress. The genes induced by dehydration also control the 
genes responsible for the signal transduction pathway of the response to 
drought stress. One group contains proteins involved in stress tolerance (e.g. 
water channel proteins, proteins protecting macromolecules and membranes, 
such as LEA proteins or chaperones), while the other contains proteins, 
participating in signal transduction and gene expression (e.g. protein kinases, 
transcription factors, phospholipase C). 

When wheat seeds were soaked in acetyl SA (which may be degraded 
into SA in aqueous solution) the plants had better resistance to drought stress 
(Hamada, 1998; Hamada and Al-Hakimi, 2001). Soaking in 100 ppm acetyl 
SA for 6 h, before sowing not only allevated the inhibitory effects of drought 
but also had a stimulatory effect, as both the dry matter gain in the shoots 
and roots and the transpiration rate showed a marked increase. Treatment 
with ascorbic acid or thiamine had a similar protective effect, which was 
attributed to the protection of the photosynthetic apparatus from oxidation 
and the retardation of dark respiration (Hamada, 1998). In another 
experiment, irrespective of the SA concentration (1-3 mM) and the level of 
water stress, plants treated with SA generally exhibited higher moisture 
content, dry mass, carboxylase activity of Rubisco, superoxide dismutase 
(SOD) activity and total chlorophyll, compared to untreated seedlings (Singh 
and Usha, 2003). In the case of water stress, SA treatment protected nitrate 
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reductase activity and maintained the protein and nitrogen contents of the 
leaves, compared to water-sufficient seedlings. The results signify the role of 
SA in regulating the drought response of plants and suggest that SA could be 
used as a potential growth regulator to improve plant growth, under water 
stress. 

Both SA and acetyl SA proved effective in protecting tomato and bean 
plants against drought stress at concentrations of 0.1 mM and 0.5 mM. 
Above and below this concentration range, however, no positive results were 
recorded (Senaratna et al., 2000). It is interesting to note that protection was 
afforded by SA or aspirin against not only drought, but also against low and 
high temperature stress, irrespective of whether the seeds were soaked for 1 
day, or whether two-week-old plants were treated, either through the soil or 
in the form of spraying. Among several other plant growth substances, for 
example brassinolide, methyl jasmonic acid (methyl JA), ABA, 1-
aminocyclopropane-1-carboxylic acid (ACC), 2-chloro-ethylphosphonic 
acid (ethephon), gibberellic acid and kinetin (but not indoleacetic acid or 
zeatin), SA also improved the protoplasmic drought tolerance of free-cell 
suspensions prepared from fully turgid leaves of Sporobolus stapfianus
(Ghasempour et al., 2001). In maize, however, although a 1-day preliminary 
treatment with 0.5 mM SA increased the polyamine content of the plants, 
drought tolerance was not improved; in fact, plants treated in this way 
became more susceptible to drought (Németh et al., 2002). A negative effect 
was also recorded when wheat plants were treated in this way, suggesting 
that the effect of SA is influenced by the method of treatment and by the 
developmental stage of the plant. 

The SA level in leaves of Phillyrea angustifolia L. plants exposed to 
drought showed a strong negative correlation with the relative water content, 
and increased progressively to as much as 5-fold during drought (Munne-
Bosch and Penuelas, 2003). During recovery, SA levels decreased, but 
remained slightly higher than those observed before drought. SA levels were 
positively correlated with those of -tocopherol during drought, but not 
during recovery. This result also indicates the possible role of endogenous 
SA in the induction of a protective mechanism during water stress. 

In another experiment the effect of moderate or severe water deficit on 
the SA content in the leaves and roots, and the effect of pre-treatment with 
SA on the response to water stress were evaluated in barley plants 
(Bandurska and Stroinski, 2005). Water deficit increased the SA content in 
the roots, whereas the SA content in the leaves did not change. Plant 
treatment with SA before stress reduced the damaging effect of water deficit 
on the cell membrane in the leaves. SA treatment increased the ABA content 
in the leaves of the studied genotypes. An increase in the proline level was 
observed only in the wild species Hordeum spontaneum. The results suggest 



100 T.  Janda, E. Horváth, G. Szalai and E. Páldi

that ABA and proline may contribute to the development of the antistress 
reactions, induced by SA. 

2.3 Heat tolerance 

Plants growing in cold regions of the world are much more sensitive to 
heat than those from the temperate zone, which again are less resistant to 
heat than those indigenous in the tropics. Heat-sensitive species suffer 
damage at temperatures of 30–40°C, while heat-tolerant plants are capable 
of hardening and can tolerate 50°C for a considerable length of time. One 
common defence against overheating is transpirational cooling, which is 
only possible if sufficient water is available. The primary effect of high 
temperature is to alter protein conformations and membrane status. In plants, 
as in other living organisms, the synthesis of most proteins slows down at 
temperatures well above optimum, and may cease altogether if the 
temperature continues to rise. At the same time, the transcription and 
translocation of heat shock proteins (HSPs) is stimulated. Heat shock 
proteins belong to multigene families, most of which are regulated by high 
temperature, while a small number are induced by other abiotic stress 
factors. Proteins known as chaperones are responsible for the secondary and 
tertiary structure of the polypeptides synthesised in the cell, for linking up 
the subunits and for transporting them to the required cell component. If this 
complex process is disturbed, for example by high temperature, newly 
synthesised proteins form insoluble aggregates. It is currently thought that 
the majority of stress proteins are molecular chaperones, most of which have 
been identified as HSPs. The thylakoid membranes of the chloroplasts are 
the most important for heat sensitivity, so one critical aspect of heat 
tolerance in plants is the continual maintenance of photosynthesis. 
Consequently, one of the first signs of high temperature stress is a reduction 
in photosynthetic activity. Recent research has proved that many HSPs are 
transported into the chloroplasts, where they promote the heat tolerance of 
the photosynthetic system. 

The capacity to survive heat shock varies with the plant species and 
genotype, and also with the developmental stage. Plants may have basal 
thermotolerance in the absence of pre-adaptation. In addition, plants 
subjected to mild heat stress may transiently acquire tolerance to previously 
lethal high temperatures: this phenomenon is known as acquired 
thermotolerance or heat acclimatisation, and is probably an adaptation to the 
gradual increases in temperature in the natural environment (Clarke et al.,
2004).

The first paper to demonstrate the effect of SA on heat tolerance showed 
that spraying with SA improved the heat tolerance of mustard plants and that 
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this effect was concentration-dependent: SA only exhibited a protective 
effect at low concentrations (0.01–0.1 mM). Both, treatment with 0.01 mM 
SA and hardening at 45°C for 1 h led to an increase in the H2O2 level and a 
reduction in catalase activity (Dat et al., 1998a). The role of SA in the signal 
transduction process of heat tolerance development is also confirmed by the 
increase in the level of endogenous bound and free SA during the heat 
acclimatisation of mustard plants (Dat et al., 1998b). When tobacco was 
grown in vitro for 4 weeks on medium containing SA, low concentrations 
(0.01 mM) were found to increase heat tolerance, while a concentration of 
0.1 mM no longer had any protective effect (Dat et al., 2000). The 
endogenous glucosylated SA content was enhanced in the shoots of plants 
grown on 0.01 or 0.1 mM SA, while free SA was also enhanced in those 
grown on 0.1 mM SA. The shoot H2O2 content increased, while the catalase 
activity declined as the SA concentration in the medium increased. In a 
similar manner, 0.01 mM acetyl SA was able to improve the heat tolerance 
of potato in tissue culture, while there was an increase in the endogenous 
H2O2 level in the plants (Lopez-Delgado et al., 1998, 2004). It was also 
shown that potato microplants grown from explants incubated for 1 h in 0.1-
50 mM H2O2 exhibited a concentration-dependent decrease in stem height, 
but were significantly more thermotolerant than the controls, even more than 
a month after the H2O2 treatment, showing that not only SA but also H2O2 is 
able to increase the heat tolerance of potato plants. SA treatment was also 
found to reduce the oxidative damage caused by heat stress in Arabidopsis
plants. In addition to SA, ethylene, ABA and calcium have also been shown 
to play a role in the development of tolerance to high temperatures 
(Larkindale and Knight, 2002). 

The efficacy of heat acclimation and SA treatment applied as a 0.1 mM 
foliar spray in inducing thermotolerance was also tested in Cicer arietinum
L. plants (Chakraborty and Tongden, 2005). A substantial reduction in the 
relative level of membrane injury was observed in plants pre-treated with SA 
in comparison to heat-acclimatized and untreated control seedlings subjected 
to lethal temperature treatment. Both treatments resulted in an increase in the 
protein and proline contents over the control seedlings, and led to the 
induction of peroxidase and ascorbate peroxidase (Apx), while there was a 
reduction in catalase activity.  

Turf quality often declines during summer when temperatures exceed the 
optimum range. Physiological measurements, including turf quality, leaf 
photosynthetic rate and levels of oxidative damage demonstrated that among 
several other signaling compounds, such as ABA, CaCl2, H2O2 or ACC, the 
foliar application of SA increased the heat tolerance of creeping bent-grass 
(Agrostis stolonifera var. palustris). The better heat tolerance of pre-treated 
plants as compared to the control was related to the protection from 
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oxidative damage under heat stress: although SA pre-treatment had no effect 
on peroxidase activity and the catalase  activity was lower than in the control 
plants, it increased the APx activity (Larkindale and Huang, 2004). In 
another experiment involving SA concentrations from 0 to 1.5 mM, 0.25 
mM most effectively enhanced heat tolerance in Kentucky bluegrass (Poa
pratensis L.), which was manifested by improved re-growth potential 
following heat stress at 46°C for 72 h and the maintenance of leaf water 
content. Contrary to the results obtained in mustard, potato or creeping bent-
grass species, increased SOD and catalase activities were observed under 
heat stress after SA application in Kentucky bluegrass (He et al., 2005). A 
primary economic concern of sod producers is the loss of sod quality during 
the transportation and storage phases of a sale. Unfortunately, even when 
proper cultural guidelines are followed, excessive sod heating and tissue 
damage often occurs. The foliar application of 0.5 kg ha-1 SA enhanced the 
photochemical efficiency of the pre-harvest canopy in both Kentucky 
bluegrass and tall fescue (Festuca arandinacea Schreb.) sod (Ervin et al.,
2005). SA also reduced visual injury and enhanced post-harvest root 
strength, suggesting that pre-harvest foliar SA application may improve the 
shelf life and transplant success of supraoptimally heated cool-season sod. 

Another type of study investigates the effect of a lack of SA in transgenic 
plants or in plants with a mutation affecting SA biosynthesis. NahG
transgenic plants carry a salicylate-hydroxylase gene of bacterial 
(Pseudomonas putida) origin, which prevents them from accumulating SA, 
as the salicylate-hydroxylase enzyme converts SA into catechol (Gaffney et
al., 1993). It was found that after heat stress NahG Arabidopsis plants 
became more sensitive to oxidative damage caused by high temperature than 
non-transformed plants with a normal level of SA. Furthermore, exogenous 
SA pre-treatment for 1 h enhanced survival and reduced the level of 
thiobarbituric acid-reactive substances (TBARS), the indicator of oxidative 
damage to membranes, in Arabidopsis plants after a 40°C heat treatment 
(Larkindale and Knight 2002). However, it has recently been shown that 
catechol, the product of SA degradation in NahG plants, induces 
susceptibility to pathogens in wild-type Arabidopsis plants, most probably 
due to catechol-mediated H2O2 production (van Wees and Glazebrook 
2003). It is thus important to check, when evaluating the experiments, that 
the observed changes were not caused by the catechol produced during the 
decomposition of SA. 

To investigate the importance of different processes in the development 
of heat stress tolerance, Arabidopsis mutants and one transgenic line were 
tested for basal and acquired thermotolerance at different stages of growth 
(Larkindale et al., 2005). The plants tested either had defective signalling 
pathways (ABA, SA, ethylene, and oxidative burst signalling) or reactive 
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oxygen metabolism (ascorbic acid or glutathione production, catalase), or 
had previously been found to have temperature-related phenotypes (e.g. fatty 
acid desaturase mutants, the UV-sensitive mutant, uvh6). The mutants were 
assessed for thermotolerance defects in seed germination, hypocotyl 
elongation, root growth and seedling survival. To assess oxidative damage 
and alterations in the heat shock response, TBARS, HSP 101, and small HSP 
levels were determined. ABA signalling mutants and uvh6 showed the 
strongest defects in acquired thermotolerance of root growth and seedling 
survival. Mutations in NADP oxidase homologue genes, ABA biosynthesis 
mutants and NahG transgenic lines showed weaker defects. Ethylene 
signalling mutants and reactive oxygen metabolism mutants were more 
defective in basal than acquired thermotolerance, especially under high light. 
All the mutants accumulated wild-type levels of HSP 101 and small HSP. 
These data indicate that, apart from HSP induction, ABA, active oxygen 
species and SA pathways are involved in acquired thermotolerance and that 
UVH6 plays a significant role in temperature responses, in addition to its 
role in UV stress.  

However, it was shown, using Arabidopsis genotypes with modified SA 
signalling that SA-dependent signalling plays a role in the maintainance of 
basal thermotolerance: 0.5 or 1 mM SA pre-treatment promotes basal 
thermotolerance in 3-week-old Arabidopsis plants, together with the 
induction of PR proteins, demonstrated by the less pronounced electrolyte 
leakage from the leaves after heat stress (Clarke et al., 2004). The level of 
endogenous SA correlated with basal thermotolerance. Recovery from heat 
shock apparently involved an NPR1-dependent pathway but thermotolerance 
during heat shock did not. It was also shown that SA is not essential for 
acquired thermotolerance: all the genotypes could be heat acclimated, 
irrespective of their endogenous SA content. It may be that SA is 
dispensable because heat acclimation is always initiated by some other key 
factor(s), or because SA is only one of multiple alternative acclimation 
signals. If SA were a potential mediator of a heat-induced acclimation 
response, SA levels should be heat-inducible. A moderate, transient, but 
statistically significant increase in glucosylated SA during heat treatment 
was also shown in wild-type Arabidopsis plants. Given the significant basal 
levels of SA in Arabidopsis and mustard, the extent to which such changes 
in the SA metabolism provide additional thermotolerance is uncertain, but 
they suggest that despite the metabolic stress of heat treatment, the plant 
actively maintains biosynthesis of this hormone. In plants, SA is subject to 
glucosylation, which might be involved in transport (Seo et al., 1995a) or 
vacuolar localization (Dean et al., 2003). Heat-induced SA increases were 
not apparent in the other Arabidopsis genotypes, although this might be 
because of their altered SA metabolism or signalling (Clarke et al., 2004). 
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2.4 Cold stress 

Temperature is one of the major determinants of the occurrence and 
spread of natural plant associations. For crops, too, low temperature is one of 
the most important factors restricting cultivation in a given area. Plants are 
said to be cold-sensitive if they die or suffer severe damage at temperatures 
between 0 and 15°C. Cold-tolerant plants, on the other hand, are still able to 
grow near freezing point and are capable of surviving temperatures as low as 
10–15°C below zero. Apart from genetic factors, cold sensitivity also 
depends on the stage of development and the level of metabolic activity. 
Plants are more sensitive to cold in the early phases of development, during 
the day, in bright light, under dry conditions and in the case of potassium 
deficiency, for example. Results achieved so far suggest that differences in 
membrane composition make a substantial contribution to sensitivity to low 
temperature stress. The quantity of unsaturated fatty acids has been shown to 
be much lower in cold-sensitive plants than in those tolerant of low 
temperatures. The duration and intensity of the cold effect is also an 
important factor. If the plant is only exposed to cold for a short period, the 
process is reversible and no serious damage is incurred. If, however, the cold 
is severe or continues for a long period, cell damage is accelerated and the 
process becomes irreversible. The rate at which cooling takes place also has 
a considerable influence. If cooling is slow, the hardening process prepares 
the plant to survive frost and winter weather. This is of great importance in 
winter cereals, for example. Sudden frost stress is a more severe form of low 
temperature stress, which causes the membranes to lose their 
semipermeability and thus their active ion transporting ability. The 
phospholipids begin to decompose, a phase transition occurs and the 
distribution of the membrane proteins changes. The greatest danger is the 
formation of ice crystals within the cells. Plants growing in areas exposed to 
long-term cold survive either by avoiding temperatures below the freezing 
point or by tolerating freezing. The most important way of avoiding freezing 
is the accumulation of osmolytes induced by low temperature (sugars, 
polyalcohols, amino acids, polyamines, quaternary ammonium compounds, 
etc.), which cause the freezing point within the cell to drop. This process 
prevents the dehydration of the cytoplasm as the result of frost. Plants such 
as perennials and conifers tolerate frost through extracellular ice formation 
in the apoplasts, where it does not have the lethal consequences it would 
have within the cell. Recent research has proved that the antifreeze proteins 
demonstrated in many plant species are capable of protecting the cell by 
preventing the formation of large crystals.  

SA and other phenol derivatives are known to improve the cold tolerance 
of plants. It was shown that the addition of 0.5 mM SA to the hydroponic 
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growth solution of young maize plants under normal growth conditions 
provided protection against subsequent low-temperature stress. Besides the 
obvious visual symptoms this observation was confirmed by chlorophyll 
fluorescence parameters and electrolyte leakage measurements 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 the preliminary treatment with 
SA. These changes might explain the increased cold tolerance. Since it was 
earlier shown that the chilling-induced level of ACC, the precursor of 
ethylene, is negatively correlated with the cold tolerance of maize plants 
(Janowiak and Dörffling, 1996), an investigation was also made on changes 
in ACC and malonyl ACC (MACC) after chilling stress. Chilling at 5°C 
caused an increase in ACC content; however, this increase was less 
pronounced in cold-acclimated plants, and in those which were pre-treated 
with SA for 1 d, before cold stress. Changes in MACC at low temperature 
showed no correlation with chilling tolerance in maize (Szalai et al., 2000). 
Further studies proved that not only SA, but also related compounds, such as 
BA, aspirin or coumaric acid, may have a protective role against chilling 
stress in young maize plants (Janda et al., 1998, 2000; Horváth et al., 2002). 
It should be mentioned, however, that these compounds may cause severe 
damage to plants at normal growth temperature. There is a decrease in net 
photosynthesis, stomatal conductivity and transpiration after 1 day of SA, 
BA or aspirin treatment under normal growth conditions (Janda et al., 1998, 
2000). These compounds may cause a decrease in the growth rate in young, 
developing maize seedlings. In contrast to this, the foliar application of SA 
or aspirin enhanced photosynthetic rates in both soybean and maize (Khan et 
al., 2003). Stomatal conductance and transpiration were also increased. 
Other stimulating effects of SA were reported in embryogenic cell 
suspension cultures of Coffea arabica treated with picomolar concentrations 
of SA (Quiroz-Figueroa et al., 2001).  

In a later work, the chilling tolerance of leaves or hypocotyls was 
significantly increased by the application of 0.5 mM SA not only in maize, 
but also in cucumber and rice (Kang and Saltveit 2002). This was manifested 
as a reduction in the chilling-induced electrolyte leakage from excised maize 
and rice leaf discs, and from excised cucumber hypocotyl segments in plants 
pre-treated with SA. However, SA treatment did not significantly alter the 
electrolyte leakage from radicles excised from any of the chilled seedlings. 
Obviously, exposure to SA was a severe shock to the seedlings even at 
concentrations as low as 0.5 mM, as indicated by the significant reduction in 
subsequent radicle growth. Other studies confirmed that the addition of 
exogenous SA to the hydroponic solution may cause severe damage to the 
roots (Pál et al., 2002). This severe inhibitory effect on subsequent radicle 
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growth was observed when the seedlings were exposed to SA solutions after 
being inhibited in water and growth on capillary cloth, moistened with 
water. By contrast, exposure to aerated aqueous SA solutions during 
imbibition and growth did not significantly affect the rate of radicle growth 
at 25°C in cucumber seedlings. It is assumed that seedlings exposed to SA 
from germination may become acclimated to SA and did not perceive it as a 
stress or stress signal (Kang and Saltveit, 2002). 

Pre-treatment of the leaves of chilling-sensitive banana seedlings with 
0.5 mM SA solution by spraying the foliage or irrigating the roots for 1 day, 
induced an increase in chilling tolerance during subsequent 5°C chilling 
stress (Kang et al., 2003a). These treatments did not result in any great 
change in the SOD activity, but reduced the catalase and APx activity, and 
increased the peroxidase activity. However, SA pre-treatment caused an 
activation of SOD, catalase and APx activities during a period of 5°C 
chilling stress, while it did not change the peroxidase activity. These effects 
of SA on activities of various protective enzyme could be associated with 
H2O2 metabolism. Measurement of H2O2 levels indicated that SA pre-
treatment at 30/22°C resulted in H2O2 accumulation; however, it reduced 
H2O2 overproduction during the subsequent 5°C chilling stress,. These 
results suggested that the H2O2 metabolism might also be involved in the 
enhanced chilling tolerance, induced by SA in banana plants (Kang et al.,
2003b). 

Pre-soaking seeds before sowing could also be an effective way of 
improving cold tolerance. In tomato and bean plants, 0.1 mM and 0.5 mM 
concentrations of both SA and acetyl SA proved effective not only against 
heat and drought stress, but also against low temperature stress (Senaratna et 
al., 2000). Certain salicylates, such as 2,6-dihydroxy BA, aspirin and SA 
hastened the germination of carrot seeds at 5°C (Rajasekaran et al., 2002). 
Priming pepper (Capsicum annuum L.) seeds imbibed in KNO3 solution 
containing aspirin at a concentration range of 0.05-0.5 mM resulted in an 
increase in the germination percentage, and the germination at low 
temperature became faster and better synchronated (Korkmaz, 2005). Other 
hormones, such as methyl JA in the 0.001-0.005 mM range and spermine in 
the 1-5 mM range, had a similar effect, as shown in both pepper and 
watermelon seeds (Korkmaz et al., 2004, Korkmaz, 2005). Higher 
concentrations may have an inhibitory effect on germination. 

Another related compound, methyl SA, used at a final vapour 
concentration of 10-4 M for 1 day at room temperature, increased resistance 
against chilling injury in green bell pepper (Capsicum annuum L. cv. 
Century) freshly harvested on a warm day. Methyl JA application led to 
similar results (Fung et al., 2004). Increases in respiration, particularly via 
the alternative pathway, have been observed in response to chilling. An 
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increase in the steady-state mRNA level of the genes for alternative oxidase 
has also been reported in rice at low temperature (Ito et al., 1997). These 
increases may result in increased heat evolution, especially in chilling 
tolerant species. The increased capacity to produce respiratory heat after 
exposure to chilling temperatures may contribute to the cold-acclimation 
process (Moynihan et al., 1995). 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 suggested that the pre-treatment of pepper fruit with methyl 
SA or methyl JA vapours increased preferentially the transcript levels of 
alternative oxidase. The increase in alternative oxidase transcript levels 
caused by methyl JA or methyl SA before cold treatment was correlated with 
a reduced incidence of chilling injury. 

The positive effect of SA on cold tolerance was shown not only under 
chilling but also under freezing conditions in winter wheat (Tasgin et al.,
2003). Not only cold acclimation, but also exogenous SA used at 0.01, 0.1 
and 1 mM concentrations decreased freezing injury in the leaves of plants 
grown under cold and control conditions. Cold conditions caused an increase 
in ice nucleation activity by apoplastic proteins, which were isolated from 
the leaves. Exogenous SA caused an increase in ice nucleation activity under 
cold and control conditions. These results show that SA can increase 
freezing tolerance in winter wheat leaves by affecting apoplastic proteins. 
However, this effect cannot be generalised as experiments with winter rye 
showed that the apoplastic proteins accumulated after SA treatment had no 
antifreeze activity (Yu et al., 2001). 

The in vitro conservation of germplasm is often achieved by reducing the 
rate of tissue growth to a minimum either by reducing the temperature or by 
withdrawing a nutrient from the medium or by adding a growth retardant. 
For the long-term conservation of plant germplasm, cryopreservation is 
actually a more valuable technique since, when frozen in liquid nitrogen, the 
metabolism ceases to function, tissues are maintained without growth and 
genetic alterations that do not take place even during a very long period of 
storage. Embryonic axes of Persian lilac (Melia azedarach L.) encapsulated 
in calcium alginate beads with sucrose and SA were subjected to the 
cryopreservation technique, involving dehydration and freezing in liquid 
nitrogen, or to cold preservation by storing the alginate beads in empty petri 
dishes for 4 months at 4°C. The 0.2 mM SA significantly enhanced the 
viability percentage of encapsulated embryonic axes (Bernard et al., 2002). 
The SA used in these experiments did not interfere with the development of 
the axes at all; in fact, significantly better growth recovery was monitored on 
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axes which benefited from protection by SA during cryopreservation, 
probably due to better conservation of the integrity of the tissues. This 
suggests that the addition of SA to the encapsulation medium may help to 
reinforce the tolerance of the tissues, particularly for those that are sensitive 
to the dehydration caused by conservation procedures. 

The growth of Arabidopsis plants under chilling conditions could be 
related to their SA levels (Scott et al., 2004). NahG plants and Col-0 wild 
types grew at similar rates at 23°C, and the growth of both genotypes was 
slowed by transfer to 5°C. However, at 5°C, NahG plants displayed relative 
growth rates about one-third greater than Col-0, so that by 2 months NahG
plants were typically 2.7-fold larger. This resulted primarily from greater 
cell expansion in NahG rosette leaves. Specific leaf areas and leaf area ratios 
remained similar in both genotypes. Net assimilation rates were similar in 
the two genotypes at 23°C, but higher in NahG at 5°C. Chlorophyll 
fluorescence measurements revealed no PSII photodamage in chilled leaves 
of either genotype. At 5°C Col-0 shoots accumulated SA, particularly in 
glucosylated form. A similar tendency was observed in NahG shoots at 5°C, 
but at greatly depleted levels. Growth and SA levels were also examined in 
SA-signalling and metabolism mutants at 5°C. The partially SA-insensitive 
npr1 mutant displayed growth intermediate between NahG and Col-0, while 
the SA-deficient eds5 mutant behaved like NahG. In contrast, the cpr1
mutant accumulated very high levels of SA at 5°C and its growth was much 
more inhibited than that of the wild type. At both temperatures, cpr1 was the 
only SA-responsive genotype in which oxidative damage was significantly 
different from that of the wild type. 

2.5 Salinity 

Soils with high salt contents already existed before the appearance of 
Man, but problems have only arisen since the spread of agriculture, and 
particularly irrigation. Salt stress affects around 20% of the world’s 
cultivated areas and nearly half of the irrigated land. The ionic equilibrium is 
disturbed by a high salt concentration, leading to hyperosmotic stress in the 
plants. The regulation of ion homeostasis is a fundamental criterion for 
physiological activity in plants. Salt stress destroys the homeostasis in the 
water potential and ionic distribution at both cell and whole plant level. This 
drastic change in the equilibrium state causes damage at the molecular level, 
the cessation of growth and, eventually, to the death of the plant. In addition 
to these primary effects, oxidative damage is also frequently observed. High 
salt concentration primarily damages cell membrane integrity, the activity of 
various enzymes and the functioning of the photosynthetic apparatus.  
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Plants give a complex molecular response to salt stress. In salt-tolerant 
(halophytic) plants several mechanisms are available to counteract salt 
stress, the most important of which are: i) the transportation of sodium and 
chloride ions from the cytoplasm to the vacuoles with the aid of Na+/K+-
ATPases, leading to a higher concentration of K+ ions in the cytoplasm. 
Recent observations draw attention to the role of non-selective cation 
channels in regulating the entry of sodium ions into the cytoplasm, and that 
of certain ion transporters in maintaining the ionic equilibrium, or restoring 
it after salt stress. ii) The synthesis of the compatible osmolytes mentioned 
above and the conversion of certain ions into less soluble forms. iii) An 
increase in the enzyme concentration to overcome the enzyme inhibition 
caused by higher salt concentrations. iv) Modifications in photosynthesis, 
respiration and the hormone metabolism. The latter involves increases in 
ABA and ethylene and decreases in cytokinins. 

It has been shown that SA could provide multiple stress tolerance 
(Senaratna, 2000). Similarly, soaking wheat seeds in SA solution provided 
protection against not only drought, but also salinity stress (Hamada and Al-
Hakimi, 2001). By contrast, SA may promote the formation of ROS in the 
photosynthetic tissues of Arabidopsis plants during salt stress and osmotic 
stress. The widespread necrotic lesions observed on the shoots of wild-type 
plants after NaCl or mannitol treatment were not exhibited by NahG plants, 
incapable of SA accumulation (Borsani et al., 2001). 

SA pre-treatment also provided protection against salinity in tomato 
plants, probably due to the increased activation of aldose reductase and APx 
enzymes and to the accumulation of osmolytes, such as sugars, sugar alcohol 
or proline (Tari et al., 2002, 2004; Szepesi et al., 2005). 

The soaking of wheat (Triticum aestivum L.) seeds in 0.05 mM SA also 
reduced the damaging effects of salinity on seedling growth and accelerated 
the growth processes (Shakirova et al., 2003). The treatment of wheat plants 
with SA increased the level of cell division within the apical meristem of 
seedling roots, causing an increase in plant growth and elevated wheat 
productivity. It was found that SA treatment caused the accumulation of both 
ABA and indoleacetic acid, but did not influence cytokinin content, while 
diminishing the changes in phytohormone levels in wheat seedlings, under 
salinity. A high ABA level was also maintained in wheat seedlings, treated 
with SA. The SA-induced increase in ABA might contribute to the pre-
adaptation of plants to stress, since ABA is known to have a key role in 
inducting the synthesis of a range of stress proteins ensuring the 
development of antistress reactions, for example, the maintenance of proline 
accumulation. The stress-induced accumulation of active oxygen species 
and, therefore, the level of SOD and peroxidase activity in the roots of 
young wheat seedlings, pre-treated with SA, were significantly lower than in 
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untreated plants, indicating that these enzymes contribute to the protective 
effect of SA on plants under conditions of salination (Sakhabutdinova, 
2004).  

Certain abiotic stresses, such as salt, cold and drought greatly stimulated 
the expression of the AcPMP3-1 and AcPMP3-2 genes coding for plasma 
membrane protein in the monocotyledonous halophyte Aneurol-epidium 
chinense. ABA, H2O2 and SA also triggered the expression of AcPMP3 
genes. The expression of the AcPMP3-1 gene was able to restore yeast 
mutants, lacking the Na+/H+ antiporter and Na+-ATPase, Na+ efflux systems 
and the transformants accumulated lower amounts of Na+ than the mutant 
cells under saline conditions (Inada et al., 2005). These results suggested 
that AcPMP3-1 acted as a regulator of both Na+ and K+ accumulation in the 
cells. In situ hybridization showed that the AcPMP3-1 transcript was 
localized in the cells of the root cap and root epidermis, making it highly 
probable that AcPMP3-1 is essential for regulating Na+/K+ transportation 
between plant roots and the outer environment, under salt stress. 

An increase in the NaCl level often reduces the germination percentage, 
the growth parameters and the contents of potassium, calcium, phosphorus 
and insoluble sugars both in shoots and roots. It may also reduce 
photosynthetic pigment contents and increase the electrolyte leakage from 
the cells. SA pre-treatment (grain soaking in 1 mM SA solution prior to 
sowing) increased the relative water content, the fresh and dry mass, the 
contents of water, photosynthetic pigments, insoluble saccharides and 
phosphorus, and peroxidase activity in salt-stressed barley seedlings. By 
contrast, the Na+ and soluble protein contents, the lipid peroxidation level 
and the electrolyte leakage were markedly lower under salt stress with SA 
than without it. Under stress conditions, plants pre-treated with SA exhibited 
less Ca2+ and more K+ accumulation and soluble sugars in roots at the 
expense of these contents in the plant shoots. The application of exogenous 
SA appeared to induce a pre-adaptive response to salt stress, leading to the 
promotion of protective reactions to the photosynthetic pigments and the 
maintenance of membrane integrity in barley plants, which was reflected in 
an improvement in plant growth (El Tayeb, 2005). 

It was also recently shown that salt-induced protein (SALT) was present 
in the xylem parenchyma cells of vascular bundles in the major and minor 
leaf veins. The expression of the gene encoding SALT was up-regulated 
following the treatment with a fungal elicitor, JA, ABA, or NaCl. However, 
SA alone or in combination with one of the other elicitors not only strongly 
inhibited SALT gene expression but also exhibited an antagonistic effect in 
suspension cells and leaves (Kim et al., 2004).   
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2.6 Ozone stress 

Ozone is responsible for more crop losses than any other air pollutant. It 
is formed through photochemical reactions between nitrogen oxides, carbon 
monoxide and hydrocarbons released, primarily, through the burning of 
fossil fuels in urban areas (Mauzerall and Wang, 2001). Ozone production is 
particularly favoured in summer months by strong sunlight, high temperature 
and stagnant high-pressure systems and concentrations, therefore, tend to be 
at their highest during the growing season of most of the world’s crop plants. 
Long-term chronic exposure to ozone can lead to a reduction in growth and 
crop yield, resulting from the inhibition of photosynthesis, premature 
senescence, altered biomass partitioning and changes to reproductive 
processes (Black et al., 2000; Pell et al., 1997; Saitanis and Karandinos, 
2002; Sandermann, 1996). Ozone is also able to act as an abiotic elicitor of 
plant defence reactions and acute exposure can result in the appearance of 
small necrotic hypersensitive response (HR)-like lesions on foliage (Rao and 
Davis, 2001). Ozone is toxic to plants and animals because it is a powerful 
oxidizing agent, which is able to react directly with lipids and proteins. Such 
reactions and the decomposition of ozone in aqueous environments such as 
the plant apoplast can lead to the production of other ROS such as the 
hydroxyl radical, singlet oxygen and H2O2 (Kanofsky and Sima, 1991; 
Mehlhorn et al., 1990; Evans et al., 2005). 

The primary site of ozone interaction with plant cells is the extracellular 
matrix where ozone challenges the antioxidant protection of the cells (Baier 
et al., 2005). Accordingly, ozone sensitivity is generally correlated with the 
ascorbate status of the leaf tissue (Conklin & Barth 2004), which can 
accumulate to millimolar concentrations in leaf apoplasts, where it may 
scavenge significant amounts of ozone. Ozone sensing takes place through 
the covalent modification of redox-sensitive components of the plasma 
membrane, for example ion channels such as the plasma membrane Ca2+-
channels. This modification has been characterized as the earliest response 
to ozone, resulting in an elevation in cytosolic-free calcium, which takes 
place within seconds of exposure (Evans et al., 2005). Ozone was found to 
elicit distinct calcium responses in the aerial tissue and roots of seedlings. 
The calcium response in the cotyledons and leaves was biphasic and 
sensitive to the rate at which the ozone concentration increased. The 
response in the root was monophasic and insensitive to the rate of increase in 
ozone concentration. Experiments utilizing inhibitors of the antioxidant 
metabolism demonstrated that the magnitude of the first peak in Ca2+ in the 
aerial tissues was dependent upon the redox status of the plant. Seedlings 
were shown to be able to distinguish between ozone and H2O2, producing a 
Ca2+ signal in response to one of these ROS when they had become 



112 T.  Janda, E. Horváth, G. Szalai and E. Páldi

refractory to the other. Pre-treatment with ozone altered the Ca2+ response to 
H2O2 and vice versa, indicating that the Ca2+ response to a given ROS may 
reflect the stress history of the plant. Subsequent intracellular signal 
transduction is an intriguing network of hormone, Ca2+ and MAPK 
signalling pathways, significantly overlapping with oxidative burst-induced 
pathogen signalling. A change in the expression of several genes in response 
to ozone has been documented (Pell et al., 1997; Sandermann et al., 1998), 
including the genes of antioxidant enzymes, which may offer some 
protection against further oxidative stress (Conklin and Last, 1995). 

Ozone treatment led to the accumulation of SA, the synthesis of PR 
protein and the development of virus resistance in tobacco (Yalpani et al., 
1994). The role of SA in counteracting ozone stress was also demonstrated 
in Arabidopsis plants, where NahG plants were more sensitive to the 
damaging effect of ozone. The synthesis of some of the ozone-induced 
mRNAs was SA-dependent, so only a few were found in transgenic plants. 
Plants exposed to ozone exhibited enhanced resistance to virulent 
Pseudomonas syringae strains. The results indicate that there is overlapping 
between the development of ozone- and pathogen-induced resistance and 
that both are SA-dependent (Sharma et al., 1996). Other authors reported 
that both a deficiency and an excess of SA caused greater ozone sensitivity 
(Rao and Davis, 1999). The Cvi-0 Arabidopsis genotype, which accumulates 
SA, is ozone-sensitive, since the large quantity of SA induces oxidative 
processes during ozone stress, leading to cell death similar to that caused by 
the hypersensitive reaction. In NahG plants, however, which are incapable of 
accumulating SA, the lack of a satisfactory antioxidant response led to 
increased ozone sensitivity (Rao and Davis, 1999). In the Cvi-0:NahG
genotype the lack of SA reduced the level of ozone-induced cell death. 

Recent studies demonstrate that ethylene, JA and SA signalling pathways 
do not act independently, but interact in a complex manner to regulate plant 
defence responses (Feys and Parker, 2000; Rao and Davis, 2001). Ethylene 
is a plant hormone that promotes leaf damage in ozone-exposed plants. 
Ethylene-responsive factors (ERFs) are important in regulating plant 
pathogen resistance, abiotic stress tolerance and plant development. A 
tomato ERF protein, TSRF1, was also recently shown to be transcriptionally 
up-regulated by ethylene, SA or pathogen infection (Zhang et al., 2004). SA 
inhibits JA biosynthesis and/or JA-dependent gene expression (Gupta et al.,
2000). Conversely, JA inhibits the SA pathway in response to wounding 
(Niki et al., 1998). Pre-treatment with methyl JA hindered the accumulation 
of SA or H2O2, thus preventing ozone-induced necrosis (Rao et al., 2000). 
The interactions between ethylene, JA and SA that are induced by ozone, 
and the inhibition of the ethylene or SA pathways by JA have also been 
investigated. It was shown that active oxygen species mediated SA 
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biosynthesis and that the SA signalling pathway in the ozone-sensitive 
ecotype was influenced by the JA pathway (Rao et al., 2000). In addition, 
plants with deficient SA signalling failed to produce ethylene in response to 
ozone, indicating that the SA pathway is required for ethylene signalling 
(Rao et al., 2002). The results of a cDNA macroarray assay indicate that 
ozone-induced defence gene expression was mainly regulated by ethylene 
and JA at this stage, and that the SA pathway acts as a strong antagonist to 
gene expression, induced by ethylene and JA signalling (Tamaoki et al.,
2003).  

SA biosynthesis has also been investigated during ozone fumigation. 
When C14-labelled BA was applied to ozone-exposed tobacco leaves, it was 
efficiently metabolized to SA (Ogawa et al., 2005). However, there was no 
increase in the activity or mRNA level of isochorismate synthase. In 
contrast, the activity of this enzyme was increased in ozone-exposed 
Arabidopsis. These results suggest that SA is synthesized via BA from 
phenylalanine in ozone-exposed tobacco leaves but via isochorismate in 
Arabidopsis. During ozone exposure, transgenic plants with reduced ozone-
induced ethylene production accumulated less SA than did wild-type plants. 
Ozone increased the activity of phenylalanine ammonia-lyase and the 
transcript levels of the chorismate mutase and phenylalanine ammonialyase 
genes in wild-type tobacco, but their induction was suppressed in the 
transgenic plants. These results indicate that ethylene promotes SA 
accumulation by regulating the expression of the chorismate mutase and 
phenylalanine ammonialyase genes in ozone-exposed tobacco plants. A 
comparison of recent transcriptome analysis revealed that in addition to 
genes generally induced by all kinds of oxidative stress, for example, 
transcripts for PR-proteins and most antioxidant enzymes, approximately 
one-third of the responsive transcripts are ozone-specific, indicating JA, SA 
and ethylene-independent redox signalling triggered by extracellular redox 
sensing. These data suggest ROS signalling is more sophisticated than 
previously realized and raise questions about current models of ozone 
perception (Evans et al., 2005). 

2.7 Ultraviolet radiation 

Depletion of the stratospheric ozone layer may result in an increase in the 
level of potentially harmful ultraviolet (UV) radiation reaching the surface of 
the earth. UV radiation is traditionally divided into UV-A (320-400 nm), 
UV-B (280-320 nm) and UV-C (200-280 nm) wavelength ranges, which 
have increasing level of energy and harmful effects. Plants, which use direct 
sunlight for photosynthesis are unable to avoid UV radiation, therefore, 
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mechanisms which may protect them from the harmful effects of UV 
radiation are of particular interest (Hollósy, 2002) 

Like ozone, UV radiation was shown to induce the accumulation of SA, 
while also stimulating PR-protein synthesis and inducing virus resistance in 
tobacco plants (Yalpani et al., 1994). Increased SA levels were accompanied 
by the accumulation of an SA conjugate and by an increase in the activity of 
BA 2-hydroxylase, which catalyses SA biosynthesis. This was paralleled by 
the appearance of induced resistance to a subsequent attack by tobacco 
mosaic virus. The results suggest that UV light, ozone fumigation and 
tobacco mosaic virus can activate a common signal transduction pathway 
that leads to SA and PR-protein accumulation and increased disease 
resistance (Yalpani et al., 1994). 

Besides heat stress, UV-B radiation may also significantly contribute to 
the quality decline and death of Kentucky bluegrass (Poa pratensis L.) 
during summer transplanting. UV-B irradiation stress substantially reduced 
the turf quality and photochemical efficiency when measured 10 days after 
the initiation of UV-B. Antioxidants and protective pigments may be 
involved in plant defence against oxidative stress caused by UV-B. It was 
recently shown that exogenous SA at 150 mg m-2 may alleviate UV-B 
damage by upregulating plant defence systems (Ervin et al., 2004). 
Endogenous -tocopherol, SOD and catalase were reduced by UV-B stress. 
The anthocyanin content increased from day 1 to day 5 and then decreased 
from day 5 to day 10 of continuous UV-B irradiation. The application of SA 
enhanced the photochemical efficiency by 86% when measured 10 days after 
UV-B initiation. In addition, the application of SA increased the -
tocopherol concentration, the SOD and catalase activity and the anthocyanin 
content compared to the control 10 days after UV-B initiation, leading to 
better visual quality under UV-B stress. These results suggest that the foliar 
application of SA may alleviate the decline in photochemical efficiency and 
turf quality associated with increased UV-B light levels during the summer. 

3.  POSSIBLE ACTION MECHANISMS 

3.1 SA-induced gene expression 

As indicated above, the abiotic stress tolerance, induced by SA, may 
have various causes. Resistance to many stress factors, however, can be 
attributed to common properties. As already illustrated in previous sections, 
there are several genes which can be induced by both biotic and abiotic 
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stress factors, while several ”stress-related” compounds, such as ABA, H2O2,
etc. as well as SA may also induce their expression (Salzman et al., 2005). 

Although abiotic stresses affect plant growth and development, its direct 
effect on the regulation of the components of the DNA replication 
machinery is still largely unknown. It was shown that the expression of 
TOP2 which encodes topoisomerase II, is up-regulated by various abiotic 
stresses including salinity and low temperature, and by phytohormones such 
as ABA and SA (Hettiarachchi et al., 2005). Transgenic studies on various 
deletion versions of the TOP2 promoter in tobacco define several promoter 
determinants responsible for specific abiotic stress responsiveness. These 
results demonstrate the direct involvement of stress in the transcriptional 
regulation of TOP2. The differential expression of the gene coding for a 
chloroplast translation elongation factor (EF-Tu) in response to various 
abiotic stresses in pea showed that it is down-regulated in response to 
salinity and ABA and up-regulated in response to low temperature and SA 
treatment. These results indicate that the regulation of this gene in pea may 
have an important role in plant adaptation to environmental stresses (Singh 
et al., 2004). 

2O2, are capable of inducing the expression
 of the TLC1 family in vivo.

Cyclophilins (Cyp) are ubiquitous proteins with intrinsic peptidyl-prolyl 
cis-trans isomerase activity that catalyses the rotation of X-Pro peptide 
bonds and facilitates the in vivo folding of proteins. Usually, higher amounts 
of Cyp mRNAs are found in developing tissues (Marivet et al., 1994). Cyp 
mRNA accumulates in leaves infected with alfalfa mosaic virus and after 
ethephon and SA treatments in bean. In response to localized chemical 
treatment, Cyp mRNA accumulation was observed in the untreated parts of 
the plants. A comparative study of Cyp mRNA accumulation in bean and 
maize in response to various external stimuli showed striking differences in 
profiles between the two plants. For instance, in response to heat shock, 
maize Cyp mRNA accumulated to a significant extent, whereas no mRNA 

Mobile genetic elements play a crucial role in the genome restructuring, 
induced by environmental challenges (McClintock, 1984). According to this 
theory, the transcription and transposition of these elements should be 
greatly influenced by external factors such as biotic and abiotic stress 
conditions. The TLC1 family is one of the four families of long terminal 
repeat retrotransposons identified in the genome of Lycopersicon chilense. It 
was shown that this family of retroelements is transcriptionally active and its 
expression is induced in response to diverse stress conditions such as 
wounding, protoplast preparation and high salt concentrations, but not 
drought stress (Tapia et al., 2005). Several stress-associated signalling 
molecules, including ethylene, methyl JA, SA, and  2,4-
acetic acid, but not ABA or H

dichlorophenoxy-



116 T.  Janda, E. Horváth, G. Szalai and E. Páldi

was found to remain in bean a few hours after the beginning of the heat 
stress. Two putative heat shock elements were identified in the promoter 
region of a maize Cyp genomic clone; a metal regulatory element and a third 
heat shock element were localized in the 5' untranslated leader (Marivet et
al., 1995). Differences in mRNA accumulation profiles are also observed 
after salt stress, which induces a response earlier in maize than in bean, 
whereas the opposite situation is observed when plants are cold-stressed. All 
these findings suggested that cyclophilin might be a stress-related protein 
and might play a role in signal transduction processes (Marivet et al., 1994). 
The StCyP clone encoding a cytosolic form of Cyp was isolated from a 
cDNA library prepared from potato (Solanum tuberosum) tubers infected 
with the fungus Solani f. sp. eumartii (Godoy et al., 2000). StCyP is 
expressed at high levels in all the tissues of healthy potato plants, except in 
the tubers. Northern blot analysis revealed that both wounding and fungal 
infection increased the level of StCyP mRNA in tubers. StCyP mRNA 
accumulation is also stimulated by heat-shock or by the application of ABA 
or methyl JA in tubers, but not by fungal elicitor or, in contrast to bean 
plants, by SA. 

Studies were also made on the effect of SA on the synthesis of HSPs in 
tomato. It was found that, although a low concentration of SA alone was 
unable to induce HSP synthesis, it promoted heat-induced synthesis. At 
higher, cytotoxic concentrations (1 mM), SA alone was able to induce 
Hsp70/Hsc70 expression (Cronje and Bornman, 1999). 

Some genes can be induced by both drought and SA. For example, the 
expression of a water stress-induced gene from Brassica oleracea (BoWS), 
encoding a 95-amino-acid protein, was upregulated by ABA, mannitol, 
NaCl, drought, SA and H2O2, indicating that this gene is closely related to 
water-deficit stress in this species (Li et al., 2004). Transcripts of the BcDh2 
dehydrin-like gene isolated from Boea crassifolia accumulated to a great 
extent when the plants were exposed to drought, salinity, exogenous ABA 
and moderate heat shock, while accumulation was low in response to low 
temperature stress. BcDh2 also accumulated slightly in response to 
wounding signals such as MeJA and a low concentration of SA (Shen et al.,
2004). By contrast, transcripts of another drought-inducible gene BcMYBI, 
which was strongly induced by drought stress and also responded to 
polyethylene-glycol (PEG), high salinity and low temperature, did not 
accumulate to any great extent after treatment with exogenous ABA, methyl 
JA or SA. These results indicate that BcMYBI might be involved in the 
regulation of gene expression in response to dehydration stress through an 
ABA-independent pathway, but does not seem to be a regulatory component 
in wounding signalling (Chen et al., 2005). Differential responses to drought 
and SA were also exhibited by other genes, such as the BnBDC1 gene, 



Salicylic Acid and Abiotic Stresses 117

which encodes a protein containing the BURP domain, and which was 
isolated from oilseed rape (Brassica napus) following drought treatment 
(Shunwu et al., 2004). The transcript of this gene was found to be 
specifically expressed in the shoots, but not in the roots. The expression 
level of the BnBDC1 transcript is upregulated by mannitol, NaCl and ABA, 
and downregulated by UV irradiation and SA, while it is unresponsive to 
H2O2 and cold treatment. The expression level of BnBDC1 was significantly 
reduced after SA treatment and the effect was prolonged beyond 2 days, 
indicating that BnBDC1 is one of the target genes in the SA signalling 
pathway. Although there is insufficient information to assess the precise 
function of BnBDC1, it is probably involved in multiple cell signalling 
pathways, and may play an important role in the response to osmotic stress 
and plant pathogen infection in Brassica napus.

A submergence-induced gene, OsGGT, was recently cloned from 
submerged plants of a submergence-tolerant cultivar of rice (Oryza sativa
L.) (Qi et al., 2005). Its deduced amino acid sequence is homologous with 
glycogenin glucosyltransferase. The expression of this gene increased during 
submergence in the submergence-tolerant cultivar, but decreased in a 
submergence-intolerant cultivar. The expression of the OsGGT gene in the 
tolerant cultivar was induced by SA and benzyladenine. The accumulation of 
OsGGT mRNA also increased in response to ethylene, gibberellin, ABA, 
drought and salt treatment, but methyl JA treatment and cold stress had no 
effect. These results suggest that the OsGGT gene could be related to 
submergence stress and associated with a general defensive response to 
various environmental stresses. 

The SAR8.2 genes of pepper (Capsicum annuum L.), designated 
CASAR82A, B and C, which are induced by all biotic and abiotic stresses, 
are not constitutively expressed in any of the organs of healthy pepper 
plants. Besides induction by pathogens, a strong induction of the 
CASAR82A gene was found in pepper leaves treated with ethylene, methyl 
JA, indole-3-acetic acid, ABA, SA, benzothiadiazole, DL-beta-n-amino 
butyric acid or H2O2. Interestingly, the transcription of the CASAR82A gene 
was rapidly triggered by high salinity, drought or low-temperature stresses, 
but not by mechanical wounding. In situ hybridization results revealed that 
the CASAR82A mRNAs were localized in the phloem and epidermal cells 
of pepper leaf and stem tissues infected by Colletotrichum coccodes and 
Phytophthora capsici, or treated with SA. These results suggest that pepper 
SAR8.2 genes may be valuable as molecular markers for the detection of 
various pathogen infections, abiotic elicitors and environmental stresses (Lee 
and Hwang, 2003). 

In Arabidopsis, the cytosolic, patatin-related phospholipase A enzymes 
(PLA) comprise a family of 10 genes, designated AtPLAs and thought to be 
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involved in auxin and pathogen signalling (Holk et al., 2002). The first 
indication that plant PLA had a function in signal transduction was the rapid 
activation of PLA activity by auxin (Scherer and André, 1989). Later, the 
activation of PLA by pathogens and elicitors was shown (Lee et al., 1992). 
Its synthesis is up-regulated after treatment by SA, benzo[1,2,3]thiadiazole-
7-carbothionic acid-S-methylester (Bion), wounding, ACC and JA. The 
properties of this member of the patatin-related phospholipase A gene family 
suggest that it is a defence, iron-stress and phosphate-stress gene, being 
transcriptionally up-regulated within hours or days (Rietz et al., 2004).

Chloroplastic lipoxygenase, CPRD46, a single copy gene isolated from 
dehydrated cowpea (Vigna unguiculata) plants, was shown to be induced by 
high-salinity stress and exogenous ABA, but not by cold stress. The 
CPRD46 gene is also responsive to heat stress, methyl JA and SA (Iuchi et 
al., 1996). 

Glycine-betaine is an osmoprotectant accumulated by barley (Hordeum 
vulgare) plants in response to high levels of NaCl, drought, cold stress or 
ABA treatment (Jagendorf and Takabe, 2001). Additional inducers of 
glycine-betaine accumulation have been detected in barley seedlings, 
including other inorganic salts, oxidants and organic compounds. The same 
concentrations of aspirin or SA (added to the hydroponic solution as sodium 
salicylate) that induced glycine-betaine accumulation increased TBARS 
level. Since H2O2 also increased the glycine-betaine level, the glycine-
betaine-inducing effect of salicylates can be explained by their ability to 
increase the H2O2 level. Although illumination is needed for optimal 
induction, a significant increase in the leaf glycine-betaine level is also 
found in complete darkness. 

Among the growing list of promising genes for plant improvement, some 
of the most versatile appear to be those involved in the sugar alcohol 
metabolism. Mannitol, one of the best known sugar alcohols, is a significant 
photosynthetic product in many higher plants. In addition to its 
osmoprotectant properties, mannitol is an antioxidant and may have a 
significant role in plant-pathogen interactions. The catabolic enzyme 
mannitol dehydrogenase is a prime modulator of mannitol accumulation in 
plants. An up-regulation by SA and down-regulation by salt, osmotic stress 
and ABA was recently shown for its mtd gene in Arabidopsis plants (Zamski 
et al., 2001). In contrast, the massive up-regulation of the expression of this 
gene in the vascular tissues of salt-stressed Arabidopsis roots suggests a 
possible role for mannitol dehydrogenase in mannitol translocation and 
unloading and its interrelation with the sugar metabolism. 

Osmotin was detected in tobacco cells, exposed to gradually increasing 
concentrations of NaCl, which led to phenotypic adaptation and increased 
tolerance to NaCl (Singh et al., 1987). A cDNA clone encoding osmotin, 
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PhOSM, was isolated from a cDNA library constructed from petal protoplast 
cultures of Petunia hybrida (Kim et al., 2002). This gene was expressed 
primarily in roots and slightly in the pistil, 3 days after flowering. Its 
expression was strongly induced in leaves that were exposed to certain 
pathogens. Upon wounding, PhOSM transcripts were induced in the 
damaged leaf, but not systemically. Moreover, PhOSM transcript levels 
increased in response to octadecanoid pathway intermediates and treatment 
with aspirin or SA. These results indicate that PhOSM is developmentally 
regulated as well as being involved in stress signal transduction. 

Investigations on the expression of SbPRP gene, encoding a soybean 
proline-rich protein showed that it accumulates in the leaves and epicotyls of 
soybean seedlings, but not in the cotyledons, hypocotyls or roots (He et al.,
2002). SbPRP mRNA was also expressed in response to SA and virus 
infection. In addition, SbPRP gene transcription was regulated by circadian 
rhythm, salt stress, drought stress and plant hormones. These results indicate 
that the SbPRP gene might play a role in plant responses to multiple internal 
and external factors. The expression of another proline-rich protein, encoded 
by the PvSR1 (Phaseolus vulgaris stress-related protein) gene, was greatly 
enhanced in the leaf tissue not only by alfalfa mosaic virus infection, 
wounding, heat shock, UV, drought and salt stress, but also by exogenous 
factors such as SA and H2O2. The precise biological role of PvSR1 is still 
unknown, but the expression of PvSR1 genes, in various forms of stress, 
suggests that PvSR1 may play an important role in maintaining cellular 
integrity during the stress, by forming strong linkages with the cell wall 
(Chai and Zhang, 1999). 

Using the microarray technique several cytochrome P450 genes were 
detected in Arabidopsis, of which the expression was induced not only by 
biotic and abiotic stresses, but also by hormone treatments, including SA, 
suggesting cross-talk between different types of stress factors (Narusaka et 
al., 2004). Most cytochrome P450 genes induced by both abiotic and biotic 
stresses, contained the recognition sites of MYB and MYC, ACGT-core 
sequence, TGA-box and W-box for WRKY transcription factors in their 
promoters. These cis-acting elements are known to participate in the 
regulation of plant defence. The response of each gene to multiple stress is 
strictly regulated. Multiple forms of cytochrome P450-dependent 
monooxygenases catalyse the in-chain hydroxylation, end-terminal 
hydroxylation, and epoxidation of medium- and long-chain fatty acids. In 
plants, fatty acid hydroxylases are particularly important in the synthesis of 
plant cuticles and signalling molecules derived from fatty acids. Some 
members of the Arabidopsis thaliana CYP86A and CYP94B cytochrome 
P450 monooxygenase subfamilies, which share some sequence homology 
with animal and fungal fatty acid hydroxylases, have been functionally 
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defined as fatty acid omega-hydroxylases. Due to these activities, these and 
other fatty acid hydroxylases have a potential role in the synthesis of cutin, 
the production of signalling molecules, and the prevention of the 
accumulation of toxic levels of free fatty acids. The constitutive and stress-
inducible patterns of the five Arabidopsis CYP86A subfamily members have 
now been defined (Duan and Schuler, 2005). Very distinct expression 
patterns exist for each of these fatty acid hydroxylases under normal growth 
conditions and in response to environmental and chemical stresses. 
CYP86A1 transcripts were transiently induced by ABA and ACC 
treatments, more continuously induced by mannitol and clofibrate 
treatments, and more slowly induced by cold treatment and brassinosteroid 
treatments, while they were repressed by IAA and SA treatments. CYP86A2 
transcripts were transiently induced by wounding, ABA, mannitol, IAA and 
clofibrate treatments, more continuously induced by drought treatment, and 
induced more intensively in etiolated and dark-adapted seedlings compared 
to light-grown seedlings of the same age. CYP86A4 transcripts were 
transiently induced by ABA and IAA treatments and more continuously 
induced by cold treatment. In contrast to the transient responses of other 
CYP86A transcripts, CYP86A4 transcripts were repressed by short-term 
ACC treatment and induced by long-term ACC treatment. These transcripts 
were also repressed by wounding in etiolated seedlings. CYP86A7 
transcripts were transiently induced by clofibrate treatment, more 
continuously induced by MeJA treatment, and slowly induced by ABA 
treatment, while being significantly repressed by drought, SA, wounding, 
ACC and mannitol treatments. CYP86A8 transcripts were induced only by 
IAA and ABA treatments and repressed by wounding. An analysis of the 
promoter sequences for each of these genes together with their expression 
patterns has highlighted a number of elements in current databases that 
potentially correlate with the responses of individual genes. The observed 
patterns of inducible expression suggest that, in addition to their roles in 
normal growth and development, each of these P450s has a particular role in 
stress responses, although these results also suggest that the activation of 
these CYP86A genes does not involve SA- or MeJA-dependent pathways 
(Duan and Schuler, 2005).  

The detection and development of gene promoters specific for the 
pericarp epidermis (epicarp) of barley (Hordeum vulgare L.) is a critical step 
in the targeting of transgene-mediated disease resistance, since this tissue 
constitutes an early point of entry and proliferation of Fusarium 
graminearum, the main causal agent of disease. Plant lipid transfer proteins 
(LTPs) were defined by their ability to facilitate the transfer of 
phospholipids between membranes in vitro. Suggested roles in planta
include the formation and reinforcement of plant surface layers, 
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embryogenesis, defence against pathogens, symbiosis, and adaptation to 
various abiotic stress conditions (Kader, 1996). Transcripts of the TaLTP1 
gene were increased by water stress, such as treatment with various PEG 
concentrations or NaCl, hormone treatment (SA, ethephon), H2O2, or 
wounding (Jang et al., 2004). The search for a cereal promoter capable of 
driving preferential transgene expression in the pericarp epidermis of 
developing barley resulted in the cloning of a novel gene (Federico et al.,
2005). This encoded a polypeptide of 124 amino acids showing 87% identity 
with WBP1A, a wheat lipid transfer protein, but much lower homology to 
other barley LTPs. In addition to the epicarp, this Ltp-like gene, Ltp6, is 
highly expressed in coleoptiles and embryos under normal growth 
conditions. In contrast to other Ltps, such as Ltp3 or Ltp4, the expression of 
which was increased by salt and ABA but not by drought, cold, or SA in 
leaves, mRNA levels of Ltp6 increased in seedling tissues during salt and 
cold treatments and after the application of ABA and SA. An ATMYB2A-
binding site was found in the Ltp6 promoter. The Arabidopsis AtMyb2A 
gene encodes an MYB-related protein, which is strongly induced by ABA, 
drought and high salt (Urao et al., 1993). If an MYB transcription factor 
related to ATMYB2A exists in barley, this MYB-binding site could account 
for the ABA and high salinity response observed in the Ltp6 gene. In 
Arabidopsis, low temperature responsive elements, containing the CCGAC 
core-motif, have been found in many cold- and drought-responsive genes 
(Shinozaki and Yamaguchi-Shinozaki, 1996). Ltp6 consists of a sequence 
which could represent a binding site for both the HvCBF1 and HvCBF2 
barley transcription factors, which have been shown to activate cold-
inducible genes through a CCGAC core-motif (Xue, 2002; 2003), and which 
might account for the responsiveness of Ltp6 to cold stress. The presence of 
putative ABA- and gibberellin-responsive elements in the promoter region 
suggests that Ltp6 may respond to either gibberellin or ABA under certain 
developmental or stress conditions (Federico et al., 2005). 

The expression of the Arabidopsis phospholipase A IIA (AtPLA IIA) 
gene, which is a member of the patatin-related PLA gene family in plants 
and is homologous to the Ca2+-independent PLA2 gene family in animals, 
was induced by various treatments such as pathogen inoculation, cold, high 
salinity, ABA, SA (sprayed at a concentration of 5 mM), methyl JA, 
ethephon, paraquat, rose bengal, UV-C and CuSO4 (Narusaka et al., 2003). 
The sequences of putative cis-acting elements were found in the promoter 
region of the AtPLA IIA gene. This gene has two ACGT-sequences and a 
TGA-box in the promoter, which are known to be the core sequences of 
activation sequence-1 (Lam et al., 1989), which acts as an oxidative stress-
responsive element. Therefore, these sequences may function as cis-acting 
elements in the ROS-responsive promoters. The AtPLA IIA gene was also 
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induced by both osmotic stress and ABA treatment. Although the signalling 
factors involved in the induction of AtPLA IIA are unclear, it may play an 
important role in plant defence responses. 

3.2 Relationship with oxidative stress 

It is a well-known fact that most stress factors, whether biotic or abiotic, 
are usually associated with oxidative stress. This relationship may be 
indirect or secondary, as in the case of flooding stress, which may activate 
the antioxidant system in spite of the fact that it tends to cause oxygen 
deficiency (Yordanova et al., 2004). In many cases the increased tolerance 
can be attributed to the efficiency with which the plant is capable of 
neutralising ROS. 

Exposure to sublethal biotic and abiotic stresses renders plants more 
tolerant to a subsequent, normally lethal, dose of the same stress, a 
phenomenon referred to as acclimation or acquired resistance (Vierling, 
1991; Sticher et al., 1997). In fact, this induced stress resistance is not 
restricted to the same type of stress, cross-tolerance having been reported 
between different stresses (Strobel and Kuc, 1995; Bowler and Fluhr, 2000; 
Chini et al., 2004). Antioxidant defence responses have long been associated 
mainly with enhanced antioxidant enzyme activity and increased levels of 
antioxidant metabolites, such as ascorbic acid, glutathione, -tocopherol and 
carotenoids. More recently, the induction of small HSPs, the cellular 
protection gene glutathione-S-transferase, and the PR gene PR2 have also 
been associated with the acquisition of oxidative stress tolerance (Vranová et 
al., 2002). 

When applied at suitable concentrations, SA causes transient oxidative 
stress in plants, which acts as a hardening process, increasing the 
antioxidative capacity of the plants (Knörzer et al., 1999) or inducing the 
synthesis of stabilising substances such as polyamines (Németh et al., 2002). 
In tobacco and cucumber plants SA moderated the oxidative stress caused by 
paraquat (Strobel and Kuc, 1995). When young barley plants were treated 
with 0.5 mM SA for 1 day in the dark, the inhibitory effect of paraquat on 
photosynthesis could be averted. There was also a reduction in the H2O2

production, lipid peroxidation and membrane damage, induced by paraquat 
(Ananieva et al., 2002). At higher concentrations, however, SA itself may 
cause a high level of stress. 

One frequent result of both SA treatment and the acclimatisation process 
is a temporary reduction in catalase activity and a rise in the H2O2 level 
(Janda et al., 2003). The increased H2O2 level is mainly the result of the 
effect of SA on antioxidant enzymes (Klessig et al., 2000; Ganesan and 
Thomas, 2001). In Arabidopsis a long course of SA treatment reduced the 
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activity of APx as well as that of catalase, leading to cell death similar to the 
hypersensitive reaction (Rao et al., 1997). SA also led to a reduction in 
catalase and APx activity in Astragalus adsurgens Pall. callus culture, 
resulting in an increase in the H2O2 level (Luo et al., 2001). SA has proved 
capable of binding directly to catalase enzyme, isolated from tobacco, 
inhibiting its activity (Chen et al., 1993b; Conrath et al., 1995). The in vitro
catalase-inhibiting effect of SA has also been demonstrated in many other 
plant species (e.g. Arabidopsis, tomato, cucumber) (Sánchez-Casas and 
Klessig, 1994; Horváth et al., 2002). It is thought that the increased H2O2

level produced by the catalase-inhibiting effect of SA may play a role in the 
development of SAR (Chen et al., 1993a) and in the defence against abiotic 
stress effects involving oxidative damage (Gechev et al., 2002). 
Nevertheless, the significance of catalase inhibition in the induction of 
resistance is still dubious, partly because the binding of SA to catalase is not 
specific (it also binds to other iron-containing proteins such as aconitase; 
Rüffer et al., 1995), and partly because inhibition has not been observed 
unambiguously for all plant species. In tobacco all the catalase isoenzymes 
are inhibited by SA (Durner and Klessig, 1996), but in maize and rice a 
significant level of inhibition could not be detected (Sánchez-Casas and 
Klessig, 1994). Mild inhibition was caused by 1 mM SA in the activity of 
the CAT2 isoenzyme isolated from maize scutellum (Guan and Scandalios 
1995). This contradiction was partially solved when later studies found 
differences between the catalase isoenzymes in their sensitivity to SA, both 
in maize and rice. A substantial level of non-competitive inhibition was 
caused by 2 mM SA in the activity of the CAT1 isoenzyme of maize, while 
in the case of CAT2 the inhibition was competitive and weak (Horváth et al.,
2002). In rice SA inhibited the activity of the CATb isoenzyme, but not that 
of CATa (Chen et al., 1997). The CAT1 isoenzyme of maize and the CATb 
isoenzyme of rice, both of which are sensitive to SA, exhibited considerable 
sequence homology with tobacco catalase, which is also inhibited to a great 
extent by SA. The tissue-specific expression of various catalase isoenzymes 
may lead to differences in the effect of SA on the given tissue if catalase 
does indeed play a role in transmitting the effect of SA. 

As regards the mechanism of catalase inhibition, it is thought that SA 
might act as an electron donor, diverting catalase to the slower peroxidative 
pathway. At low levels of H2O2 this is manifested as inhibition, while at 
damaging levels of H2O2 it protects the enzyme (Durner and Klessig 1996). 
In the course of catalase inhibition, however, SA is converted into a free 
radical, which may then cause lipid peroxidation. Both the higher H2O2 level 
caused by catalase inhibition and the lipid peroxidation arising in the course 
of inhibition are thought to be involved in the signal transduction process 
leading to SA-dependent resistance (Anderson et al., 1998). There is 
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evidence that not only does SA cause a rise in the quantity of ROS in the 
cell, but ROS also lead to the accumulation of SA (León et al., 1995, Enyedi 
1999). This observation suggested the existence of a self-induced SA-H2O2

cycle resulting in the accumulation of ROS and the death of the cell (Van 
Camp et al., 1998). SA and its biologically active analogues may cause lipid 
peroxidation (Anderson et al., 1998) and may also lead to oxidative damage 
to proteins and to the formation of chlorophyll and carotene isomers. H2O2

treatment alone did not cause such a great extent of damage to membranes or 
proteins. Dimethyl-thiourea, on the other hand, which reduces the level of 
H2O2, moderated the damaging effect of SA treatment (Rao et al., 1997). A 
similar observation was made when the induction of somatic embryogenesis 
by SA was examined in callus culture of Astragalus adsurgens Pall. SA (0.2 
mM) increased the level of endogenous H2O2, but exogenous H2O2 was 
unable to substitute fully for the effect of SA, while dimethyl-thiourea 
moderated the effect of SA by reducing the H2O2 level (Luo et al., 2001). 
This suggests that the effect of SA is only mediated in part by H2O2. In 
addition to H2O2, a role may also be played by the SA free radical arising in 
the course of catalase inhibition and the consequent lipid peroxidation 
(Klessig et al., 2000). Recent results revealed that the SA-induced H2O2

accumulation in germinating wheat seedlings was not associated with the 
inhibition of catalase or APx. It is suggested that the abiotic stress signal is 
transduced via ABA, Ca2+ and H2O2, which might be responsible for the 
activation of a common transcription factor associated with certain 
antioxidant enzymes (Agarwal et al., 2005). 

As previously mentioned, several studies have supported a major role of 
SA in modulating plant responses to abiotic and biotic stresses, by the 
induction of antioxidant capacity. In some cases SA stimulates the activity of 
the Cu- and Zn-SOD enzymes, which again may contribute to a rise in the 
H2O2 level (Rao et al., 1997; Azevedo et al., 2004). There are several 
enzyme systems capable of removing excess H2O2, including the ascorbate-
glutathione cycle in the chloroplasts. The glutathione metabolism in plants 
may play a key role in determining the degree of expression of defence 
genes controlled by various signalling pathways both before and during 
stress. This control may reflect the physiological state of the plant at the time 
of the onset of an environmental challenge and suggests that changes in the 
glutathione metabolism may be one means of integrating the functions of 
different signalling pathways (Kocsy et al. 1997, 2001, 2004; Ball et al.,
2004). The activity of glutathione reductase is also stimulated by SA in vivo,
as shown in mustard and maize plants after exogenous SA treatments (Dat et 
al., 1998a, Janda et al., 1999). Tobacco plants growing in vitro in the 
presence of 0.01 or 0.1 mM SA also showed increased glutathione reductase 
and dehydroascorbate reductase activity in the shoots, although there was no 
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significant effect on APx. SA at 0.1 mM also increased the 
monodehydroascorbate reductase (MDHAR) activity. The ascorbate redox-
ratio was maintained in the shoots of plants grown on 0.01 mM SA, despite 
increases in the ascorbate and dehydroascorbate levels. However, on 0.1 mM 
SA, the ascorbate redox-ratio decreased by more than 40% due to a 300% 
increase in dehydroascorbate. The glutathione redox-ratio was maintained in 
the shoots of plants grown on either SA concentration, despite increase in 
the glutathione level (Dat et al., 2000). In cucumber hypocotyls, SA 
significantly increased the activity of these enzymes in control and chilled 
tissue, while having no effect on the activities in radicle tissues (Kang and 
Saltveit, 2002). The treatment of Ficus carica leaves with SA by submerging 
the leaves into 5 mM SA solution did not cause any significant increase in 
the mRNA level of peroxidase (Kim et al., 2003a). However, it should be 
mentioned that although the total activity did not increase substantially in 
maize treated with SA, a new peroxidase isoform was detected (Janda et al.,
1999).

MDHAR maintains reduced pools of ascorbate by recycling the oxidized 
form of ascorbate. The screening of a Brassica campestris cDNA library led 
to the identification of an MDHAR cDNA (BcMdhar) which encodes a 
polypeptide containing 434 amino acids. This polypeptide possesses 
domains characteristic of FAD- and NAD(P)H-binding proteins (Yoon et al.,
2004), and shows a high level of identity to the cytosolic MDHAR of rice, 
pea and tomato, but does not possess an N-terminal leader sequence, 
suggesting that it encodes a cytosolic form of MDHAR. The level of 
BcMdhar mRNA increased in response to oxidative stress invoked by H2O2,
SA, paraquat and ozone.  

Glutathione peroxidases are also enzymes which protect cells against the 
oxidative damage generated by ROS. Up to now seven related proteins have 
been identified in Arabidopsis thaliana plants, and the expression of the one 
showing the strongest response to abiotic stress was also affected by several 
plant hormones, including SA (Milla et al., 2003). Along with 
plasmalemmal redox systems, cell-wall peroxidase is involved in the 
production of superoxide and H2O2. Under stress conditions, some soluble 
peroxidase isoforms are easily secreted into the apoplast. Various 
membranotropic compounds, SA in particular, can also induce this process. 
Mobile peroxidase forms are thought to induce the plant defence response 
(Minibaeva et al., 2003).  

Glutathione S-transferases (GST) form a large family of non-
photosynthetic enzymes known to function in the detoxification of 
xenobiotics. The effect of SA is ambiguous in the case of the GST enzyme. 
The in vitro activity of the enzyme is inhibited non-competitively by SA 
(Watahiki et al., 1995), which, however, stimulates its expression. PEG and 
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heavy metals rapidly induced the osgstu4 and osgstu3 genes in rice seedling 
roots (Moons, 2003). Osgstu4 and osgstu3 were also induced in roots by 
hypoxic stress but not by cold nor heat shock. Salt stress and ABA also 
induced osgstu3 in rice roots, whereas osgstu4 exhibited late salt stress and 
no ABA response. SA, JA and the auxin naphthalene acetic acid triggered 
osgstu4 and osgstu3 expression. Osgstu4 and osgstu3 were rapidly and 
markedly induced by the antioxidant dithiothreitol and by the strong oxidant 
H2O2, suggesting that redox perturbations and ROS are involved in their 
stress response regulation. Similarly, SA caused an increase in the 
expression of the Gnt35 gene coding for GST in tobacco cells. Recently a 
novel, low temperature-regulated, Solanum commersonii GST gene (Scgst1) 
was cloned and characterized from a cold acclimated wild potato species and 
the level of its transcription was studied in freezing-tolerant and sensitive 
Solanum genotypes (Seppanen et al., 2000). Increased GST enzyme activity 
was observed in S. commersonii and SH9A after 2 days of cold acclimation, 
whereas the activity declined in S. tuberosum during the same period. ROS 
were associated with the early steps of Scgst1 regulation since a strong 
mRNA signal was detected in plants treated with H2O2 and SA. Under 
experimental conditions where the formation of ROS is known to accelerate, 
such as excessive light at low temperature, a significant accumulation of the 
transcript was observed in S. commersonii. Under similar experimental 
conditions, the Scgst1 transcript did not accumulate in freezing-sensitive S. 
tuberosum though a single copy of the Scgst1 sequence was present in both 
species. The abundance of Scgst1 transcript correlated well with the freezing 
tolerance of the parental lines and the somatic hybrid SH9A. However, 
further studies of potato lines derived by selfing the somatic hybrid revealed 
a more complex relationship between freezing tolerance and Scgst1 
expression level. A SA-responsive component (as-1) was found in the 
promoter region of some GST genes, which is activated not only by SA but 
also by auxin and methyl JA via reactive oxygen forms (Garretón et al.,
2002).  

3.3 Role of alternative oxidases 

One of the best known roles of endogenous SA is its role in heat 
production, which is due to the enhanced activity of the cyanide-resistant or 
alternative respiration chain (Raskin et al., 1987). An increase in the 
alternative pathway can also be observed during chilling stress (Moynihan et 
al., 1995). It was assumed that the increased capacity to produce respiratory 
heat after exposure to chilling temperatures might contribute to the cold-
acclimation process. A correlation was also found between the activity of the 
alternative respiratory pathway and the chilling tolerance of maize lines 
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(Vandeventer, 1985; Luxova and Gasparikova, 1999). On the other hand, 
studies of the electron partitioning between the cytochrome and the 
alternative respiratory pathways during chilling recovery, using the oxygen 
isotope fractionation technique, revealed that electron partitioning to the 
alternative pathway was greater in the chilling-sensitive maize line, which 
suffered greater stress, so it was suggested that the increased activity of the 
alternative pathway is not related to the tolerance of the plant to chilling 
(Ribas-Carbo et al., 2000). The existence of multiple pathways to regulate 
the expression of the alternative oxidase genes encoding the alternative 
oxidase was recently demonstrated in soybean (Djajanegara et al., 2002). 
The Aox1 gene is specifically induced by a variety of stress and metabolic 
conditions, including SA, via at least two independent signal transduction 
pathways. Similar results were found when using the mRNA differential 
display technique; seven cDNAs were isolated that were rapidly induced 
when cultured tobacco (Nicotiana tabacum) cells were treated with 
antimycin A (Maxwell et al., 2002). All the cDNAs, as well as Aox1, were 
found to be strongly induced by H2O2 and SA. The antimycin, H2O2 or SA 
treatment of tobacco cells caused a rapid rise in intracellular ROS 
accumulation but if it was prevented by antioxidant treatment, gene 
induction was inhibited. Besides antimycin, both H2O2 and SA were found to 
disrupt normal mitochondrial function, resulting in decreased rates of 
electron transport and a lowering of cellular ATP levels. These findings 
suggest that the mitochondrion may play an important role in conveying 
intracellular stress signals to the nucleus, leading to alterations in gene 
expression. 

3.4 Protein kinases 

Reversible protein phosphorylation/dephosphorylation plays an important 
role in signalling adaptive responses to several types of stress (Bassett, 
2001). The first step in signal relay is the perception of a chemical or 
physical signal, such as a change in temperature or light. One type of sensor 
commonly used to initiate a response to the signal is a receptor protein 
kinase (RPK). Plants utilize two types of RPKs: histidine-phosphorylating 
types, such as the ethylene receptor, and serine/threonine-phosphorylating 
types, such as the brassinosteroid receptor. A receptor-like protein kinase 
gene (Ppsrkl1) was isolated from a peach (Prunus persica L. Batsch.) bark 
cDNA library prepared with RNAs isolated from bark collected in December 
under cold acclimation conditions (Bassett et al., 2005). Because peach is a 
self-compatible species and the gene was originally identified in December 
bark tissue, it can be assumed that the expression of this gene might be 
responsive to environmental stresses related to winter, i.e. low temperatures, 



128 T.  Janda, E. Horváth, G. Szalai and E. Páldi

short-day photoperiod or water limitation. This gene is related to the S-locus 
family of receptor protein kinases (SRKs), which belongs to a group of 
serine/threonine-phosphorylating type RPKs. In bark tissues, Ppsrkl1 was 
induced by water deficit treatment, and repressed by short-day photoperiods, 
while it showed no response to cold treatment. There was also an increase in 
Ppsrkl1 mRNA in the roots in response to water deficit. The addition of 
25mM SA prevented the decline in Ppsrkl1, 12 h after wounding in fruit, but 
did not further induce the mRNA in samples taken earlier. The quantity of 
Ppsrkl1 mRNA rapidly decreased in fruit after 10-min exposure to UV-C 
radiation, followed by a return to normal levels within 1.5 h. These 
experiments indicate that Ppsrkl1 is negatively regulated by light and 
positively influenced by SA treatment in fruit and by water stress in bark and 
roots. 

In plants, two classes of stress-activated protein kinases, mitogen-
activated protein kinases (MAPKs) and calcium-dependent protein kinases 
(CDPKs) have so far been reported to integrate multiple environmental 
stresses and undergo rapid biochemical activation upon exposure to biotic 
and abiotic stimulation. The MAPK signal transduction cascades are routes 
through which eukaryotic cells deliver extracellular messages to the cytosol 
and nucleus (Morris, 2001). These signalling pathways direct cell division, 
cellular differentiation, metabolism, and both biotic and abiotic stress 
responses. In plants, MAPKs and the upstream components of the cascades 
are represented by multigene families, organized into different pathways 
which are stimulated and interact in complex ways. In particular, it was 
proposed that two MAPKs, tobacco SA-induced protein kinase (SIPK) and 
wound-induced protein kinase (WIPK), and their respective orthologue in 
other plant species functioned as central convergence points in stress 
signalling (Zhang and Klessig, 1997; 1998; Jonak et al., 2002). Plants 
normally respond to wounding with enhanced levels of JA, which in turn is 
involved in the induction of wound-induced genes (Farmer and Ryan, 1992). 
However, SA also increased in wounded leaves (Seo et al., 1995b). It was 
assumed that WIPK may regulate JA synthesis by the phosphorylation of 
cytoplasmic phospholipase A2, and that JA may suppress SA synthesis. The 
opposite effects of SA and JA have also been reported for the regulation of a 
wound-inducible ipomoelin gene isolated from sweet potato (Ipomoea 
batatas). Besides mechanical wounding, ethylene and methyl JA were 
identified as signal transducers leading to the accumulation of ipomoelin 
mRNA. However, treatment with SA reduced the production of mRNA, 
further supporting the involvement of the octadecanoid pathway in the signal 
transduction of wounding in sweet potato. The application of the protein 
phosphatase inhibitor okadaic acid, a calcium ion chelator or channel 
blockers also blocked the methyl JA- or ethylene-induced accumulation of 
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ipomoelin mRNA, indicating that the activation of this gene by both MeJA 
and ethylene proceeded via dephosphorylated proteins and that the calcium 
ion was also involved in the activation process (Chen et al., 2003). Another 
example of the opposite effect of SA and JA has been reported in sweet 
potato: SA, as an inhibitor of the octadecanoid pathway, strongly suppressed 
the promoter function of sporamin, a tuberous storage protein stimulated by 
wounding and methyl JA treatments (Wang et al., 2002). Nevertheless, there 
are also genes where the effect of SA and JA is the same, as it was reported 
for the expression of resveratrol synthase genes, which can be induced by 
biotic and abiotic factors, such as UV light, wounding or paraquat, and by 
stress hormones, such as ethylene, JA and SA, but not by ABA (Chung et
al., 2001; 2003). 

Two protein kinases with molecular masses of 48 and 40 kD are 
activated in tobacco cells exposed to NaCl (Hoyos and Zhang, 2000). The 
48-kD protein kinase was identified as SIPK. The activation of the 40-kD 
protein kinase is rapid and dose-dependent. Other osmolytes such as Pro and 
sorbitol activate these two kinases with similar kinetics. The activation of 
40-kD protein kinase is specific for hyperosmotic stress, as hypotonic stress 
does not activate it. Therefore, this 40-kD kinase was named HOSAK (high 
osmotic stress-activated kinase). HOSAK is a Ca2+-independent kinase and 
uses myelin basic protein and histone equally well as substrates. The kinase 
inhibitor rapidly activates HOSAK in tobacco cells, implicating a 
dephosphorylation mechanism for HOSAK activation. The activation of 
both SIPK and HOSAK by high osmotic stress is Ca2+- and ABA-
independent. Furthermore, a mutation in the Ca2+ sensor-encoding SOS3 
locus, which leads to a salt overly sensitive phenotype does not affect the 
activation of either kinase in Arabidopsis seedlings. These results suggest 
that SIPK and 40-kD HOSAK are two components in a Ca2+- and ABA-
independent pathway that may lead to plant adaptation to hyperosmotic 
stress. It was also shown that a rice gene encoding an MAPK kinase, 
OsEDR1, is constitutively expressed in seedling leaves and is up-regulated 
within a few minutes upon wounding, or treatment with JA, SA, ethylene, 
ABA or H2O2 (Kim et al., 2003b). Protein phosphatase inhibitors, the fungal 
elicitor chitosan, drought, high salt and sugar, and heavy metals also 
dramatically induce its expression. OsEDR1 expression was altered by the 
co-application of JA, SA and ethylene, and required de novo synthesized 
protein factor(s) in its transient regulation. Using an in vivo system it was 
shown that OsEDR1 responds to changes in temperature and environmental 
pollutants. The expression of OsEDR1 varied significantly in vegetative and 
reproductive tissues, suggesting a role for OsEDR1 in defense/stress 
signalling pathways and development. 
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Two novel rice (Oryza sativa L.) MAPKs, OsMSRMK3 (multiple stress 
responsive) and OsWJUMK1 (wound- and JA-uninducible), which most 
likely exist as single copy genes in the genome, were recently isolated 
(Agrawal et al., 2003). The steady state mRNA analysis of these MAPKs, 
which are constitutively expressed in the leaves of two-week-old seedlings, 
revealed that OsMSRMK3 was up-regulated upon wounding, JA, SA, 
ethylene, ABA, H2O2, protein phosphatase inhibitors, chitosan, high 
salt/sugar, and heavy metals, whereas OsWJUMK1 was not induced by 
either wounding, JA or SA, and showed up-regulation only as the result of 
H2O2, heavy metals and cold stress. Moreover, these MAPKs were 
developmentally regulated. These results strongly suggest a role for 
OsMSRMK3 and OsWJUMK1 in both stress-signalling pathways and 
development in rice. 

Calcium may control the activity of plant protein kinases through indirect 
or direct interaction with the enzymes. Indirect interactions involve 
calmodulin, a calcium-binding protein. Six Arabidopsis genes designated as 
AtSR1-6, related to a tobacco early ethylene-responsive gene, encoding a 
calmodulin-binding protein, were also shown to be rapidly and differentially 
induced by environmental signals such as temperature extremes, UV-B, salt 
and wounding, by hormones such as ethylene and ABA and by signal 
molecules such as methyl JA, H2O2 and SA (Yang and Poovaiah, 2002). 
AtSR1 targets the nucleus and specifically recognizes a novel 6-bp CGCG 
box (A/C/G)CGCG(G/T/C). Multiple CGCG cis-elements are found in 
promoters of genes such as those involved in ethylene signalling, ABA 
signalling and light signal perception. These results suggest that the AtSR 
gene family encodes a family of calmodulin-binding/DNA-binding proteins 
involved in multiple signal transduction pathways in plants. The direct 
interaction of calcium with enzymes implicates a multi-family protein 
referred to as calcium-dependent protein kinases (CDPKs), which fall into 
the serine/threonine class of protein kinases found mainly in plants and in 
some protozoans (Harmon et al., 2001). CDPKs from many species have 
been shown to be involved in stress responses. Cold treatment has previously 
been shown to enhance the activity of a rice CDPK (Martin and Busconi, 
2001), while the over-expression of the rice CDPK, OsCDPK7, confers cold 
and salt tolerance in the transgenic tissues (Saijo et al., 2000). Transcripts of 
a previously identified tomato CDPK, LeCDPK1, increase transiently in 
plants subjected to mechanical wounding, both at the wound site and in non-
wounded leaves (Chico et al., 2002). The increase observed in LeCDPK1 
mRNA upon wounding correlates with an increase in the activity of a soluble 
CDPK detected in extracts of tomato leaves. CDPK mRNA accumulation 
has been shown previously to be induced by GA, ABA, cytokinin (Yoon et
al., 1999), indole-3-acetic acid (Davletova et al., 2001), and brassinolide 
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(Yang and Komatsu, 2000). The Capsicum annuum calcium-dependent 
protein kinase 3 (CaCDPK3), localized in the cytosol in chili pepper 
protoplasts, was rapidly induced in response to various osmotic stress factors 
and exogenous ABA application in pepper leaves. CaCDPK3 RNA 
expression was also induced by an incompatible pathogen and by plant 
defence-related chemicals such as ethephon, SA and JA. It is assumed that 
CaCDPK3 is implicated in biotic and abiotic stresses in pepper plants 
(Chung et al., 2004). 

A cDNA clone (LeCRK1), encoding a novel isoform of calcium-
dependent protein kinase (CDPK), was isolated by screening a tomato 
(Lycopersicon esculentum) cDNA library (Leclercq et al., 2005). The protein 
derived from the full-length sequence indicated that it belongs to the family 
of CDPK-related kinases (CRKs) and the predicted amino acid sequence 
shows a modular organization of the protein, consisting of various 
characteristic domains. The kinase domain of LeCRK1 shows a high degree 
of similarity with the catalytic domain of CDPKs. In contrast to canonical 
members of the family, LeCRK1 has a degenerate sequence in the C-
terminal calmodulin-like domain. LeCRK1 protein was shown to be a 
functional kinase, but, consistent with the lack of calcium-binding activity, 
its autophosphorylation activity did not require calcium. LeCRK1 harbours 
an amphiphilic amino acid region, revealed by in vitro assay to be a 
functional calmodulin-binding site. The native protein is anchored to the 
plasma membrane by acylated residues. Expression studies revealed a 
significant accumulation of LeCRK1 transcripts during fruit ripening, 
although transcripts were also detected in stem, leaf and flower. LeCRK1 
transcript levels are low in unstressed leaves, but increase in response to 
wounding and cold treatment. Gene expression was slightly induced by 
ethylene and by spraying the leaves with a 4 mM solution of SA, and by 
mechanical wounding or cold treatment.  

ROS accumulating due to unfavourable changes in environmental 
conditions may also trigger the activation of signalling cascades such as the 
mitogen-activated protein kinase cascade and the accumulation of plant 
hormones, such as JA, SA and ethylene. It was shown that in Arabidopsis
plants ozone treatment caused a transient activation of 43 and 45 kDa 
MAPKs, identified as AtMPK3 and AtMPK6, via the generation of ROS in 
the apoplast (Ahlfors et al., 2004). The initial AtMPK3 and AtMPK6 
activation in response to ozone was not dependent on ethylene signalling, 
though ethylene is likely to have secondary effects on AtMPK3 and 
AtMPK6 function, whereas functional SA signalling was needed for full-
level AtMPK3 activation by ozone. It was also shown that AtMPK3, but not 
AtMPK6, responded transcriptionally and translationally during ozone 
exposure. The activated AtMPK3 and AtMPK6 are translocated to the 
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nucleus during the early stages of ozone treatment. The use of ozone to 
induce apoplastic ROS formation offers a non-invasive in planta system 
amenable to reverse genetics that can be used for the study of stress-
responsive MAPK signalling in plants (Ahlfors et al., 2004). In another 
study, the regulation of the MAP kinase gene (OsMAPK2) expression was 
investigated in rice under metal stress conditions (Hung et al., 2005). The 
accumulation of OsMAPK2 transcripts was enhanced by copper and H2O2 in 
rice root-tip cells. Glutathione, calcium chelator, plasma membrane calcium 
channel blocker and the protein phosphatase inhibitor, cantharidin inhibited 
copper-induced OsMAPK2 gene activation. These results support the idea 
that the stimulation of OsMAPK2 transcript accumulation by copper in rice 
roots may operate through an intracellular signalling cascade mediated by 
ROS, extracellular calcium ions and cantharidin-sensitive protein 
phosphatase.  

As shown in tobacco plants, ozone may also induce rapid activation of 
SIPK. Transgenic manipulation has previously shown that the 
overexpression of SIPK leads to enhanced ozone-induced lesion formation 
with the concomitant accumulation of ROS. Ozone treatment strongly 
induced ethylene formation in sensitive SIPK-overexpressing plants at ozone 
concentrations that failed to elicit stress ethylene release in wild-type plants. 
By contrast, SIPK-overexpressing plants displayed no ozone-induced SA 
accumulation, whereas wild-type plants accumulated SA upon ozone 
exposure. The epistatic analysis of SIPK-overexpressing function suggests 
that the ozone-induced cell death observed in SIPK-overexpressing plants is 
either independent, or upstream, of SA accumulation (Samuel et al., 2005). 

4. RELATIONSHIP BETWEEN BIOTIC AND 
ABIOTIC STRESS FACTORS 

It was established by Pastori and Foyer (2002) that the mechanisms of 
abiotic and biotic stress resistance have many points in common. The 
enhanced resistance of barley (Hordeum vulgare L.) against barley powdery 
mildew was induced by abiotic stresses, such as osmotic or proton stresses 
(Wiese et al., 2004). Another interesting example of common pathways for 
the regulation of protective mechanisms against biotic and abiotic stresses 
was recently shown using the edr1 (enhanced disease resistance 1) 
Arabidopsis mutant, which displays enhanced stress responses and 
spontaneous necrotic lesions under drought conditions in the absence of 
pathogens, suggesting that EDR1, which encodes a CTR-1 like kinase, is 
also involved in stress response signalling and cell death regulation. Double 
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mutant analyses showed that the edr1-mediated growth inhibition and cell 
death phenotypes are also SA-dependent (Tang et al., 2005). 

Despite these similarities, however, there are also differences, raising the 
question of how the two types of responses are integrated if plants are 
exposed simultaneously to both biotic and abiotic stress (Mittler, 2002). SA 
and ROS play a key role in both processes. 

An antifungal protein (GtAFP1) showing antimicrobial activity against 
phytopathogenic fungi was recently purified from leaves of Gentiana triflora
(Kiba et al., 2005). The deduced amino acid sequence of the cDNA of the 
corresponding gene, GtAFP1, showed 94, 75, 72 and 63% amino acid 
identity with peroxyredoxin Q from Populus balsamifera x P. deltoides 
subsp. trichocarpa, Sedum lineare, Suaeda maritima and Arabidopsis 
thaliana, respectively. It is suggested the GtAFP1 gene is present in the 
genome in one to two copies and was expressed in leaves, roots and stems. 
The expression of GtAFR1 was induced by treatment with SA, but not by 
methyl JA. Recombinant GtAFP1 protein showed not only antifungal 
activity but also thioredoxin-dependent peroxidase activity. The 
overexpression of GtAFP1 in tobacco plants improved tolerance not only 
against fungal diseases but also against oxidative stress. These results 
indicate that GtAFP1 might act as a disease and oxidative stress defensive 
gene in plants and could be useful for engineering stress-resistant plants. 

The recent characterization of a number of genes suggested that 
ubiquitin-mediated protein degradation has a role in plant defence responses. 
The 26S proteasome involved in the degradation of proteins covalently 
modified with polyubiquitin consists of the 20S proteasome and the 19S 
regulatory complex. The NbPAF gene encoding the alpha6 subunit of the 
20S proteasome was identified from Nicotiana benthamiana (Kim et al.,
2003c). NbPAF mRNA was detected abundantly in flowers and weakly in 
roots and stems, but it was almost undetectable in mature leaves. In response 
to stresses, the accumulation of NbPAF mRNA was stimulated by methyl 
JA, NaCl and SA, but not by ABA or cold treatment in leaves. Recently two 
cDNAs (NtUBA1 and NtUBA2) encoding ubiquitin-activating enzyme from 
Nicotiana tabacum cv. BY-2 were isolated (Takizawa et al., 2005). These 
enzymes and the corresponding transcripts were up-regulated by infection 
with tobacco mosaic virus and tomato mosaic virus, and to a lesser extent by 
cucumber mosaic virus. Furthermore, they were also up-regulated by 
wounding stress, and by the plant hormones SA, JA and the ethylene 
precursor, ACC. These findings support the idea that the ubiquitin-
proteasome system plays a role in plant disease defences. 

Ten peroxidase genes (designated TmPRX1 to TmPRX10) were recently 
isolated and characterized from a cDNA library constructed from the leaf 
epidermis of diploid wheat (Triticum monococcum) infected with the 
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powdery mildew fungus (Blumeria graminis f. sp. tritici) (Liu et al., 2005). 
Consistent with its abundance in the EST collection, TmPRX1 expression 
showed the highest induction during pathogen attack and fluctuated in 
response to the fungal parasitic stages. TmPRX1 to TmPRX6 were 
expressed predominantly in mesophyll cells, whereas TmPRX7 to 
TmPRX10, which feature a putative C-terminal propeptide, were detectable 
mainly in epidermal cells. The differential expression profiles of the 
TmPRXs after abiotic stresses and signal molecule treatments were used to 
dissect the potential role of these peroxidases in multiple stress and defence 
pathways.  

Transcription of the pepper defensin CADEF1 gene isolated from a 
cDNA library constructed from pepper leaves infected with an avirulent 
strain of Xanthomonas campestris pv. vesicatoria was induced earlier and 
more strongly by X. campestris pv. vesicatoria infection in the incompatible 
than in the compatible interaction. CADEF1 mRNA was constitutively 
expressed in the stem, roots and green fruit of pepper. Transcripts of 
CADEF1 gene accumulated to a great extent in pepper leaf tissues treated 
with SA, methyl JA, ABA, H2O2, benzothiadiazole and D,L- -amino-n-
butyric acid. In situ hybridization results revealed that CADEF1 mRNA was 
localized in the phloem areas of vascular bundles in leaf tissues treated with 
exogenous SA, methyl JA and ABA. A strong accumulation of CADEF1 
mRNA occurred in pepper leaves in response to wounding, high salinity and 
drought stress. These results suggest that bacterial pathogen infection, 
abiotic elicitors and certain environmental stresses may play a significant 
role in the signal transduction pathway for CADEF1 gene expression (Do et 
al., 2004).  

An Arabidopsis mutant, designated adr1 (activated disease resistance1), 
constitutively expressed SA-dependent defence genes and was resistant to a 
broad spectrum of virulent pathogens (Grant et al., 2003). ADR1 was found 
to encode a coiled-coil/nucleotide-binding site/leucine-rich repeat protein, 
which possessed domains of homologous with serine/threonine protein 
kinases. It was also shown that either the constitutive or conditional 
enhanced expression of ADR1 conferred significant drought tolerance. This 
was not a general feature of defence-related mutants because cir
(constitutive induced resistance)1, cir2 and cpr (constitutive expressor of PR 
genes)1, which constitutively express systemic acquired resistance, failed to 
exhibit this phenotype. The increased drought tolerance of adr1 was not 
indicative of cross-tolerance, because it did not show an increase in tolerance 
of other stress factors, they showed increased sensitivity to heat and salinity 
stress. Furthermore, neither hemizygous nor homozygous adr1 plants 
exhibited either increased tolerance or sensitivity to heavy metal stress. In a 
similar fashion, adr1 plants failed to exhibit any significant tolerance to 
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freezing (Chini et al., 2004). Similar observations were made when a P4-
chitinase genomic sequence was isolated from a bean genomic library using 
a P4-ch cDNA. Various stress conditions, such as wounding, SA and NaCl 
treatments, heat and cold stress were applied to bean (Phaseolus vulgaris)
plants. Whereas wounding, NaCl treatment and cold stress were ineffective, 
the transcription of P4-chitinase mRNA was induced by SA treatment and, 
surprisingly, in response to heat stress (Margispinheiro et al., 1994). Hence, 
adr1-activated signalling may antagonise some stress responses. The 
Northern analysis of abiotic marker genes revealed that the dehydration-
responsive element DREB2A was expressed in adr1 plant lines, but not 
DREB1A, RD(response to dehydration)29A or RD22. Furthermore, 
DREB2A expression was SA-dependent but NPR (non-expressor of PR 
genes)1-independent. In the double mutants adr1/ADR1 NahG, adr1/ADR1 
eds (enhanced disease susceptibility)1 and adr1/ADR1 abi1 (ABA 
insensitive), drought tolerance was significantly reduced. The microarray 
analysis of plants containing a conditional adr1 allele demonstrated that a 
significant number of the up-regulated genes were previously implicated in 
responses to dehydration (Chini et al., 2004). 

5. CONCLUSIONS
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Figure 1. Schematic model of the action of SA on the induction of abiotic stress tolerance. 
For details see the text. 

It is clear from the above results, that SA could be a very promising 
compound for the reduction of the abiotic stress sensitivity of crops, since 
under certain conditions it has been found to mitigate the damaging effects 
of various stress factors in numerous plant species (Figure 1).  
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However, a number of questions remain unanswered at both the 
theoretical and the practical level. A similar effect is exerted by many related 
compounds involved in the synthesis of SA, whether artificial or naturally 
occurring in plants. This raises the question of whether SA is the only, or the 
most important key molecule. In certain cases contradictory results are 
obtained in investigations on the effect of exogenous SA application and that 
of endogenous SA levels. It is not yet clear whether the effect of exogenous 
SA is direct or whether it is connected with that of endogenous SA. SA is 
part of an extremely complex signal transduction network. The clarification 
of these questions could bring us closer to an understanding of the control 
mechanism. 
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LEGUME SYMBIOSIS AND ABIOTIC STRESSES 
IN HIGHER PLANTS 
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Sainte Anne de Bellevue, Qc, Canada, H9X 3V9. 

Abstract: Salicylic acid (SA) is an endogenous plant growth regulator. SA is involved in 
various physiological processes of plant growth and development and plays an 
active role in plant defense responses. SA also plays a major role during the 
early stages of Rhizobium-legume symbiosis. Nod factors produced by 
rhizobia, in response to legume produced flavonoids, affect SA content of the 
host plant during the early stages of nodulation. On the other hand, SA inhibits 
bacterial growth and the production of Nod factors by rhizobia. Exogenous 
application of SA delays nodule formation and decreases the number of 
nodules at the roots of the host plant.  SA protects plants under abiotic stresses 
such as drought, salinity, low and high temperatures, and the damaging action 
of heavy metals. The ability of SA to protect plants exposed to abiotic stresses 
is due to the induction of a series of signal transduction cascades leading to the 
expression of genes responsible for the protection of plants from the stress. 

Key words: Abiotic stresses, rhizobium, salicylic acid 

1. INTRODUCTION 

The role of salicylic acid (SA) in plant responses to pathogens (biotic 
stress) has been well characterized, however, the responses to abiotic 
stresses, and also to non-pathgenic infections, have been revealed more 
recently (see below).  For this reason this review concentrates on the two 
latter aspects mentioned above.   
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©  2007 Springer.



In their natural habitats plants are constantly exposed to pathogenic and 
non-pathogenic microorganisms. Pathogenic microorganisms do not always 
cause diseases in plants. In some cases the pathogen spreads, after invading 
the host plant, and disease development is arrested after the initial 
development of necrotic lesions on the plant. The first set of plant responses 
to an invading pathogen are: hypersensitive response leading to localized 
plant cell death around the infected sites. The formation of necrotic lesions is 
accompanied by an array of biochemical changes in the remaining parts, so 
far uninfected parts of the plant, including generation of reactive oxygen 
species (ROS); known as oxidative burst, cell death; biosynthesis of 
phenolic compounds, especially SA; and induction of pathogenesis related 
(PR) proteins (Durrant and Dong, 2004). Once a plant has recovered from a 
disease, it can generate systemic resistance to future infections in the whole 
plants– a phenomenon known as systemic acquired resistance (SAR). The 
central role of SA in SAR has been studied extensively (Dempsey et al.,
1999; Durrant and Dong, 2004). 

Another specific plant-microbe association occurs between legume plants 
and rhizobia. Bacteria of the family Rhizobiaceae, generally known as 
rhizobia, belong to phylogenetically distinct genera (Azorhizobium, 
Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium) and 
individual species of these genera have specific host ranges that allow them 
to nodulate either a limited or an extensive set of legumes (Perret et al.,
2000). The initial interaction between the two symbiotic partners is a highly 
specialized process and involves an exchange of signals between the host 
plant and the colonizing bacteria. Specific flavonoid(s) act as plant-to-
bacteria signals, while specific Nod factors, structurally known as lipo-
chitooligosaccharides (LCOs), act as bacteria-to-plant signal molecules 
(Schultze and Kondorosi, 1998). The plant produced signals (specific 
flavonoids) are recognized by the cellular membrane-bound NodD protein of 
rhizobia which, upon activation, binds to the ‘nod box’ sequence upstream 
of the nod genes and induce the transcription of the nod genes leading to the 
biosynthesis of Nod factors (Loh and Stacey, 2003). Nod factors are lipo-
chitooligosaccharides (LCOs), comprised of a chitin oligomer backbone of 
chains of three to five 1-4 -linked N-acetylglucosamine residues with an 
acyl chain at the terminal non-reducing sugar in place of an N-acetyl group 
(Figure 1). Upon successful exchange of signal molecules between the two 
symbiotic partners, bacteria attach to the root hair, cause root hair curling 
and induce the formation of specialized infection threads, initial steps in the 
organogenesis of a nitrogen fixing nodule (Broughton et al., 2003).  

The ability of a plant to distinguish between pathogenic and symbiotic 
bacteria largely depends upon the chemical communication of molecular 
signals between the macro and the micro partners. This initial exchange of 
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signals is extremely important as, at this stage, a plant discriminates between 
pathogenic and symbiotic partners, allowing one to enter root hairs and 
develop a nitrogen fixing symbiosis, or inducing an array of defense 
responses to isolate the invading pathogenic microorganisms. However, in 
both the cases, microbe is attempting to infect the plant (Broughtone et al., 
2003: Quirino, and Bent, 2003). 

During the last decade our understanding of the roles of salicylic acid in 
plant microbe interactions and plant responses to abiotic stresses have 
improved considerably (Pieterse et al., 2001; Oostendorp et al., 2001; Sudha 
and Ravishankar, 2002). In this section we describe recent developments in 
our understanding of the role of SA in symbiotic plant-rhizobia interactions 
and their potential role in plant responses to abiotic stresses.  

Figure 1. Nod factors produced by Bradyrhizobium japonicum. Nod factors are lipo-
chitooligosaccharides (LCOs) and are composed of 3-5 N-acetylglucosamine units 

represented by “n”. This basic structure can have different substitutions denoted at R1, R2, 
and R3 positions (Stacey et al., 1995). 

Nod metabolite n R1 R2 R3 (M+H)+

Nod Bj-V(C16:0, MeFuc) 3 H C16:0 2-O-MeFuc 1390 

Nod Bj-V(C18:1, MeFuc) 3 H C18:1 2-O-MeFuc 1416 

Nod Bj-IV(Cb, C18:1, MeFuc) 2 Cb C18:1 2-O-MeFuc 1432 

Nod Bj-V(Ac, C16:0, MeFuc) 3 Ac C16:0 2-O-MeFuc 1256 
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2. ROLE OF SALICYLIC ACID IN RHIZOBIUM-
LEGUME SYMBIOSIS 

2.1 Role of SA in the early stages of symbiosis 

During pathogenic plant-microbe interactions, there is a general increase 
in internal SA levels that often leads to development of resistance to 
subsequent infections, a phenomenon known as systemic acquired resistance 
(SAR) (Ryals et al., 1994). However, this is not the case with symbiotic 
plant-microbe interactions. When Martinez-Abarca et al. (1998) inoculated 
alfalfa plants with compatible rhizobia (Rhizobium meliloti), root SA level 
either decreased or remained close to that of basal levels. However, when 
alfalfa plants were inoculated with incompatible rhizobia (Rhizobium 
leguminosarum bv. trifolii) or a nod mutant of Rhizobium meliloti (defective 
in Nod factor biosynthesis), there was a marked increase in the accumulation 
of SA in the roots of plants. The authors, therefore, concluded that the 
compatible rhizobia produce certain signals (specific Nod factors) which are 
perceived by the host plants that suppress the accumulation of SA in host 
plants. Rhizobia defective in Nod factor biosynthesis or incompatible 
rhizobia, producing heterologous Nod factors, induce SA mediated defense 
response. Interestingly, in another study, Blilou et al. (1999) found that 
inoculation of pea sym30 mutant with compatible Rhizobium leguminosarum 
wild type increased SA content in the roots of pea plants. Similar 
accumulation in SA contents of pea roots were also found when plants (both 
wild type and sym30 mutant) were inoculated with Nod C- mutant (defective 
in Nod factor biosynthesis). However, root SA content remained either at the 
basal level or decreased when wild type pea plants were inoculated with 
compatible Rhizobium leguminosarum.

Nod factors are highly active at sub-micromolar concentrations, even 
when applied to other plant parts. Recently we have shown that foliar 
application of purified Nod factors from Bradyrhizobium japonicum
suppressed SA content of the host soybean plant. Three days after the 
application of Nod factors, to the leaves of soybean plants, the SA 
concentration was affected to a negligible level at both the tested 
concentrations (10-7M and 10-8M) (Mabood and Smith, unpublished data). 
Thus soybean leaves have a highly sensitive mechanism for the perception 
of Nod factors. Together these findings suggest that compatible rhizobia 
must suppress SA mediated defense responses of host plants in order to 
successfully establish symbiotic relationship.  

Besides in-planta antagonistic role of Nod factors and SA, exogenous 
application of SA also has a deleterious effect on rhizobia.  Exogenous 
application of SA ( 0.1 mM) inhibited growth and expression of the 
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nodulation genes of rhizobia.  It also inhibited production of Nod factors 
(lipo chitooligosaccharides - LCOs) by some rhizobia (Mabood and Smith, 
unpublished results). Thus exogenous application of SA disrupts the 
bacteria-to-plant signaling process – one of the most important initial steps 
of symbiosis. 

2.2 Effect of SA on nodulation and nitrogen fixation of 
legumes 

Salicylic acid strongly affects nodule formation and its subsequent 
development leading to decreased nodulation, nitrogen fixation and plant 
growth. Van Spronsen et al. (2003) found that application of SA (0.1mM) 
completely inhibited indeterminate nodule formation in vetch (Vicia sativa
subsp. nigra); pea (Pisum sativum), including a hypernodulating mutant; 
alfalfa (Medicago sativa); and white clover (Trifolium repens). Application 
of SA also blocked the mitogenic effect of LCOs (produced by Rhizobium 
leguminosarum bv. viciae carrying an 18:4 acyl group) on vetch roots.  
However, SA application (0.1mM) did not inhibit determinate nodule 
formation by bean (Phaseolus vulgaris), lotus (Lotus japonicus) and soybean 
(Glycine soja). On the other hand Lian et al. (2000) showed that application 
of SA at higher concentrations (5 and 1 mM) decreased nodule number and 
dry mass of soybean plants, leading to decreased nitrogen fixation and 
lowered photosynthesis. Sato et al. (2002) also reported that the application 
of SA (as low as 100 M) 5 days prior to inoculation of Bradyrhizobium 
japonicum decreased nodule number and dry mass of wild type soybean as 
well as supernodulating soybean mutants. However, the decrease in nodule 
number and dry mass was less pronounced compared with wild type 
soybean. Salicylic acid inhibited nodule formation at the early stages of 
nodulation but not subsequent nodule development. Ramanujan et al. (1998) 
also observed a decrease in nodule number, nitrogen fixation and protein 
content of Vigna mungo plants when seeds were given presowing soaking 
treatment with SA. Exogenous application of SA prior to inoculation with 
Rhizobium meliloti also delayed nodule emergence and decreased nodule 
number on alfalfa roots. Salicylic acid also inhibited nodule primordia 
formation induced by purified Nod factors from Rhizobium meliloti 
(Martinez-Abarca et al. (1998).

These results suggest that exogenous application of SA affects 
autoregulation of nodule formation in legume plants during initial infection 
process with rhizobia. Due to this disruption plants produce fewer nodules in 
the presence of SA.  
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3. ROLE OF SALICYLIC ACID IN SELECTED 
ABIOTIC STRESSES 

Salicylic acid (SA), a phytohormone, is widely distributed in plants and 
plays an important role in a number of physiological activities in plant. SA is 
well characterized for its central role in signal transduction in defense 
responses against pathogens (Malamy et al., 1990; Durner et al., 1997). SA 
also plays an active role in controling transpiration, stomatal closure, seed 
germination, fruit yield, glycolysis, flowering and heat production (Raskin, 
1992; Klessig and Malamy, 1994), and thermotolerance (Dat et al., 1998a,b).  

Earlier, SA received a great deal of attention related to its role in plant 
disease resistance.  It has been shown that the accumulation of H2O2 is 
essential for the induction of plant disease resistance. Exogenous application 
of SA causes an increase in H2O2 accumulation in plant tissues, and this 
higher H2O2 concentration has been proposed to act as a signal inducing 
hypersensitive response and systemic acquired resistance, against pathogens 
(Lamb and Dixon, 1997). 

Plant growth and development are strongly affected by environmental 
factors such as drought, salinity, heat and cold stresses (Mahajan and Tuteja, 
2005). Common symptoms in response to these abiotic stresses, include 
wilting, inhibition of metabolic processes, chlorosis, lipid peroxidation and 
changes in membrance permeability and ion leakage. Together these 
damaging effects result in altered plant physiology, causing reduced growth 
and, in the case of crop plants, reduced biological yields (Saltveit and 
Morris, 1990; Rab and Saltveit, 1996). 

In the past, major role of SA in plant was thought to be the regulation of 
responses to biotic stresses, however, a large body of literature now suggests 
that SA is also involved in responses to several abiotic stresses such as 
ultraviolet light, drought, salt, chilling and heat. Accumulation of SA occurs 
when plants are exposed to ozone or UV light (Yalpani et al., 1994; Sharma 
et al., 1996). Pretreatment of plants with SA or aspirin (acetylsalicylic acid - 
a derivative of SA) induced drought tolerance in bean and tomato plants 
(Senaratna et al., 2000). Application of SA or ASA to maize plants, caused a 
decrease in net photosynthesis under normal growth conditions (22/20 oC); 
however, it induced chilling tolerance at low temperatures (2 oC) by 
activating antioxidant enzymes (POX and GR) (Janda et al., 1999; 2000). 
SA has been shown to diminish the damaging effects of cold and induce cold 
tolerance in rice and wheat (Szalai et al., 2002; Tasgin et al., 2003), bean 
(Senaratna et al., 2000; Ding et al., 2002), banana (Kang et al., 2003a), and 
tomato (Senaratna et al., 2000). Kang et al. (2003a) reported that pre-
treatment of chilling-sensitive banana seedlings with SA increased H2O2

accumulation at higher temperatures (30/22 oC) while it reduced H2O2
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overproduction at lower temperatures, suggesting altered H2O2 metabolism 
due to the application of SA as a component of enhanced chilling tolerance 
of banana seedlings. Thus SA enhanced chilling tolerance in banana 
seedlings, and the positive effect of SA on chilling tolerance, are mediated 
by H2O2 metabolism (Kang et al., 2003b). 

SA also plays important roles in plant responses to other abiotic stresses 
such as salt and osmotic stresses (Borsani et al., 2001). SA can induce 
thermotolerance in the seedlings of Sinapis alba (Dat et al., 1998a,b) , 
Solanum tuberosum (Lopez-Delgado et al., 1998),  Phaseolus vulgaris,
Solanum lycopersicum (Senaratna et al., 2000), and Arabidopsis (Larkindale 
and Knight, 2002; Clarke et al., 2004). 

Salicylic acid treatment reduced the toxic effect of cadmium (Cd) on 
soybean seedlings and this was associated with the development of a general 
antistress response (Drazic and Mihailovic, 2005). Metwally et al. (2003) 
reported that SA treatments suppressed Cd-induced upregulation of H2O2-
metabolizing enzymes such as catalase and ascorbate peroxidase, thereby 
alleviating Cd toxicity in barley (Hordeum vulgare) seedlings. SA treatment 
also ameliorated the damaging effects of other heavy metals, such as Pb and 
Hg (Mishra and Choudhuri, 1999). 

Abiotic stress also affects cell division, thereby suppressing plant growth 
and development. Wang et al. (1998) reported that low temperature 
treatment increased the expression of a cyclin-dependent kinase inhibitor 
gene, ICK1, thereby affecting the process of cell division and ultimately 
plant growth. However, interactions of stress signaling pathways with cell 
cycle machinery are not well understood. Application of SA to plants under 
stress affects phytohormone levels and this could be another mechanism of 
SA mediated plant protection under stressful conditions. Shakirova et al.
(2003) reported that SA treatment prevented decreases in IAA and cytokinin 
contents in salinity stressed wheat plants, thereby reducing stress induced 
growth inhibition. However, ABA accumulation under salinity stress 
increased further by SA treated than in control seedlings, demonstrating the 
protection of plants from salinity. 

During cellular metabolic processes, toxic active oxygen species (AOS) 
such as superoxide anion (O2

-), hydroxyl radical (OH), and hydrogen 
peroxide (H2O2) are generated in aerobic conditions (Foyer et al., 1994; 
Asada, 1999) and can cause damage to these cells, a phenomenon known as 
oxidative stress. When plants are exposed to various environmental stresses, 
they produce a range of AOS, in large quantities sufficient to disrupt cellular 
and metabolic functions of the plant.  To prevent oxidative injury by 
scavenging these toxic and reactive oxygen species through the activities of 
antioxidant enzymes, such as superoxide dismutase (SOD), ascorbate 
peroxidase (APX), glutathione reductase (GR), peroxidase (POX), catalse 
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(CAT) and low molecular weight antioxidant compounds like ascorbic acid  
(AsA) and glutathione (GSH) (Noctor and Foyer, 1998; Asada, 1999). For 
the survival of the plants, appropriate functioning of the antioxidant system 
is important i.e. to maintain a balance between AOS production and 
scavenging (Scebba et al., 1999). Stress tolerance is, therefore,  often related 
with improved antioxidant systems in plants. It seems that treatment with SA 
enhances plant antioxidant protective systems thereby inducing stress 
tolerance. Wang and Li (2006) found increased GSH and AsA (resulting 
from APX and GR activity) under heat or cold stress when plants were 
treated with SA. 

Proline accumulation is a plant stress adaptation mechanism, occurring 
when plants are exposed to environmental stresses such as drought, salinity, 
high temperature, nutrient deficiency and exposure to heavy metals and high 
acidity (Delauney and Verma, 1993; Zaifnejad et al., 1997; Hare et al.,
1999). Proline also accumulates in several plants as a response to cold-shock 
(Koster and Lynch, 1992; Ruiz et al., 2002). It is now known that one of the 
responses to external SA application that results in plant protection against 
abiotic stresses is the accumulation of proline. Shakirova et al. (2003) also 
reported  enhanced accumulation of proline in wheat seedlings treated with 
SA, thus contributing to a reduction in the injurious effects of salinity. 

The role of Ca2+ as a second messenger in plant responses to 
environmental stresses is well documented (Webb et al., 1996). Under 
normal conditions, Ca2+ level in the cytoplasm of plant cells is very low, 
however, there is a large amount of Ca2+ in vacuoles and intercellular spaces. 
Environmental stressors induce stress responses in plants through the shift of 
Ca2+ levels in cytoplasm (Poovaiah, 1993). Exposure of plants to a range of 
environmental stresses often results in a rapid and transient rise in free 
cytoplasmic calcium concentration [Ca2+]cyt in plant cells.  Examples of these 
stresses are cold or heat shock,  (Knight et al., 1991; Gong et al., 1998; 
Plieth et al., 1999; Holdaway et al., 2000), oxidative stress (Price et al.,
1994; Kawano and Muto, 2000; Greene et al., 2002), salinity ( Delumeau et 
al., 2000), and anoxia (Bush, 1996). It seems that the SA induces stress 
tolerance in plants by using Ca2+ as a second messenger. Wang and Li 
(2006) demonstrated SA treated grape plants had higher levels of cytosolic 
Ca2+ than the control plants, following an exposure to stressful levels of heat 
or cold.  

The increase of [Ca2+]cyt regulates a range of plant physiological 
functions leading to adaptation and acclimation of plants to stress.These 
[Ca2+]cyt mediated functions include protein phosphorylation (Monroy et al.,
1998), altered gene activity via several regulatory pathways (Ishitani et al.,
1997), the appearance of new gene products related to stress adaptations, 
such as induction of heat shock proteins (Sabehat et al., 1998); in addition 
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there are changes in plant membrane properties (Tasaka et al., 1996), and 
changes in secondary metabolism (Zabotin et al., 1998). Free [Ca2+]cyt also 
plays a role in the regulation of antioxidant enzymes. It is known that the 
secretion and activation of guaiacol peroxidase (GPX) is regulated by Ca2+

in cultured peanut (Xu and Huystee, 1993). 
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Chapter 7 

STRESS AND ANTISTRESS EFFECTS OF 
SALICYLIC ACID AND ACETYL SALICYLIC 
ACID ON POTATO CULTURE TECHNOLOGY 

H.A. LOPEZ-DELGADO1, I.M. SCOTT2 AND M.E. MORA-HERRERA1 
1 Programa Nacional de Papa, Instituto Nacional de Investigaciones Forestales Agrícolas y 
Pecuarias (INIFAP), Metepec, Méx. 52141, A. P. 1-4. México; 2 Institute of Biological
Sciences, University of Wales, Aberystwyth, Ceredigion, SY23 3DA, UK. 

Abstract: Our own research has found a number of potentially useful effects of medium 
supplementation with salicylate on in vitro potato microplants. These useful 
effects are obtained taking advantage of the stress and antistress effects of 
salicylic acid on plants. Growth inhibition is a common stress effect of 
salicylic acid on plants. This stress effect can be directed to culture 
technology, including promotion of in vitro tuberization and  growth 
retardation during in vitro germplasm preservation. Antistress effects of 
salicylates can also be used in a planned manner to improve in vitro culture 
technology and hardening in potato with different applications like induction 
of thermotolerance during thermotherapy for virus elimination, organogenesis 
for micropropagation, and induction of tolerance to freezing and heat in 
microplants after transplanting to soil, in glasshouse trials. Tolerance to late 
blight (Phytophtora infestans) in potato has also been observed in field. We 
have also induced some of these effects in microplants by treatment with H2O2 
which is consistent with evidence associating salicylate and H2O2 as 
endogenous signaling molecules. Stress and antistress effects appeared to be 
mediated by some antioxidant enzymes especially catalase, and by H2O2 
accumulation. The use of salicylates would have agricultural relevance to 
culture technology and field crops. 

Key words: Freezing tolerance, growth inhibition, in vitro germplasm preservation, in vitro 
tuberization, micropropagation, organogenesis, potato, thermotolerance 
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1. INTRODUCTION 

The potential application of salicylates in the potato crop has been tested 
in the National Potato Program, Instituto Nacional de Investigaciones 
Forestales Agrícolas y Pecuarias (INIFAP), Mexico. We first tested 
salicylates on Solanum cardiophyllum, a wild potato species with high 
resistance to drought and late blight, (Niederhausen and Mills, 1953; Gray 
and Hughes, 1978; Galindo, 1982). One of the problems in the domestication 
of this species is the phenotypic characteristic of long stolons, which make 
the harvest of the tubers difficult. This fact motivated a study of the effect of 
salicylates on the in vitro growth of nodal explants of this species.
Acetylsalicylic acid (ASA) was found to inhibit growth and induce de novo
shoot organogenesis (Lopez-Delgado et al., 1990). In vitro tuberization was 
also observed (Lopez-Delgado, 1987). 

Salicylates have been tested at INIFAP as, while developing alternative 
methods for micropropagation. ASA was shown to be more effective than 
salicylic acid and sodium salicylate to induce in vitro organogenesis in 10 
advanced breeding clones (Lopez-Delgado, 1993b; Flores-Tena, 1993). It 
was demonstrated that induction of in vitro organogenesis by ASA is 
potentially useful for getting virus-free plants of PVX in 10 advanced 
breeding clones (Marin-Fuentes, 1992) and the number of virus-free plants 
was enhanced, depending on the medium and temperature used. Salicylic 
acid (SA) also enhances heat tolerance and virus elimination during 
thermotherapy of potato microplants (Lopez-Delgado  et al., 2004). 

Organogenesis induced by salicylates has also been tested in relation to 
somaclonal variation (Mora-Herrera, 1991). The potential application of 
salicylates on in vitro germplasm preservation at 8 C using ASA was 
demonstrated (Lopez-Delgado, 1998b). Our research was intended to 
develop a fuller understanding of the physiology and potential of ASA in 
potato biotechnology. 

2.  IN VITRO TUBERIZATION

The production of in vitro tubers represents a method to export disease-
free potato genotypes (Estrada  et al., 1986). A major problem with export of 
in vitro microplants is that if they are kept in the dark for longer than 3 
weeks during transit, they will die. In vitro tubers allow the phytosanitary 
benefits of in vitro export without the technical problems of shipping the 
green plants. On being received, in vitro tubers can be maintained in vitro
for further micropropagation or can be transplanted into pots to provide 
donor plants for the production of conventional cuttings. In vitro tubers have 
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been recommended not only for micropropagation and international 
distribution, but also for germplasm storage (Wang and Hu, 1985; 
Kwiatkowski  et al., 1988). 

While searching for inhibitors of jasmonate biosynthesis Koda  et al. 
(1992) found, by chance, that SA and ASA induced tuberization of potato 
stolons in vitro and (at relatively high concentrations) on whole plants, under 
non-inductive environmental conditions. In other effects of ASA in potato, it 
was reported (Nickell, 1991) that control potato plants, under field 
conditions, showed tubers with an average sucrose content of 2.64 %, 
whereas ASA-treated potatoes had only 2.14 %. This response improved the 
fry colour status of potato tubers when processed for industry. 

We used ASA because even though ASA is a derivative of SA it did not 
occur naturally and has often been found to be more effective than the parent 
compound in tissue culture systems (Saxena and Rashid, 1980; Carswell  et 
al., 1989; Shetty  et al., 1992), suggesting (Pierpoint, 1994) either that it is 
active per se or that it is a more effective way of delivering free SA to its 
target site. 

Solanum cardiophyllum is characterized with extremely long internodes, 
and this characteristic motivated Lopez-Delgado (1987) to test the effect of 
ASA on the growth of nodal cuttings in vitro of this wild potato species. 
ASA induced growth inhibition in a dose-response manner. Bearing in mind 
that growth inhibition is a common property of some PGRs known to induce 
tuberization, the effect of ASA on induction of tuberization was also tested. 
The optimum concentration for tuberization was 10-5 M. 

The effect of ASA on the growth of microplants of Solanum tuberosum 
and S. cardiophyllum in the induction of tuberization was examined, 
considering: 

a) The tuber formation involves suppression of the axial growth and 
radial expansion of the tuberizing organ (van Es and Hartmans, 1981; Larry 
et al., 1985; Vreugdenhil and Stuik, 1989). So it was considered that: 

b) The growth inhibiting effect of ASA (Jain and Srivastava, 1981; 
Cleland and Ben-tal, 1982; Lopez-Delgado 1987; Roggero and Pennazio, 
1988; Manthe  et al., 1992) could contribute to the induction of tuberization 
in the potato species S. tuberosum and S. cardiophyllum. 

2.1  Growth inhibition by ASA 

The effect of ASA on the growth of Russet Burbank microplant shoots 
from single node cuttings was studied. There was a significant inhibitory 
effect of ASA (Figure 1) at 10-4-10-3 M (Lopez-Delgado and Scott, 
1997).Although the microplants cultured in 10-3 M ASA showed a strong 
stem growth inhibition by 67-80%. This concentration was not used for the 
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tuberization experiments, due to the drastic effect (Figure 1) on the 
percentage of surviving explants (46%). Both ASA concentrations, 10-4 and 
10-3 M, reduced significantly the microplant mass; the ASA concentration of 
10-3 M reduced the microplant mass by 60-71 %. Therefore, a slightly lower 
range of concentrations was tested for the tuberization experiments. 

Figure 1. Effects of ASA concentrations, added to the propagation medium, on mean shoot 
length  SE (bar graph), and on mean percentage of survival  SE (line graph) of potato 
microplants after 40 days of culture. Data points with same letter were not significantly 

different at 5% level.

2.2 Effect of ASA concentration on tuberization 

The objective of this experiment was to determine, if ASA could induce 
tuberization on microplant shoots. Shoot explants were subcultured from the 
micropropagation medium onto media with a range of ASA concentrations, 
ranging from 10-5 to 7.5 x10-4 M. 

Temperature conditions were found to be important. A temperature of 25 
 1 C inhibited the tuberization induction in cv. Russet Burbank. After 90 

days of culture, none of the ASA treatments or the control showed 
microtubers. Abnormally, the explants showed etiolation and some of them 
developed branches.

Tuberization was observed in this cultivar at a temperature of   18  1 C.
Strong tuberization was obtained when the growth retardant CCC of the 
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standard CIP medium was replaced by ASA at 10-5 - 7.5 x 10-4 M (Figure 2). 
All shoot explants survived in this concentration range. No branching or 
etiolation was observed. 

The size of tubers produced in ASA was at least as great as those 
produced in CCC. Tubers produced at concentrations of 10-5- 5x10-4 M had a 
significantly greater mean weight than the control, cultured in CCC. All 
tubers produced on the CIP medium and on ASA were subcultured onto 
propagation medium, and after 70 days showed 100 % germination. 
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Figure 2. Percentage of tuberized microplant shoot explants (  SE) after 60 days of culture on 
CCC (ie. on CIP medium, which contains CCC, 500 mg l-1 and BAP, 5 mg   l-1), or on various 

ASA concentrations that were substituted for CCC in the CIP medium. Results for the 
different treatments were not significantly different. 

2.3  Effect of ASA, CCC and BAP on tuberization 

The ASA concentration of 7.5 x 10-4 M was used in these experiments, 
while CCC and BAP concentrations were as in the standard CIP medium. 
The explants were incubated at 18  1 C. The effects of ASA, CCC and 
BAP on the induction of Russet Burbank microtubers, singly and in 
combination, were compared in more detail, testing the following 
treatments: 1. CCC + BAP (standard), 2. ASA + BAP, 3. BAP, 4. ASA, 5. 
CCC, 6. Basal medium (without CCC and BAP). Figure 3 shows that each of 
the treatments achieved its maximum percentage of explants with tubers 
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         ASA [M] 



168 H.A. Lopez-Delgado, I.M. Scott and M.E. Mora-Herrera

following a similar rate of tuberization. After 40 days of incubation in total 
darkness, no further increase in the percentage of explants with tubers was 
observed. Assessment of tuberization after 60 days, therefore, represented 
the final tuberization percentage. The medium containing ASA+BAP was 
highly effective in the induction of tuberization, and was not significantly 
different to the standard CIP medium (Figure 3). The two PGRs used in 
combination in the standard CIP medium were also tested individually: BAP 
by itself induced 22-66 % of explants with tubers, whereas CCC by itself 
was ineffective. ASA by itself induced 61-72 % of tuberization. All tubers 
showed subsequent germination. Microplants were found to produce one 
main tuber on the apex. Some tubers produced on lower buds were less than 
100 g, and as they were not useful for propagation purposes. These small  
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Figure 3. Percentage of tuberized microplant shoot explants (  SE), after 60 days of culture 
on media with various PGRs. Bars with same letter were not significantly different at 5% 

level.

tubers were not included in the results. The medium without PGRs was 
ineffective for tuberization.Tubers produced on BAP or ASA independently 
were at least as large and heavy  as the tubers obtained in BAP+ASA and 
CCC+BAP.

CCC+   ASA+   BAP     ASA     CCC   NONE 
BAP     BAP 

     PGRs IN MEDIUM

a

ab

c
bc 

d  d 



Stress and Antistress Effect on Potato Technology 169

The growth of Russet Burbank microplant shoots from the single node 
explants on the propagation medium was found to be significantly inhibited 
by the addition of ASA at 10-4 -10-3 M (Figure 1). Although the explants 
cultured in 10-3 M ASA showed the strongest growth inhibition (80%), this 
concentration was considered too high for the tuberization experiments, 
because it also had a drastic effect on the percentage of surviving explants 
(Figure 1). 

We demonstrated for the first time the induction by ASA of tuberization 
of axillary buds of S. tuberosum microplants. The induction of microtubers 
on S. tuberosum cv. Russet Burbank by ASA was compared with the widely 
used CIP tuberization medium, which contained two PGRs: the cytokinin 
BAP, and the growth retardant CCC (Estrada  et al., 1986). The advantage of 
using this medium as a standard was that by substituting ASA for CCC it 
allowed comparison of ASA as a growth inhibitor in the induction of 
tuberization; other tuberization media use different kinds of PGRs and were 
not equally suitable for the purpose of comparison. The full CIP medium 
was highly effective in microtuber induction, as expected. Manipulation of 
the PGR content of the CIP medium showed that: (i) no tuberization 
occurred in the absence of PGRs at the end of the 60 days (ii) BAP alone 
caused tuberization of a substantial percentage of the microplants; (iii) CCC 
alone was ineffective. Since CCC alone was ineffective in inducing 
tuberization, and ASA alone induced 72 % of tuberized explants, this 
suggests an additional effect of ASA to the growth inhibition, in the 
induction of tuberization (Figure 3). 

Replacement of both PGRs in the CIP medium with ASA (7.5x10-4 M) 
resulted in more tuberization than with BAP alone. A new tuberization 
medium combining the two PGRs (i.e. BAP and ASA) that were most 
effective individually and were even more effective than the standard CIP 
medium in the present study. With the new medium, no more time of 
incubation than with the standard CIP medium was required to achieve the 
highest percentage of tuberization. Some media required longer periods of 
incubation, i.e. 3 to 5 months (Hussey and Stacey, 1984; Garner and Blake, 
1989; Suttle and Hulstrand, 1994). This suggests that ASA could find 
application in potato seed production schemes as an economical alternative 
or extra component for currently used tuberization media.Significant 
differences were observed in the weight of tubers produced in ASA, 
compared with the control. In further research, it could be investigated if 
these differences are associated with starch content. ASA could affect the 
sugar metabolism and sucrose formation in microtubers, since parenchyma 
cortex of stem microplants previously incubated in ASA showed abundant 
starch grains, which were not present in the control plants (Flores-Tena, 
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1993).Nickell (1991) also reported that potato plants under field conditions, 
treated with ASA had less content of sucrose than the control plants. 

The criteria used to choose the range of ASA concentrations for the 
induction of tuberization were growth inhibition with minimum effect on the 
percentage of survival of the explants (Figure 1). In the present study with S.
tuberosum, the percentage of survival was not affected by culturing the 
explants in MS medium with 8% sucrose, BAP and ASA at 7.5 x 10-4 M, but 
the percentage of survival was significantly reduced at ASA concentrations 
higher than 10-4 M on 3% sucrose (Figure 1). It is worth mentioning that in 
S.cardiophyllum a percentage of survival of 47 % was observed using MS 
supplemented with 3% sucrose, ASA (10-4 M), IAA and BAP, whereas the 
same ASA concentration was lethal when 0.5% sucrose with no other PGRs, 
present in the medium (Lopez-Delgado, 1987). Further studies could be 
performed to investigate the possible protective effect of sucrose when using 
ASA at different concentrations. Other phenolic compounds, including 
coumarin, have been reported as plant growth inhibitors (Kefeli and 
Kutacek, 1977) and tuberization promoters in potato (Stallknecht, 1972). 
The original rationale of Lopez-Delgado (1987) for testing the effects of 
ASA on tuberization was that growth inhibition is a common property of 
PGRs known to induce tuberization, a point made by Pelacho  et al. (1994). 

Imbalance of the auxin-cytokinin ratio could be important for the 
tuberization induction. It is interesting to highlight that ASA alone induced 
tuberization in its own right in a similar way as BAP alone. Koda  et al.
(1992) stated that derivatives of benzoic acid which are inhibitors of the 
auxin transport, could have tuber-inducing activity. 

One possible type of mechanism for the growth inhibition and 
tuberization effects of ASA is suggested by evidence that H2O2

concentrations in vivo may be modified by salicylate treatments (Chen  et 
al., 1993). A change in H2O2 concentration might affect auxin turnover by 
the postulated IAA oxidase route (Zheng and van Huystee, 1992; Gazarayan 
et al., 1996), although the significance of this pathway remains uncertain 
(Normanly et al., 1995). 

Plants obtained from microtubers produced in the presence of ASA could 
be tested against phytopathogens, such as potato virus X (PVX) and potato 
virus Y (PVY) in a seed production scheme, since it has been claimed that 
salicylates mediate defence responses in pathogenesis (Chen  et al., 1993; 
Demprey and Klessig, 1994; Gazarayan et al., 1996).

Sano and Ohashi (1995) discovered a complex signal network, involving 
G-proteins, in which the levels and actions of cytokinins, jasmonates and 
salicylates are interactively regulated. In transgenic plants with high 
cytokinin levels, an abnormal ‘signal switch’ seemed to occur, resulting in 
the production of SA instead of jasmonic acid after wounding (Sano and 
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Ohashi, 1995). There may be a complex relationship between the three types 
of PGR that induce in vitro tubers, and that the application of one of these 
PGRs might influence the endogenous levels and effects of the other PGRs 
in a manner that may or may not be natural. 

Comparing the tuber-inducing effects of ASA with those of the standard 
CIP tuberization medium, ASA is potentially useful on its own and in 
combination with BAP, to be used in potato seed production schemes. ASA 
can be substituted for the growth inhibitor CCC in the standard tuberization 
medium tested, but the fact that ASA alone induced about 70 % of tuberized 
explants, suggests an additional effect of ASA to the growth inhibition in the 
induction of tuberization. 

3.  STORAGE OF POTATO MICROPLANTS IN 
VITRO IN THE PRESENCE OF 
ACETYLSALICYLIC ACID 

Maintenance of collections of in vitro microplants of Solanum species is 
a standard method of germplasm storage at centres which conserve genetic 
diversity of the crop and distribute pathogen-tested genotypes in national and 
international programs (Lizarraga et al., 1989; Roca et al., 1989; Dodds et 
al., 1991). However, high labour is required, for the maintenance of tissue 
culture collection. Stock microplants grown under optimal condition require 
subculture every 4-8 weeks. To induce slow growth and extend intervals 
between subcultures, culture condition can be modified (Westcott, 1981; 
Lizarraga et al., 1989; Dodds et al., 1991; Harding, 1991), usually with a 
high concentration of mannitol to reduce the medium water potential so that 
the microplants are subjected to growth-inhibiting osmotic stress also, in 
combination with reduced temperature (6-10 °C) gives results superior to 
either treatment, applied alone (Ng and Ng, 1991). Slow-growth techniques 
can permit cultures of many Solanum genotypes to remain viable for 
approximately 1 year or more (Withers et al., 1990; Ng and Ng, 1991). 
However, growth of in vitro potato microplants on high-mannitol medium 
cause hyper-methylation of DNA, this change might be stable during 
meiosis, causing altered phenotypes in subsequent generations (Harding, 
1994). As the objective of a germplasm collection is to preserve specific 
genetic material, this possibility raises concerns. 

In the in vitro potato germplasm storage facility at INIFAP, intervals 
between subcultures are extended by growth at 8°C, in the presence of 4% 
mannitol. The time for which a potato microplant will remain healthy under 
this conditions before subculture depends on genotype, but is generally 6-18 
months.We investigated ASA as an alternative to mannitol for slow-growth 
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under in vitro storage, of S. tuberosum L. microplants at 8°C. The potential 
of ASA for extending intervals between subcultures at conventional potato 
micropropagation temperatures, for use in centres lacking reduced-
temperature facilities (Lopez-Delgado et al., 1998b).The effects of 100 μM 
ASA on grown retardation of cv. Alpha microplants cultured for 4 months at 
8°C is only slightly greater than that on the standard 4% mannitol medium, 
and decreased at higher ASA concentrations (250, 500 and 750 μM). The 
survival is 100% in either 100 μM ASA or 4% mannitol medium, whereas in 
highest concentration of ASA it is 90%. Therefore, 100 μM ASA was 
selected for further assessment using clones of 100 genotypes, for comparing 
to 4% mannitol (Lopez-Delgado et al., 1998b). 

Clones of each genotype cultured at 8°C on mannitol or 100 μM ASA 
storage media, was assessed after 8 and 12 months, early symptoms of 
senescence indicating that subculture was desirable (Table 1), were shown 
on both media by clones of 39 and 43 genotypes after 8 and 12 months 
respectively (Tables 2-3). Clones of the remaining 18 genotypes showed no 
symptoms of deterioration after 12 months on either medium, followed by 
subculture and a further 2 months on the same media, no significant 
differences in survival rates on mannitol or ASA storage media were 
observed at any of this stage. The range of storage periods, therefore, proved 
to be comparable on either medium. However, an important difference 
between the two media was that microplant morphologies on the ASA 
medium were always normal, whereas abnormal stunted morphologies 
frequently developed on the mannitol medium. Ninety percent of genotypes 
stored on mannitol showed propensity to develop abnormalities, which are 
undesirable because difficulties may be encountered in the recovery of 
normal plantlets from such phenotypes (Dodds et al., 1991). 

Table 1. Media used for recovery of potato clones from in vitro storage conditions.

Recovery medium Composition 
A MS, GA3 (28.8 M), glycine (133 M), nicotinic acid (406 

M), pyridoxine HCl (2.43 mM), sucrose (2.5%), agar (0.6%) 
B MS, ASA (250 M), GA3 (28.8 M), glycine (133 M), 

nicotinic acid (406 M), pyridoxine HCl (2.43 mM), 
sucrose (2.5%), agar (0.6%) 

C MS, IAA (5.7 M), BAP (4.4 M), sucrose (3%), agar 
(0.7%)

D MS, GA3 (11.5 M), IAA (5.7 M), BAP (4.4 M), 
sucrose (3%), agar (0.7%) 
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Table 2. Recovery of 39 potato in vitro clones following storage for 8 months in slow-growth 
conditions (8oC on medium supplemented with either 4% mannitol or 100 M ASA). Single 
node explants (8 per clone) were incubated for a further 30 days on media A to D (Table 1) at 

18oC, and exhibited the survival and growth parameters listed. All explants formed roots. 

Clones recovered from mannitol medium 
Recovery medium % of explants surviving Mean increase in fresh 

weight (mg) 
A       100.0      49.26 
B       98.0        9.10 
C       97.8       13.35 
D       90.5       65.40 

Clones recovered from ASA medium 

Recovery medium 
 

% of explants surviving 
 

Mean increase in fresh 
weight (mg) 

A       99.1      62.14 
B       95.0      44.30 
C       93.1      41.55 
D       91.5     179.14 

Table 3. Recovery of 43 in vitro potato clones following storage for 12 months in slow-
growth conditions (8oC on medium supplemented with either 4% mannitol or 100 M ASA). 
Single node explants (8 replicates per clone) were incubated for a further 30 days on medium 

A (Table 1) at 18oC, and exhibited the survival and growth parameters listed. All explants 
formed roots. 

Storage medium % of explants surviving 
 

Mean increase in fresh 
weight (mg)  SE 

Mannitol        100.0 261.7  35.7 
ASA       100.0 222.3  35.5 

 
On the other hand, 39 micro-plants stored for 8 months in mannitol or 

ASA showed good recovery after 30 days on recovery MS media and 
survival rate was nearly 100% (Table 2). Growth of the ASA-treated 
explants was stronger than those stored in mannitol. Vigorous regrowth was 
noted when explants from S. cardiophyllum microplants, cultured in the 
presence of ASA, were subcultured onto ASA-free medium (Lopez-Delgado 
and Carrillo-Castañeda, 1996). Prolonged culture on ASA had no adverse 
effect on the yield of minitubers on plantlets transferred to glasshouse 
cultivation. Intervals between the subcultures of the plants stored at 18 0C 
could be prolonged to 5.5-6 months by culture on either mannitol or ASA 
media. Microplants cultured on ASA did not exhibit frequent phenotypic 
abnormalities, noticed in microplants on mannitol medium. 



174 H.A. Lopez-Delgado, I.M. Scott and M.E. Mora-Herrera

4.  INDUCTION OF SHOOT ORGANOGENESIS BY 
ACETYL SALICYLIC ACID 

The phenotypic characteristic of long stolons, of S. cardiophyllum, a wild 
potato species which makes the harvest of the tubers difficult, motivated a 
study of the effect of salicylates on the in vitro growth of nodal explants of 
this species (Lopez-Delgado et al., 1990).

The effect of ASA on the growth inhibition of axillary buds was tested on 
plants cultured in vitro and in the induction of morphogenesis. In all the 
experiments Murashige and Skoog (1962) modified medium was used as 
basic medium. Five concentrations of ASA, were used in order to find 
growth inhibition as dose-response. The same explants were subcultured in 
basic medium without ASA. After 30 days, they recovered the growth and 
produced multiple shoots. Later on, buds were incubated in two 
concentrations of ASA (10-4 and 10-5 M), for four periods of time (7, 14, 21 
and 30 days), and at the end of each period the plants were transferred to MB 
for 30 days. The best results were obtained where the buds were incubated in 
ASA 10-5 M for 30 days, getting 42.8 % of shoot forming explants (Table 4). 
Similar results were obtained in S. tuberosum. Nodal cuttings of                   
S. tuberosum were incubated in MS medium with two concentrations of 
ASA for 30 days and then subcultured into the same medium without ASA 
for 30 days. After this period, 100% of the explants, previously incubated in 
both ASA concentrations, had organogenesis of shoots, in contrast with only 
50% in the control explants ( Mora-Herrera, 1991). 

Table 4. Induction of organogenesis by ASA. Explants were incubated in presence of the 
salicylate for 30 days and subcultured without ASA for 30 days more. 

Solanum cardiophyllum Solanum tuberosum

Treatment 

ASA [M] 

% elongation 
inhibition 

de novo
Sprouts / 
explant
(Mean) 

%explants 
with de 
novo sprouts 

% elongation 
inhibition

de novo
Sprouts/
explant

(Mean) 

%
explants
with de

novo
sprouts

0 0.0 0 0 0.0 2 5.2 
10-6 3.3 11 100 15.03 10 29.41 
10-5 13.39 4 42.8 10.8 14 41.10 
10-4 36.65 2 32.4 34.02 15 15.62 
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5. INDUCTION OF THERMOTOLERANCE IN 
POTATO MICROPLANTS BY 
ACETYLSALICYLIC ACID 

Studying the effect of ASA on virus translocation during thermotherapy 
under in vitro conditions, it was incidentally noticed that salicylate might be 
having an effect on thermotolerance of microplants.The induction of 
thermotolerance by ASA in potato microplants was demonstrated and 
optimised (Lopez-Delgado et al., 1998a). In accordance with temperatures 
commonly used in potato for in vitro thermotherapy to get virus-free plants, 
temperatures of 42 and 35 C were chosen to carry out the experiments.It 
was proposed that SA can bind to and inhibit catalase activity, that leads to 
enhanced production of H2O2, which induces pathogenesis related (PR) 
genes and has a central role, as a diffusible signal, for the induction of 
defence genes (Foyer  et al., 1997; Luna et al., 2004). Inactivation by SA of 
purified catalase was confirmed (Chen  et al. 1995, Conrath et al., 1995).The 
induction of catalase activity was examined in relation to the 
thermotolerance effect of ASA considering that catalase may have a central 
role in the action of SA during plant responses to disease signaling responses 
and oxidative stress. 

5.1  Effect of ASA on thermotolerance of test explants 

5.1.1  Heat shock (42 C) 24 hours after subculture 

In order to test whether ASA could induce thermotolerance, explants 
(nodal cuttings) one day after subculture were chosen to carry out the heat 
treatments, considering that at this stage of culture, the explants were more 
sensitive to heat. These explants were taken from microplants after 3-7 
weeks of incubation in ASA at 10-6 and 10-5 M. The concentrations of 10-6 
and 10-5 M were tested for the heat shock (HS) experiments, since these 
concentrations did not affect the growth and percentage of survival, as 
shown in previous results.Control test explants from parental microplants of 
any age on ASA-free medium showed little or no survival of HS treatment at 
42 C for 15.25 h; however, explants from both ASA concentrations had 
much higher survival rates than the controls (Figure 4). The highest 
percentages of survival were observed in test explants from microplants 
grown on 10-6 M both 3 and 4 weeks old, with 94 % and 72.5 % of survival, 
respectively (Figure 4). 

5.1.2  Heat shock (42 C) 3 weeks after subculture 

To test the effect of ASA on resistance of whole plants to HS, that was 
applied to microplants after incubation and in presence of ASA. All the 
treatments showed a high percentage of survival. However, damage was 
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observed in the ASA-treated microplants. Incubation in liquid medium and 
then substitution of medium before HS (42 C, 15.25 h) with the same fresh 
medium (control), showed 95 % of survival. 

Figure 4.  Effect of ASA on resistance to heat shock in cultured potato tissues. Microplants 
were grown for the periods shown on medium ± ASA, and then nodal explants were 

subcultured onto ASA-free medium 24 h before heat shock (42 C for 15.25 h). Bars = S.E. of 
means of 3 experiments. Data (***) significantly different to control at each time point 

p<0.001.

5.1.3  Long-term heat treatment (35 C) in presence of ASA 

Test explants (from microplants, previously cultured on ASA-free 
medium) were incubated in the presence of ASA at 35 C for 37 days. The 
microplants that grew from the explants on ASA-medium were abnormally 
pale at this temperature. However, at the end of the heat treatment, the 
microplants on ASA-medium showed significantly higher survival than the 
controls (Figure 5). 

5.1.4  Long-term heat treatment (35 C) of microplants previously 
cultured on ASA 

Test explants (from microplants, previously cultured on ASA-containing 
medium) were incubated in the absence of ASA at 35 C for 50 days. The 
microplants that grew from these explants were normal in colour. Even after 
50 days of heat treatment, improved survival was found in the microplants 
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that grew from explants of previous generation, ASA-microplants. However, 
controls showed 13.3% survival and microplants treated with ASA, in the 
previous generation showed 53-60% survival (Figure 6). 

5.1.5  Catalase activity in microplants of different ages 

Catalase activity was studied in stem from microplants 3, 4, 5 and 7 
weeks old. Only the optimal ASA concentration of 10-6 M was tested for the 
catalase measurements. Catalase activity decreased significantly in 
microplants cultured in ASA for 3 and 4 weeks (Figure 7). However, no 
significant differences were detected in catalase activity between the 
controls and the ASA treatments in microplants of 5 and 7 weeks old (Figure 
7). Catalase activity was not inhibited by the addition of ASA to these 
extracts  

Figure 5.  Effect of ASA on long-term thermotolerance of culture potato tissues. Nodal 
explants from a clonal microplants population were subcultured on medium    ASA and then 

transferred to high temperature (35 C) for 37 days. Bars = S.E. of means of duplicate 
experiments (n = 20). Data (***) significantly different from control (p < 0.001). 

in the concentration range of 5-20 mM , thus excluding the possibility that 
the observed reduction in catalase activity was due to an in vitro inhibition 
by ASA co-extracted from the tissues. After 7 weeks, a significant increase 
of the catalase activity was observed in the ASA treatment, compared with 
the activity at 3 weeks. At the end of 7 weeks, the values of the catalase 
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activity in the ASA treatment were not significantly different to the control 
values observed at 3 and 4 weeks (Figure 7). 

tissues. Microplants were grown for 30 days on medium ± ASA and then nodal explants were 
subcultured onto ASA free medium 24 h before transfer to high temperature (35 C ) for 50 
days. Bars =S.E. of means of duplicate experiments. Data (***) significantly different from 

control at p < 0.001.

5.1.6 Effect of subculture on catalase activity 
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Catalase activity was studied in stems and single node cuttings from 
microplants, cultured on ASA for 3.5 weeks. The single node cuttings were 
cultured on propagation medium for 24 h before the catalase analysis. A 
significant reduction in catalase activity was detected in the stem from 
microplants, cultured in ASA (Figure 8). A substantial decline of the 
catalase activity was observed after subculture. Both explants from plants 
cultured on ASA and control medium showed reduction of activity at 12 and 
24 h, after subculture. At the same periods of time, the activities of the 
explants from plants cultured in ASA were not significantly different to the 
control explants (Figure 8). 

Figure 6.  Effect of previous growth on ASA on long-term thermotolerance of cultured potato 



Stress and Antistress Effect on Potato Technology 179

S.E. of means (n=6-9). Data significantly at p < 0.0001.

5.1.7 Catalase activity during the HS 

Significant reduction in the catalase activity of the stem was observed in 
both ASA and control explants, compared with that before the subculture. 
The reduction in the activity was observed at 1, 5 and 10 h of HS (Figure 8). 
At 5 h of HS, only the ASA-treated explants without HS showed a 
significant increase in catalase activity (Figure 8). At 10 h of HS, both the 
control and ASA-treatments without HS showed significantly higher activity 
than the treatments with HS (Figure 8).Microplants 3.5 weeks old grown 
from clonal propagation of nodal cuttings in the presence of ASA (10-6 M) 
showed an increase of 21.9 % in H2O2 compared with the control 
microplants cultured without salicylate (Figure 9). 

The results show that it is possible to increase the percentage of survival 
using ASA not only after periods of heat treatment like 15 hours at 42 C, 
but also after longer periods like 37 and 50 days at 35 C (Figures 5 and 6). 
The method described in this work could increase the number of surviving 
microplants available for further subculture. 

The period of incubation in ASA is a determinant in potato of the 
subsequent response on medium without the salicylate. This reasoning is 
deduced comparing the effects of ASA in a previous study of S. 
cardiophyllum with the present work in S. tuberosum. In S. cardiophyllum
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multiple shoot organogenesis de novo was obtained after the transfer of stem 
explants from medium with ASA to ASA-free medium (Lopez-Delgado et 
al., 1990). Four periods of incubation in ASA were tested; 30 days was the 
optimum period to get the highest rate of organogenesis. In the present work, 
incubations in ASA for 3, 4, 5, and 7 weeks were tested before the transfer 
of the test explants to ASA-free medium and application of the heat shock. 
The highest percentages of survival were obtained on incubating in ASA for 
3 and 4 weeks. The organogenesis in S. cardiophyllum and thermotolerance 
in S. tuberosum can both be considered as long-term consequences of the 
previous incubation in ASA, perhaps causing a preliminary stress to the 
tissue.Results suggest that ASA is a stress factor. Supraoptimal effects on 
the percentage of explants surviving were observed at 10-5 M ASA . 
Incubation in liquid ASA-medium and then replacement with ASA-free 
medium or the same fresh ASA-medium prior to HS produced microplants 
with apical necrosis. Probably, at this developmental stage (3 weeks), the 
additive effect of two stress factors simultaneously, like HS and ASA, 
yielded apical necrosis (78.9% of microplants); indeed elimination of ASA 
during HS produced a lower percentage of microplants with necrosis (13% 
of microplants). 

Figure 8. Effects of ASA and heat shock on catalase activity in cultured potato tissues. 
Microplants were grown for 3.5 weeks on medium ± ASA 10-6 M, and then subcultured for 
24 h on ASA-free medium before heat shock at 42 C for the times indicated. Treatments : 

1=Before subculture 2=12h after subculture 3=24h after subculture 4=After 1 h of H.S. 
5=After 5 h of H.S. 6=After 10 h of H.S. Bars = S.E. of means (n=6-9). Data significantly at p 

< 0.0001. 
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Figure 9. Resistance to thermotherapy (42 C, 30 days) of 7 genotypes of potato microplants, 
subcultured from in vitro plants grown 4 weeks on propagation medium  SA (10-5 M). Nodal 
cuttings were subcultured on to SA-free medium for 24 h and then subjected to thermotherapy 

(n = 30). 
It is interesting to point out that 31% of the surviving test explants from 

microplants grown on ASA developed new microplants with abnormally 
thick roots and densely covered with fine root hairs in comparison with the 
control; this response was not observed in the control and that also only after 
the HS. This long-term morphogenetic response could be the result of the 
interaction of the ASA treatment with HS, since morphogenetic responses 
have been reported to be induced by ASA in different systems (Saxena and 
Rashid, 1980; Carswell  et al., 1989; Lopez-Delgado  et al., 1990; Shetty  et 
al., 1992).Perhaps the effect of ASA on growth and root development could 
also be associated with changes in phosphatase activity, since it was reported 
that ASA reduced the phosphatase activity in microplants of S.
cardiophyllum (Lopez-Delgado and Carrillo-Castañeda, 1996). Similarly, 
application of two phosphatase inhibitors like okadaic acid and calyculin 
arrested root growth in Arabidopsis thaliana, with an increase in the radial 
diameter of roots and inhibition of root hair elongation (Smith  et al., 1994). 

Substantial decline in catalase activity was observed 12 and 24 h after 
subculture (Figure 8) and the significantly lower catalase in the ASA 
explants was no longer detected during the subsequent HS.The induction of 
thermotolerance by ASA observed on potato microplants might be correlated 
with the significant differences in catalase activity, detected before 
subculture. The inhibition of catalase activity could be associated with 
increases in internal level of H2O2, which might have a role as a signal in the 
induction of thermotolerance, as it has been proposed that H2O2 is a signal in 
the induction of resistance to pathogens (Baker  et al., 1993; Chen  et al.,
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1993, 1995; Levine  et al., 1994; Conrath  et al., 1995; Low and Merida, 
1996) and chilling (Prasad  et al., 1994). 

6. SALICYLIC ACID ENHANCES HEAT 
TOLERANCE AND VIRUS ELIMINATION 
DURING THERMOTHERAPY OF POTATO 
MICROPLANTS

The modern production systems of basic and certified seed of potato 
require the micropropagation of virus-free material and the adoption of fast 
virus-eradication methods (Faccioli and Colombarini, 1996). In systemically 
infected plants, viruses tend to be absent from the meristematic tissues and 
young primordial leaves, so that meristem culture forms the basis of standard 
virus eradication methods in potato (Salazar and Jayasinghe, 1996). The 
long-standing empirical observation that virus concentration can be reduced 
when plants are heat-treated has resulted in thermotherapy becoming a 
common additional step in virus eradication in potato (Sánchez  et al., 1991; 
Salazar and Jayasinghe, 1996; Fletcher  et al., 1998; Rosenberg, 2000). 
Chemotherapy is another option (Fletcher et al., 1998), though is less widely 
used due to concerns that genetic variation might be caused by the 
nucleoside analogues employed (Salazar and Jayasinghe, 1996; Zaitlin and 
Palukaitis, 2000). 

Enhanced procedures for thermotherapy of microplants would be useful 
in potato biotechnology. The thermotherapy treatment depends on the type 
of virus, present in the plants and the sensitivity of the cultivar to heat. Often 
plants do not tolerate high temperatures for periods long enough to inactivate 
the virus, and this limits the number of regenerated individuals available for 
the virus detection tests (Sánchez  et al., 1991; Rosenberg, 2000). We 
previously demonstrated that acetyl-SA treatment enhanced thermotolerance 
in potato microplants (Lopez-Delgado  et al., 1998). SA is also known to 
play an important role in plant defence responses to viral infection (Mur  et 
al., 1997; Murphy and Carr, 2002; Takahashi  et al., 2002). As a natural 
hormone, SA is unlikely to raise concerns as a chemotherapeutic agent. We 
therefore, reasoned that SA held promise as a medium supplement to 
improve the efficiency of virus eradication in potato microplants. The 
beneficial effects of culture in the presence of SA on the survival of potato 
microplants subjected to thermotherapy and on the number of virus-free 
plants obtained was demonstrated (Lopez-Delgado  et al., 2004). 

Seven genotypes of PVX(+) potato microplants, from the INIFAP 
National Potato Program, were cultured for 4 weeks on medium with or 
without 10-5 M SA, then subcultured onto medium without SA for 24 h and 
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exposed to a standard antiviral thermotherapy treatment at 42ºC. At the end 
of 30 days of thermotherapy, microplants incubated previously in SA 
showed better survival than the control microplants, with the protective 
effects of SA being most apparent in the most thermosensitive genotypes 
(Figure 9). Microplants incubated in SA showed survival rates of at least 
40% and up to 100%, while among the control microplants, three genotypes 
died completely (n = 30). Immediately after thermotherapy, surviving 
microplants were subcultured and their  survival re-assessed, after further 30 
days (Figure 10). In three thermosensitive genotypes in which all control 
microplants had already died in thermotherapy (T-95-29-138, T-96-11-21, 
970802), 63 to 100% of the SA-treated microplants that survived 
thermotherapy (n  12) were still growing 30 days after the subculture. In all 
genotypes in which some control microplants had survived thermotherapy, 
over 93% of the SA-treated population (n  12), but as few as 53% of the 
controls (n  8), still survived 30 days after subculture (Figure 10). 
Therefore, SA enhanced not only tolerance to the 42ºC thermotherapy, but 
also to recovery at 20ºC after the subsequent subculture. Moreover, 30 days 
after the post-thermotherapy subculture, 100% of the surviving SA-treated 
microplants, but only 40-65% of the controls, were found by ELISA to be 
free of PVX (n = 8-30) (Figure 11). 

Figure 10. Response to subculture of 7 genotypes of potato microplants after thermotherapy 
(42 C, 30 days). Prior to thermotherapy, microplants were grown for 4 weeks on propagation 
medium  SA (10-5 M). Nodal cuttings were subcultured on to SA-free medium for 24 h and 
then subjected to thermotherapy. Nodal cuttings from surviving microplants were subcultured 

and the survival assessed after 30 days (n = 8-30).

To confirm, the enhancement of the efficiency of virus eradication by 
SA, 15 microplants of each of 30 PVX(+) genotypes were subjected to 
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thermotherapy with or without prior culture on SA as described above. 
These genotypes were more thermotolerant than the previous group, with 58 
± 1.0% of controls surviving after 30 days at 42 C, though SA treatment still 
improved survival, to 64 ± 0.7%. More significantly, the SA treatment prior 
to thermotherapy resulted in a near-total elimination of PVX (98 ± 1.0%) 
from microplants that survived thermotherapy and subsequent culture for 30 
days, while only 75 ± 0.7% of control plants were PVX-free.SA appears to 
offer a double benefit as a medium supplement in potato tissue culture 
thermotherapy, enhancing both microplant survival and virus eradication 
rates.These results confirmed the induction of thermotolerance previously 
reported (Lòpez-Delagdo  et al., 1998a) by using the natural hormone SA, 
and demonstrated that how it can integrate into an effective antiviral 
treatment for PVX(+) microplants, by enhancing their survival during both 
thermotherapy itself and the recovery period following the post-
thermotherapy subculture. Enhancement of heat tolerance by SA or acetyl-
SA has now also been demonstrated in a range of other plant species (Dat  et 
al.,1998, 2000; Senaratna  et al., 2000; Larkindale and Knight, 2002). 

Figure 11. Effect of SA on virus eradication. Prior to thermotherapy, microplants were grown 
for 4 weeks on propagation medium  SA (10-5 M). Nodal cuttings were subcultured on to 

SA-free medium for 24 h and then subjected to thermotherapy. Nodal cuttings from surviving 
microplants were subcultured, and after 30 days ELISA for PVX was performed (n = 8-30). 

As a second major benefit of SA treatment, we have demonstrated, for 
the first time that SA also increases the number of virus-free microplants 
among thermotherapy survivors.Our hypothesis, that SA might be effective 
as an antiviral agent in potato biotechnology was based on the extensive 
literature on SA as a plant defence signal during virus infection (Mur  et al.,
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1997; Murphy and Carr, 2002; Takahashi  et al., 2002). Despite its well 
documented roles in nature, however, there are still relatively few direct 
agrochemical applications of SA. 

The practical utility of heat and SA treatment as demonstrated before 
(Lopez-Delgado et al., 2004) is strong justification for continued 
investigation of the interactions between these factors and plant viruses. 

7.  SALICYLIC ACID AND H2O2 FUNCTION BY 
INDEPENDENT PATHWAYS IN THE 
INDUCTION OF FREEZING TOLERANCE IN 
POTATO 

Exposure to freezing temperatures leads to extensive tissue damage 
particularly in chilling-sensitive plants (Janda et al., 1999, 2000; Scebba et 
al., 1998). Recent studies described improvement in cold tolerance in maize, 
rice and wheat (Janda et al., 1999; Szalai et al., 2000; Kang and Saltveit, 
2002; Tasgin et al., 2003), bean (Ding et al., 2002), cucumber (Kang and 
Saltveit, 2002), tomato (Senaratna et al., 2000; Ding et al., 2002), banana 
(Kang et al., 2003), and Persian lilac by exogenous salicylate (Bernard et al., 
2002).   

There is some evidence about a complex relationship between SA and 
H2O2 signaling in plants; SA can increase H2O2 (Rao et al., 1997; López-
Delgado et al.,1998a; Dat et al., 1998, 2000) and SA can be induced by 
H2O2 (Chamnongpol et al., 1996). However, the physiological relevance of 
interactions between these two signaling molecules remains poorly 
characterized and understood. Plants make use of common pathways and 
components to induce tolerance to a wide variety of environmental stresses 
(Pastori and Foyer, 2002). This phenomenon, which is known as cross-
tolerance, allows plants to adapt to a range of different stresses after 
exposure to one specific stress. Cross-tolerance results from the action of 
common signals and elements, which are likely to occur early in the stress 
response cascade (Pastori and Foyer, 2002). Hydrogen peroxide and SA are 
strongly implicated in cross-tolerance phenomena (Mittler, 2002; Sudha and 
Ravishankar, 2002; Neill et al., 2002a, b; Vandenabeele et al., 2003). We 
explored the extent of interaction between these two signaling molecules in 
the induction of freezing tolerance in two potato cultivars with differences in 
freezing sensitivity. 

Plant 28 days old cultivated in vitro on medium containing SA (0.1 mM), 
increased freezing tolerance in two cultivars of potatoes relative to water-
treated controls. Survival after freezing (-6 °C) was increased by up to 76 % 
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in Alpha, following SA treatment. In Atlantic, however, SA increased by 
about 93 % (Mora-Herrera et al., 2005). 

Plants 28 days old from nodal cuttings treated with H2O2 (5 mM) for 1 h 
also showed freezing tolerance in both cultivars relative to controls. 
However, the H2O2-induced increase in freezing tolerance (130 %) was 
significant in Atlantic, compared with controls but the effect was not 
significant in Alpha (Table 5). 

SA induced freezing tolerance in two potato cultivars pre-treated at 0.1 
mM under in vitro conditions, whereas H2O2 significantly enhanced 
tolerance only in the freezing-sensitive cultivar, suggesting that SA 
generates more potent signal in orchestrating freezing tolerance responses. 
SA inhibited catalase (Figure 12) and ascorbate peroxidase (Figure 13) 
activities, causing detectable increases in tissue H2O2 (Figure 14) under in
vitro conditions. SA significantly increased freezing survival in Alpha and 
Atlantic (Mora-Herrera et al., 2005). Catalase inactivation by SA together 
with SA-dependent increase in H2O2 have been observed earlier (Chen et al., 
1995; Rao et al., 1997; López-Delgado et al., 1998a; Dat et al., 1998, 2000; 
López-Delgado et al., 2004). However, the relationship between H2O2

contents, ascorbate peroxidase and catalase activities is complicated by SA-
mediated induction of superoxide-generating enzymes. For example, SA has 
been linked to the induction of plasma membrane O2-producing enzymes 
(Kauss and Jeblick, 1996). 

Table 5. Effect of salicylic acid (SA) or Hydrogen peroxide (H2O2) on freezing tolerance in 
Alpha and Atlantic. Alpha and Atlantic plants culture in vitro for 4 weeks on medium 

containing 0.1 mM SA and then transfered to soil. After 24h in soil they were subjected to a 
freezing treatment consisting of exposure to -6 ±1°C for 4 h. In the case of H2O2 treatment,  
Alpha and Atlantic nodal cuttings were initially treated with H2O2 (5 mM) for 1 h and then 
sub-cultured on MS medium for 4 weeks. They were transferred to soil and after 24h they 

were subjected to a freezing treatment consisting of exposure to -6 ±1°C for 4 h. The symbol 
(*) indicates significantly different respect to control. Data are expressed as mean values. 

 SA H2O2

Alpha Atlantic Alpha   Atlantic 
Control 45.83 22.33 41.66 23.95 
Treatment 80.83* 43.08* 40.73 39.81* 

The evidence does not support the view that there is a single general 
mechanism involving SA-mediated changes in ascorbate peroxidase, 
catalase and H2O2 in the acquisition of freezing avoidance in potato, as 
consistent changes in these parameters were not observed in the two 
cultivars. The relationship between SA and H2O2 would appear to be closer 
in Atlantic because H2O2 induces freezing tolerance in this cultivar. H2O2

may comparatively be better in inducing freezing tolerance in species that 
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are intrinsically more freezing sensitive. While the application of SA can 
influence both shoot catalase and H2O2 contents but there was no consistent 
trend in these parameters in the two cultivars analysed .  

Figure 12. Effect of salicylic acid (SA) on catalase activity in Alpha and Atlantic. Shoot 
catalase is measured in Alpha and Atlantic plants that have been cultured in vitro on MS 

medium containing SA (0.1 mM) for 4 weeks. 

Figure 13. Effect of salicylic acid (SA) on ascorbate peroxidase activity (APX) in Alpha and 
Atlantic. Shoot APX activity is measured in Alpha and Atlantic plants that have been cultured 

in vitro on MS medium containing SA (0.1 mM) for 4 weeks. 

Our results confirm the potential value of SA and H2O2 applications in 
potato culture technology, especially with regard to aiding micro-plants to 
avoid freezing-induced damage and death. Our results further illustrate that 
the standard techniques of potato seed production (including micro-
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propagation and culture in soil) exploited here, provide a sensitive tool for 
the analysis of these mechanisms. 

Figure 14. The effect of salicylic acid (SA) on shoot H2O2 contents in Alpha and Atlantic. 
H2O2 content is measured in Alpha and Atlantic plants that have been cultured on 

MS medium containing SA (0.1 mM) for 4 weeks. 

8.  EFFECT OF ASA ON THE YIELD AND 
TOLERANCE TO LATE BLIGHT 
(PHYTOPHTHORA INFESTANS)

Under glasshouse conditions ASA was applied at 10-4, 10-5 and 10-6 M 
concentrations where tubers were treated with ASA in 3 different ways, a) 
immersion before planting, b) foliar application and c) immersion + foliar 
application (Vilaseca, 1999). Under field conditions, only 10-5 M was 
applied. Under glasshouse, the salicylate induced significatly taller stems, 
and longer roots, in either the  foliar  and the immersion methods. Foliar 
application of ASA significantly increased  the mass of tubers,  up 83.4 % 
compared with the control but the number of tubers was not affected. 

Under field conditions, no differences were found for the weight of 
tubers. According to the international scale of International Potato Center 
(CIP) (Fry, 1978), plants treated with ASA lowered the percentage of 
infection with late blight, as the area under the curve shows (Figure 15). 
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Figure 15.  Infection of potato plants by Late blight (Phytophtora infestans) cultured under 
field conditions. Plants were treated with ASA in 3 different ways, a) immersion before 

planting, b) foliar application and c) immersion + foliar application. The area under the curves 
represents the value of infection in each treatment. Control plants were not exposed to ASA.

9. CONCLUSIONS 

Growth inhibition was a common factor observed during the in vitro 
developmental responses studied throughout this chapter. Both ASA and 
H2O2 induced growth inhibition. It was demonstrated that, with a proper 
manipulation of the medium and environmental conditions, it was possible 
to direct the effect on growth inhibition to get the desired in vitro
developmental response. For the induction of in vitro tubers, it was 
considered that growth inhibition was a common property of PGRs, known 
to induce tuberization (Pelacho et al., 1994); therefore, it was reasoned that 
tuberization might result from the growth inhibition effect of ASA on potato 
microplants. Tubers were obtained by modification of the MS propagation 
medium with the addition of BAP and a higher sucrose concentration (8%) 
in the presence of ASA. During the incubation, the temperature was 
important for the induction of tuberization in combination with total 
darkness.
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Growth inhibition is a requirement for short and medium term in vitro 
germplasm preservation. The growth inhibition effect of ASA can be 
directed towards in vitro germplasm storage. In this case the MS propagation 
medium was modified with a lower sucrose concentration (0.5%) than for 
tuberization induction. ASA is potentially useful for both in vitro techniques, 
tuberization and germplasm preservation. The question arises as to the 
nature of the changes induced by ASA, besides the growth inhibition effect. 

Growth inhibition also preceded with the response of thermotolerance, 
induced by ASA. Additional important factors for the induction of 
thermotolerance were the time of incubation in ASA and the time after 
subculture to medium without ASA, before the HS.  

An analogy may also be proposed between ASA and other plant growth 
retardants. ASA, as a growth inhibitor, induced thermotolerance in this work 
and likewise other growth retardants decreases plant susceptibility to stress. 
The morphological effects of growth retardants are accompanied by 
alterations in the developmental and physiological behaviour of treated 
plants. The most striking changes include reduction of water consumption, 
retardation of senescence and improved resistance to environmental stress. 
This induction of thermotolerance by ASA in potato could involve H2O2 as a 
signal (Foyer et al., 1997) as discussed previously.  H2O2 may be the part of 
wider stress signalling systems. 

In final conclusion, this chapter revealed novel effects of salicylates and 
H2O2 in plant physiology. These effects might involve similar signalling 
pathways. The model systems developed in this work are suitable for further 
studies on signalling mechanisms. However, from the biotechnological point 
of view, the effects of salicylates can be exploited in a planned fashion to 
induce desirable responses and become a valuable tool in tissue culture 
technology, and also in potato production technology.  
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Abstract: Activation of salicylic acid (SA) biosynthesis in association with  changes in 
redox homeostasis occurs in plants exposed to diverse biotic and abiotic 
stresses such as pathogens infection, excess of UV radiation, or increased 
levels of ozone (O3). Under these conditions, reactive oxygen species (ROS) 
and SA are the crucial signals for triggering defense-related processes that are 
genetically controlled, e.g. programmed cell death (PCD) and the expression 
of genes that cause defense against stress. Increasing evidence in the 
yesteryears supports the idea that SA interplays with ROS in the genetic-
controlled defense reactions. In this chapter we discuss this evidence, 
particularly focusing on the expression of stress defense genes. In the first 
section we are giving an overview about how the changes in SA levels and 
redox homeostasis occur in the establishment of the defense reaction against 
stressful conditions. In the second section we will review the information 
obtained from genetic and biochemical approaches about signaling proteins 
and promoter DNA elements, involved in the activation of defense genes by 
SA. Redox controlled transcriptional co-regulators, transcription factors and 
promoter DNA elements have been shown to mediate SA induced activation 
of these genes. In the third section we are going to analyze available 
transcriptome data obtained from Arabidopsis plants, either treated with SA or 
analogs or subjected to stress conditions. We have classified the up-regulated 
genes according to their known or putative functions. Interestingly, we found 
genes coding for proteins with antioxidant and detoxifying functions, together 
with other defense-related functions. Taking together, these evidences suggest 
that SA plays a role in controlling the cellular redox balance at the onset of the 
defense response. 

S. Hayat and A. Ahmad (eds.), Salicylic Acid – A Plant Hormone, 197–246. 
©  2007 Springer.
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1. INTRODUCTION 

1.1 SA is produced in response to environmental stress 

It is well established that plants activate SA biosynthesis after being 
exposed to pathogens infection, excess of UV radiation and increased levels 
of ozone (O3) - a model for air pollution (Malamy et al., 1990; Yalpani et al., 
1994; Surplus et al., 1998; Rao and Davis, 1999). Requirement for SA in 
defense reaction against pathogen infection have been clearly demonstrated 
by using mutant and transgenic plants where SA accumulation, or the 
function of SA signaling components, is impaired (reviewed in Durrant and 
Dong, 2004). Transgenic Arabidopsis and tobacco plants expressing the 
bacterial SA-degrading enzyme salicylate hydroxylase (NahG) are not able 
to develop an efficient defense reaction, and are therefore more susceptible 
to damage produced by pathogen infection ( Gaffney et al., 1993; Delaney et 
al., 1994). Arabidopsis NahG plants subjected to stress by ozone also 
showed alteration in the development of the stress defense reaction (Rao and 
Davis, 1999). 

More recently, it has also been reported that endogenous SA is involved 
in the plants response to other types of abiotic stresses such as salt and 
osmotic stress (Borsani et al., 2001), heat ( Dat et al., 1998; Larkindale and 
Knight, 2002; Clarke et al., 2004) and cold (Scott et al., 2004). Moreover, 
the increase in the endogenous levels of SA have been reported to occur 
under some physiological conditions such as senescence (Morris et al.,
2000).

All these conditions of environmental or physiological stress where SA is 
accumulated, are known to affect cellular redox homeostasis leading to 
oxidative stress ( Mittler, 2002; Apel and Hirt, 2004). Interestingly, in the 
last years increasing evidences support the hypothesis that SA plays a crucial 
role in the control of cellular redox homeostasis in stressed plants. To further 
discuss this effect of SA, we will first overview some basic aspects of redox 
homeostasis in plant cells under physiological and stress conditions. 

1.2 Redox homeostasis in plant cells 

Redox homeostasis in plant cells is maintained by the appropriate 
balance between reactive oxygen species (ROS) generation and scavenging 
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mechanisms ( Mittler, 2002; Apel and Hirt, 2004). Lately, it has been 
recognized that increases in ROS levels can not only have a toxic effect 
inducing cell death by the oxidation of cellular components, but it can also 
constitute a crucial signal to balance information between metabolism and 
the environment, as will be discussed bellow (Foyer and Noctor, 2005). 

Under physiological conditions, ROS are continuously produced in 
plants as byproducts of the metabolic activity in different compartments, 
mainly chloroplasts, peroxisomes and mitochondria (Figure 1, reviewed in 
Mittler, 2002; Apel and Hirt, 2004). Associated to the photosynthetic 
process, ROS can be produced from O2 in the chloroplast by two main 
mechanisms: direct photoreduction to a superoxide radical (O2

-) by the 
reduced electron transport components associated to PSI; and production of 
singlet oxygen (O2

1) by PSII. As a result of the photosynthetic activity, H2O2

can also be produced in the peroxisomes, via the photorespiratory pathway 
that involves the oxygenase activity of Rubisco. These mechanisms for ROS 
production are used by plants to avoid inhibition of the photosynthetic 
process, due to an imbalance between rates of light-driven electron transport 
and CO2 assimilation (Apel and Hirt, 2004). 

Furthermore, H2O2 can be produced in the peroxisomes by the fatty acid 
-oxidation process, and in the apoplast by oxidases and peroxidases 

associated to the plasma membrane or to the cell wall. In contrast to 
mammalian cells, contribution of the respiratory electron transport chain 
from the mitochondria to basal ROS production in plant cells is negligible 
(Mittler, 2002). It is believed that the presence of the alternative oxidase, 
which catalyzes the reduction of O2 to H2O, reduces O2 levels and therefore, 
limits the generation of ROS in mitochondria (Figure 1; Maxwell et al.,
1999).

Plant cells are equipped with five main ROS scavenging systems that are 
located in  the cellular compartments where ROS are produced (Figure 1)

 ( Mittler, 2002; Apel and Hirt, 2004; Foyer and Noctor, 2005). Figure 2 shows 
in more detail the components involved in each of these scavenging systems. 
Under physiological conditions, these systems are efficient to keep steady 
state levels of ROS. Superoxide dismutase (SOD) acts as a first line of 
defense converting the superoxide radical into H2O2 and is present 
practically in all intracellular compartments and in the apoplast. The other 
four systems are responsible for H2O2 scavenging: the water-water cycle 
(WW cycle), exclusively found in chloroplasts; the ascorbate-glutathione 
cycle (A-G cycle), present in chloroplasts, mitochondria, peroxisomes, 
cytosol and the apoplast; catalase (CAT), mainly present in peroxisomes; 
and the glutathione peroxidase cycle (GPX cycle), present in cytosol and 
peroxisomes. 
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Figure 1. Pathways for ROS production and scavenging in plant cells. 
Main mechanisms for ROS production and scavenging, reported to be present in different 
cellular compartments, are shown. ROS (O2

-, H2O2, 
1O2) are indicated in green and ROS 

scavenging mechanisms (superoxide dismutase, SOD; ascorbate-glutathione cycle, AG cycle; 
glutathione peroxidase cycle, GPX cycle; catalase, CAT; water-water cycle, WW cycle) are in 
blue (see Figure 2 for components of each scavenging mechanism). In the apoplast, O2

- can be 
produced by NADPH oxidases located in the plasma membrane and peroxidases associated to 
the cell wall. In the mitochondria, production of O2

- can occur by reduction of O2 by electrons 
coming from the respiratory chain (from complex I, CI, ubiquinone and complex III, not 

shown in detail). 
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The alternative oxidase (AO) can reduce production of O2
- in the mitochondria by draining 

electrons from the respiratory chain and by reducing O2 levels. In the chloroplast, 1O2

production can occur from O2 at the photosystem II (PSII), and production of O2
- can occur 

by direct photoreduction of O2 by electrons from the photosystem I (PSI). The pathway of 
electrons from PSI to NADPH is also shown (Fdx, ferredoxin; FNR, ferredoxin NADPH 
reductase). In the peroxisomes, H2O2 is produced by the photorespiratory chain via the 

oxygenase activity of Rubisco and glycolate oxidase. H2O2 can cross cellular membranes. The 
effect of different environmental stress conditions on ROS production in different 

compartments is indicated. 
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Briefly (Figure 2), the WW cycle uses a thylakoid-bound ascorbate 
peroxidase (tAPX), which catalyzes H2O2 reduction to H2O by ascorbate. In 
this system, reduced ascorbate is regenerated by electrons from PSI. The A-
G cycle is probably the most efficient scavenging mechanism to decrease the 
cellular levels of H2O2. This cycle uses APX and ascorbate to reduce H2O2.
The reduced ascorbate is then regenerated by the reducing power of 
glutathione and NAD(P)H, catalyzed by three enzymes 
(monodehydroascorbate reductase, dehydroascorbate reductase and 
glutathione reductase). CAT is the main H2O2 scavenging enzyme in 
peroxisomes that catalyzes the conversion of H2O2 into H2O and O2. The 
GPX cycle uses glutathione to reduce H2O2 and then NAD(P)H to regenerate 
reduced glutathione, catalyzed by GPX and glutathione reductase, 
respectively. 

Plant cells maintain steady state levels of ROS (redox potential) in 
different compartments, not only by modulating the expression and/or the 
activity of enzymes involved in ROS scavenging systems, but more 
importantly, by controlling pool levels of the non-enzymatic components of 
these systems that act as antioxidant buffers: glutathione, ascorbate and also 
NAD(P)H (Foyer and Noctor, 2005). Glutathione and ascorbate (vitamin C) 
are the main hydrophilic antioxidant cellular buffers, while tocopherol 
(vitamin E) is the major liposoluble antioxidant buffer, being the main 
scavenger for singlet oxygen generated in the chloroplast (Fobert and 
Despres, 2005). Interestingly, the antioxidant buffering capacity is much 
lower in the apoplast and in the thylakoid lumen than in other compartments, 
facilitating redox signaling in these compartments, as it will be discussed 
later.

1.3 Biotic and abiotic stress affects redox homeostasis  

 Biotic and abiotic stress conditions produce an increase in ROS levels, 
leading to an alteration in the cellular redox homeostasis. For plants to 
overcome and acquire resistance or tolerance to these adverse environmental 
conditions, they must tightly control ROS levels to avoid excessive oxidative 
damage and, at the same time, trigger genetic controlled defense reactions    
(Overmyer et al., 2003; Foyer and Noctor, 2005). 

Different stress conditions activate ROS production in different 
compartments (Figure 1). Pathogens induce ROS production mainly through 
NADPH-oxidase activity located in the plasma membrane and peroxidases 
found in the apoplast (Grant and Loake, 2000). Ozone treatment also   
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generates an oxidative burst that induces production of H2O2 in the apoplast 
(Pasqualini et al., 2003). However, this effect seems to be secondary to the 
first increase in ROS levels in the chloroplasts (Joo et al., 2005). Based on 
the inhibition by DPI, it has also been proposed that NADPH-oxidase could 
be the main source of ROS production after wounding (Orozco-Cardenas et 
al., 2001) and UV-B radiation (Mackerness et al., 2001). 

In contrast, other environmental conditions of stress are known to 
increase the levels of ROS in chloroplasts and peroxisomes (Apel and Hirt, 
2004). Most of these stress conditions either increase light-driven electron 
transport (high light intensities) or restrict CO2 availability (drought or 
temperature stress), altering the equilibrium between the production of 
reduced components by the electron transport chain, and the capacity of CO2

assimilation. This imbalance leads to an increase in ROS production in the 
chloroplast, associated to PSI and PSII; and in the peroxisomes, associated 
to photorespiration. Mitochondria has also been described as an important 
source of ROS production during PCD, as part of the defense response of 
plants subjected to pathogens and other environmental stresses (Lam et al.,
2001).

As described in the previous section, plant cells are equipped with five 
main ROS scavenging systems, which are controlled by the expression 
and/or activation of the enzymes involved, and by antioxidant buffers such 
as glutathione and ascorbate (Apel and Hirt, 2004; Foyer and Noctor, 2005). 
In addition to these well known systems, plants also have other 
oxidoreductases that participate in ROS scavenging and, more importantly, 
in ROS signaling (Foyer and Noctor, 2005). This is the case of a family of 
protein disulfide oxidoreductases (ie. Tioredoxins, TRX; and glutaredoxins, 
GRX) that catalyse reversible changes in thiol status of target proteins. 
These modifications are mainly achived through dithiol-disulfide changes 
involving Cys residues (Jacquot et al., 2002). As will be discussed in the 
third section, these enzymes, together with other oxidoreductases 
(peroxidases, peroxiredoxins), play a role as H2O2 scavengers and as 
transducers of redox signals to other cellular components. 

Interestingly, it has been recently postulated that at the onset of plant 
defense response to stress, protein disulfide oxidoreductases could be 
involved in signaling redox changes that trigger PCD and the expression of 
stress defense genes (Fobert and Despres, 2005; Foyer and Noctor, 2005). 

1.4 Interplay between SA and ROS in stress defense 
response 

During the previous years, increasing evidences support the idea that SA 
interplays with ROS to signal genetic-controlled defense reactions such as 
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PCD and expression of stress defense genes (Figure 3; Overmyer et al.,
2003; Durrant and Dong, 2004; Fobert and Despres, 2005; Foyer and 
Noctor, 2005). 

The idea of an interplay between SA and ROS in the stress defense 
reaction was first proposed more than 10 years ago (Chen et al., 1993). At 
that time, the discussion was centered on whether SA produces ROS or ROS 
promotes SA biosynthesis ( Chen et al., 1993; Bi et al., 1995; 
Neuenschwander et al., 1995; Durner and Klessig, 1996). Nowadays, it is 
believed that both processes, initially thought to be opposed, are connected 
in the local and systemic defense responses ( Overmyer et al., 2003; Durrant 
and Dong, 2004). 

The local defense response, developed around the infected or damaged 
cells (after pathogen infection, UV radiation and ozone treatment), usually 
triggers activation of a PCD process named hypersensitive reaction (HR) 
(Figure 3; Dangl and Jones, 2001; Lam et al., 2001; Overmyer et al., 2003). 
Plants infected with avirulent pathogens develop a successful defense 
response, due to early recognition by disease resistance proteins. In these 
plants, HR is successful in killing infected cells and restricting pathogen 
growth and dissemination to the rest of the plant (Lam et al., 2001; 
Overmyer et al., 2003). 

It has been proposed that different combinations of hormones and signals 
(ROS, SA, NO, ethylene and jasmonic acid) are involved in the initiation, 
propagation and containment phases of PCD (Overmyer et al., 2003). 
According to this model, ROS and SA, which accumulate at high levels 
during HR (Malamy et al., 1990; Rao and Davis, 1999; Pasqualini et al.,
2002), could be on a positive feedback loop that amplifies signals in the 
initiation and propagation phases of cell death (Van Camp et al., 1996; 
Draper, 1997; Overmyer et al., 2003;). In this local reaction, ROS produced 
in the apoplast is required (Jabs et al., 1996), but not sufficient (Mur et al.,
2005), to trigger PCD. Evidence also indicates that production of ROS in the 
mitochondria is essential for PCD ( Maxwell et al., 2002; Dutilleul et al.,
2003). It is believed that the positive feedback loop between SA and ROS in 
the local defense reaction is produced because H2O2 activates biosynthesis of 
SA via phenylpropanoid pathway (Leon et al., 1995;Durner and Klessig, 
1996; Kawano, 2003). On the other hand, high levels of SA not only produce 
ROS by several mechanisms ( Rao et al., 1997; Kawano, 2003), but also 
inhibit the activity of key antioxidant enzymes such as APX and CAT, 
leading to an over-accumulation of ROS (Durner and Klessig, 1996 ). It has 
been postulated that TRXs could be involved in modulating the activity of 
these enzymes, being, therefore, crucial for redox signal transduction in PCD 
responses (Lemaire et al., 2004; Yamazaki et al., 2004).  
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Figure 2. Mechanisms for ROS scavenging in plant cells. Enzymatic (blue) and non 
enzymatic components of the ROS scavenging systems are shown. ROS (O2

-, H2O2) are 
indicated in green. The water-water cycle uses a thylakoid-bound ascorbate peroxidase 

(tAPX) to reduce H2O2 by ascorbate (AsA) and electrons from ferredoxin (Fdx) to regenerate 
AsA. The ascorbate-glutathione cycle uses APX to reduce H2O2 by AsA. To regenerate AsA, 

monodehydroascorbate (MDAR) and NAD(P)H, and dehydroascorbate (DHAR) and 
glutathione (GSH), are used. Then GSH is regenerated by glutathione reductase (GR) and 
NAD(P)H. The glutathione peroxidase cycle uses glutathione peroxidase (GPX) to reduce 

H2O2 by GSH, and GR and NAD(P)H to regenerate GSH. Catalase converts H2O2 into H2O
and O2. Superoxide dismutase (SOD) converts O2

- into H2O2. Adapted from (Mittler, 2002). 
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After the local defense reaction is activated, a signal of unknown nature 
is transmitted from this tissue to the rest of the plant, to trigger the systemic 
defense response (Durrant and Dong, 2004). Interestingly, low antioxidant 
buffering capacity of the apoplast may favor an intercellular long lasting 
oxidative signal produced during HR in this compartment (Foyer and 
Noctor, 2005). 

The systemic defense response, developed in tissues surrounding HR 
lesions and in the uninfected distal tissues, is also characterized by a 
considerably lower increase in SA and ROS levels (Alvarez et al., 1998; 
Durrant and Dong, 2004). These levels are not high enough as to trigger 
massive PCD, instead, they are able to activate the expression of defense 
genes (Figure 3; Surplus et al., 1998; Rao and Davis, 1999; Durrant and 
Dong, 2004). This response, named systemic acquired resistance (SAR), is 
responsible for plant survival to pathogen infection, UV radiation and ozone 
treatment, and for the systemic resistance or tolerance to new stressful 
stimuli (Yalpani et al., 1994; Durrant and Dong, 2004). SAR and activation 
of SAR defense genes can be triggered by exogenous treatment of plants 
with SA, or its functional analogs, supporting the crucial role SA plays in 
this reaction ( Yalpani et al., 1991;Glazebrook et al., 2003). Among defense 
genes known to be activated by SA, the best characterized are those coding 
for pathogenesis-related proteins (PRs) (Van Lonn and Van Strien, 1999) 
and detoxifying enzymes such as glutathione S-transferases (GSTs) and 
glycosyltransferases (GTs) (Edwards et al., 2000; Li et al., 2001) (section 3). 
Kinetic studies carried out in tobacco and Arabidopsis allowed the grouping 
of these genes into two different classes according to their kinetics of 
induction by SA: immediate early (GSTs and GTs) and late genes (i.e. PR-1) 
(Uknes et al., 1993; Qin et al., 1994; Xiang et al., 1996; Horvath et al.,
1998; Uquillas et al., 2004; Blanco et al., 2005). 

Although important advances in the understanding of SAR have been 
achieved in the last few years, the mechanism by which SA and ROS 
interact in the activation of defense genes, is still not clear (Durrant and 
Dong, 2004; Fobert and Despres, 2005). It has recently been observed that 
treatment of plants with a SA analog produces a biphasic effect on the 
cellular redox potential, being first oxidative and then reductive, as measured 
by the ratio GSH/GSSG (Mou et al., 2003). Interestingly, as we will discuss 
in the next section, at least two components of the SA signaling pathway 
involved in the activation of PR genes have been identified as thiol-based 
redox sensors (Despres et al., 2003; Mou et al., 2003). The hypothesis that 
SA can signal these redox modifications by using TRXs or GRXs (Fobert 
and Despres, 2005) is supported, it will be discussed in the next section, by 
recent data indicating that SA triggers early activation of some genes coding 
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Figure  3. Salicylic acid and ROS are signals for genetic-controlled defense reactions. SA and 
ROS, both produced by biotic and some abiotic stress, interplay as signals to trigger genetic-
controlled defense reactions, such as programmed cell death (PCD) and expression of genes 
required for the defense response. PCD occurs mainly in the local response (Hypersensitive 
response, HR) produced during the defense against pathogens and ozone. The expression of 

stress defense genes occurs systemically and is responsible for the antimicrobial and 
antioxidant response. This response confers resistance to pathogens or tolerance to abiotic 

stress in all systemic tissues (SAR). 

for these proteins (Blanco, Van Hummelen and Holuigue, unpublished 
results). 
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It could be important at this point to provide additional evidence for an 
antioxidant role of SA, as has been reported in other systems. In rice, a 
monocotyledonous plant where basal SA levels are two orders of magnitude 
higher than in Arabidopsis or tobacco (5,000-30,000 ng/gfw, compared with 

100 ng/gfw), the evidence strongly supports the idea that SA is essential to 
modulate redox balance and protect plants from oxidative stress (Yang et al.,
2004). In fact, SA-deficient transgenic rice plants, that express the bacterial 
SA degrading enzyme, salicylate hydroxylase, exhibits spontaneous lesion 
formation in an age- and light-dependent manner, increased susceptibility to 
oxidative bursts elicited by avirulent pathogens, and are hyperresponsive to 
oxidative damage caused by methyl viologen treatment (Yang et al., 2004). 
Besides, in animal cells it has been reported that SA, acting as the main 
catabolite of aspirin, has a dual role as a proapoptotic and as an antioxidant 
metabolite. For instance, it has been described that SA promotes apoptosis in 
a variety of cancer cells, potentiating ROS production (Chung et al., 2003). 
In contrast, an antioxidant effect has been reported in coronary artery smooth 
muscle cells infected with human cytomegalovirus (Speir et al., 1998). 

Taking together, all the evidences that support the hypothesis that SA 
plays a crucial role in modulating cellular redox homeostasis in different 
systems, particularly associated to the onset of a defense response to stress. 

2. SIGNALING COMPONENTS IN THE SA 
PATHWAY  

In the past 15 years genetic and biochemical approaches have allowed the 
identification of several proteins that act as cellular components of the SA 
transduction pathway. Here we will only review information about those 
proteins for which a clear participation in the SA signaling has been 
reported. We will start with a description of proteins that, acting upstream 
SA, seem to be involved in triggering its biosynthesis. Then we will briefly 
describe the kinases identified to be part of this pathway. Finally, we will 
focus our attention on the signaling components directly involved in gene 
activation mediated by SA, trying to provide a comprehensive picture of the 
mechanisms involved (Figure 4). Information about other components 
involved in SAR, can be found in two excellent reviews (Durrant and Dong, 
2004; Eulgem, 2005). 

2.1 Signaling components upstream SA 

Several mutants have been isolated that are impaired in their response to 
pathogen infection. We will focus on Enhanced Disease Susceptibility 1 
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(eds1), Phytoalexin Deficient 4 (pad4), eds5 (also known as sid1) and 
Isochorismate Synthase 1 (ics1) (originally known as sid2 or eds16), because 
the corresponding mutated genes have been identified (Figure 4). None of 
these mutants accumulate SA upon infection with virulent or avirulent 
pathogens, they are all more susceptible to pathogen infection and do not 
show a clear PR1 expression after infection. 

EDS1 and PAD4 are similar genes that present some identity to 
eukaryotic lipases and are required for SA accumulation (Zhou et al., 1998; 
Falk et al., 1999; Jirage et al., 1999). eds1 and pad4 mutant plants are 
impaired in basal and induced defense response against a broad spectrum of 
virulent and avirulent pathogens (Feys et al., 2001). The phenotype of eds1
after pathogen infection is clearly more severe than pad4; and EDS1, but not 
PAD4, is required for HR (Feys et al., 2001; Wiermer et al., 2005). 
Interestingly, EDS1 and PAD4 are not only required for SA biosynthesis, but 
also to promote the cell death program characteristic of the HR. The absence 
of EDS1 and PAD4 strongly reduces HR lesion size and the accumulation of 
ROS (Rusterucci et al., 2001). This last evidence provides a strong genetic 
link between ROS, SA and pathogen defense. 

EDS5/SID1 encodes for a transporter that belongs to the MATE family 
(Nawrath et al., 2002). Proteins from the same family are responsible for the 
transport of organic molecules in plants, and the efflux of organic compound 
in microorganisms (Nawrath et al., 2002). EDS5 protein is predicted to be 
localized in the chloroplast and /or the mitochondria and, as Metraux 
speculated, it would be interesting to elucidate whether EDS5 is located in 
the chloroplast, in that case it could be responsible for the transport of SA or 
its precursors from this organelle to the cytosol (Figure 4; Metraux et al.,
2002).  

ICS1 encodes for the enzyme isochorismate synthase 1, responsible for 
the synthesis of SA from chorismate (Wildermuth et al., 2001). Previous to 
the cloning of ICS1 in Arabidopsis, the general believe was that SA 
synthesis in plants occurred only through the phenylalanine ammonium 
lyase (PAL) pathway. Today, the evidence supports a role for SA 
biosynthesis in plant defense via both, the ICS1 and PAL synthetic 
pathways. Current evidence indicate that SA synthesized through PAL 
pathway is required for local defense and lesion formation around the site of 
infection, while SA obtained from the ICS1 pathway plays a role in SAR 
(Ferrari et al., 2003). Interestingly, ICS1 is located in the chloroplast  
(Wildermuth et al., 2001), suggesting that SA biosynthesis occurs in this 
organelle (Figure 4), a well known source of ROS within the cell as was 
discussed earlier. 
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Figure 4. Components identified in the SA signaling pathway. Signaling components directly 
involved in gene activation mediated by SA are indicated. Proteins identified upstream SA are 

Enhanced Disease Susceptibility 1 (EDS1) and 5 (EDS5), Phytoalexin Deficient 4 (PAD4), 
Isochorismate Synthase 1 (ICS1) and MAPKs. ICS1 catalyzes conversion of chorismate into 
isochorismate (IC), a crucial step of SA biosynthesis, putatively located in the chloroplast. 

EDS5 is also putatively located in the chloroplast. Changes in the cellular redox state, 
controlled by SA and ROS levels, trigger reduction, monomerization and nuclear 

translocation of NPR1. Reduced monomeric NPR1 binds to TGA factors to increase their 
DNA binding activity to TGA-boxes. Proteins identified as negative regulators of NPR1 are, 

Suppressor of NPR1-1 Inducible 1 (SNI1), NPR1/NIM1-interacting protein (NIMIN), 
Negative Regulator of Resistance protein (NRR). Casein kinase 2 (CK2) has been also 

reported to act dowsntream SA in this pathway. Other transcription factors identified are 
WRKYs, which bind W boxes and Whirly, which recognizes the PB box. TGA boxes, W 

boxes and PB boxes have been identified as promoter elements in SA-inducible genes. 
Adapted from (Durrant and Dong, 2004). 
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In conclusion, EDS1, PAD4, EDS5 and ICS1 proteins are essential for 
the SA transduction pathway. They act after the pathogen or the stress signal 
has been recognized by the plant, and promotes the intracellular 
accumulation of SA. Interestingly, it is tempting to speculate that lipid 
signals and the chloroplast may play an important role in SA pathway. Extra 
evidences in this respect will be added in sections 3 and 4. 

2.2 Kinases 

Kinases are important signaling components for all the transduction 
pathways, the SA pathway is not an exception. Two main families of non-
receptor kinases, have been functionally linked to SA: Mitotic Activated 
Protein Kinase (MAPK and its relatives) and Casein Kinase 2 (CK2). 

Arabidopsis contains 20 MAP kinases and only 5 MAP phosphatases. 
The knockout of MAPK4 leads to the accumulation of SA and to enhanced 
SA-dependent pathogen defense (Petersen et al., 2000), suggesting that 
MAPK4 negatively regulates this pathway and SA biosynthesis or positively 
regulates SA degradation. MAPK4, and also MAPK6, are also activated by a 
range of abiotic stresses (Ichimura et al., 2000). In addition, the tobacco 
MAP kinases WIPK and SIPK (wounding and SA- induced, respectively) 
are activated upon pathogen recognition (Asai et al., 2002), and their 
Arabidopsis orthologs MPK3/6 also function in pathogen resistance (Romeis 
et al., 1999; Asai et al., 2002). The transduction pathway for a strong 
bacterial elicitor (flg22) is the first MAPK pathway fully described in 
Arabidopsis and AtMEKK1, AtMEKK4/AtMEEK5 and AtMPK3/AtMPK6 
have a clear role in this pathway (Asai et al., 2002). 

CK2 is an ubiquitous kinase that has been found in all eukaryotes where 
it was looked for. In plants it has been characterized at least in Arabidopsis, 
maize and tobacco (Collinge and Walker, 1994; Niefind et al., 1998; 
Peracchia et al., 1999; Salinas et al., 2001). The potential role for CK2 in the 
SA pathway was first proposed by Hidalgo et al. (2001) who demonstrated 
that in tobacco, SA increases CK2 activity in the nucleus, and that CK2 
inhibitors reduce SA-induced binding of nuclear proteins to as-1 (a promoter 
sequence responsive to SA, see section 2.4.1). In addition, CK2 inhibitors 
also reduce the expression of SA-controlled genes in tobacco (Hidalgo et al.,
2001). Recently, Kang and Klessig showed that the Arabidopsis TGA2 
transcription factor (a SA responsive factor, see section 2.4.1) is 
phosphorylated by CK2 (Kang and Klessig, 2005). SA stimulates this 
phosphorylation in vitro and CK2 phosphorylation inhibits the binding of 
TGA2 to its target promoter sequence (Kang and Klessig, 2005). More 
importantly, experiments done in our laboratory, demonstrated that 
Arabidopsis plants with reduced CK2 activity, via a dominant negative 
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approach, are hypersensitive to SA toxicity (Salinas and Holuigue, 
unpublished results), a phenotype that mimics mutants in other components 
of the SA pathway such as npr1 (Cao et al., 1994) and tga2/tga5/tga6
(Zhang et al., 2003) (see below). 

2.3 NPR1

The Non Expressor of PR genes 1 (NPR1), also known as NIM1 and 
SAI1, is an important component identified downstream SA in the defense 
response to pathogens, which acts as a co-regulator of gene expression 
(Dong, 2004; Pieterse and Van Loon, 2004). Multiple mutant allelic forms of 
npr1 have been identified in different screenings designed to find 
components of the SA or pathogen defense pathways (Cao et al., 1994; 
Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997). npr1
mutants show enhanced disease symptoms when infected with pathogens, 
they do not get activated PR genes by SA and are unable to mount effective 
SAR or Induced Systemic Resistance (ISR) responses (Pieterse et al., 1998). 
In addition, npr1 mutants show reduced tolerance to SA toxicity (SA 
hypersensitivity) (Cao et al., 1994) and accumulate high levels of 
endogenous SA upon infection with an avirulent bacteria (Shah et al., 1997), 
suggesting that NPR1 not only participates in the defense against pathogens 
but also in detoxification, biosynthesis and/or degradation of SA. 

NPR1 is apparently expressed at low levels in all tissues and is slightly 
induced by SA analogs or pathogen infection (Cao et al., 1997). Under basal 
conditions, NPR1 forms oligomers through intermolecular disulfide bonds 
that are sequestered in the cytosol (Mou et al., 2003). After SA levels 
increase, monomers of NPR1 are formed and move to the nucleus (Kinkema 
et al., 2000; Mou et al., 2003). In the nucleus, monomeric NPR1 binds to 
TGA transcription factors (see TGA factors in section 2.4.1), and to other 
proteins that finally regulate the expression of defense genes (Figure 4) 
(Dong, 2004). The transition from the inactive to the active form of NPR1 
triggered by SA, relays in the reduction of two conserved cysteine residues 
(Mou et al., 2003). This redox transition of NPR1 implies that plant cells 
have to modulate their redox potential during the onset of SAR (Fobert and 
Despres, 2005). Importantly, reducing conditions have to be created within 
the cell to activate NPR1 and consequently stimulate the expression of 
genes. As previously mentioned, evidence indicates that SA could be 
responsible for lowering the redox potential in the cell (Mou et al., 2003). In 
this context, several genes involved in redox balance and detoxification that 
are activated earlier by SA without the requirement for NPR1, seem to be 
proper candidates for decreasing the cellular redox potential (Blanco et al.,
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2005; Blanco, Van Hummelen and Holuigue, unpublished results; Uquillas 
et al., 2004), see section 3). 

Due to the pivotal role played by NPR1 in the defense against pathogens, 
it is not surprising to find that NPR1 orthologs exist in other species like rice 
and tobacco (Liu et al., 2002; Chern et al., 2005). The fact that NPR1 
overexpression does not seem to produce detrimental secondary effects in 
plants, and the impressive defense response against a broad spectrum of 
pathogens seen in NPR1 transgenic plants, make this gene a good target for 
future biotechnological applications (Cao et al., 1998; Friedrich et al., 2001; 
Lin et al., 2004; Chern et al., 2005). 

The Arabidopsis genome encodes 6 NPR1-like proteins including NPR1 
(Liu et al., 2005). NPR4, like NPR1, has also been implicated in pathogen 
defense (Liu et al., 2005). NPR4 is also localized in the nucleus and interacts 
with the same spectrum of TGA transcription factors as NPR1 in yeast two-
hybrid assays (see TGA factors section for more details). Contrary to npr1
mutants, in the npr4-1 mutant PR1 expression is not significantly affected 
after SA treatment and npr4-1 seedlings are not hypersensitive to SA (Liu et 
al., 2005). In addition, it has been shown that  Arabidopsis NPR4, as well as 
NPR1, participate in the plant defense response against the bacteria P.
syringae and the fungus E. cichoracearum, but not in the response to P. 
parasitica (Liu et al., 2005). 

Two other NPR1 like genes, known as BLADE-ON-PETIOLE 1 and 2 
(BOP1 and BOP2), have been characterized (Hepworth et al., 2005). Both 
BOP proteins seem to be redundant and regulate development of leaf and 
lateral organs (Hepworth et al., 2005). Interestingly, BOP proteins also 
interact with TGA factors, preferentially with Perinthia, the only 
characterized Arabidopsis TGA factor that apparently does not participate in 
the SA-dependent pathogen defense (Hepworth et al., 2005). It has been 
recently demonstrated that the tobacco TGA2.1 factor does not participate in 
SA-dependent gene expression either, and it is also required for organ 
determination during development, especially in flowers (Thurow et al.,
2005).

Till date, there is no available information about the two remaining 
NPR1-like genes (At4g26120 and At5g45110). These two genes are most 
similar to the NPR1 present in Arabidopsis genome; therefore it would not 
be surprising to find that they also regulate some aspects of plant defense 
system against pathogens. Interestingly, At5g45110 is predicted to be 
localized in the chloroplast (TAIR data base (Rhee et al., 2003)), however, 
no experimental evidence is available to support this prediction. 



214 L. Holuigue, P. Salinas, F. Blanco and V. Garretón

2.4 Transcription factors and cis-elements responsive to 
SA in defense genes 

2.4.1 TGA factors and TGA boxes 

TGA factors belong to the family of bZip plant transcription factors and 
bind to cis-elements containing TGA box, characterized by the consensus 
palindromic core TGACGTCA motif and present in several plant promoters 
activated by SA, stress conditions and pathogens (Krawczyk et al., 2002; 
Eulgem, 2005). Further in this section we will discuss the differences 
between TGA box elements found in different gene classes activated by SA. 
Table 1 summarizes all the information about TGA factors that will be 
discussed in this section. 

The Arabidopsis genome encodes for 10 genes classified as TGA factors, 
seven of them have been directly implicated in defense against pathogens, 
and one in flower development (Jakoby et al., 2002). All seven known TGA 
factors involved in the defense response can be grouped in three subclasses, 
according to their sequence identity: I. TGA1 and TGA4, II. TGA2, TGA5 
and TGA6, and III. TGA3 and TGA7 (Xiang et al., 1997). TGA factors have 
also been characterized in species like rice (Fitzgerald et al., 2005) and 
tobacco (Katagiri et al., 1989; Niggeweg et al., 2000a; Schiermeyer et al.,
2003).

TGA factors exist as dimers (Katagiri et al., 1992) and each protein 
consists of three defined domains: the N-terminal domain involved in the 
transactivation activity (Pascuzzi et al., 1998), the bZip domain responsible 
for DNA binding and dimerization (Katagiri et al., 1992), and the C-terminal 
domain that  is required for the interaction with NPR1 (Zhang et al., 1999). 

It has been extensively proposed that TGA factors can heterodimerize in
vivo. However, heterodimerization of TGA transcription factors has been 
demonstrated in vitro (Niggeweg et al., 2000b), in yeast two hybrid assays 
(Schiermeyer et al., 2003), and in plants overexpressing TGA factors 
ectopically (Niggeweg et al., 2000a); all conditions where artificial 
interactions might occur due to the large amount of expressed proteins. 
Dimers of different TGAs have not yet been found in vivo under 
physiological conditions and in addition, some available data better supports 
the idea of a more important role for homodimers than for heterodimers of 
TGA factors (Klinedinst et al., 2000; Niggeweg et al., 2000a; Johnson et al.,
2003). Even when heterodimerization in vivo has not been demonstrated, the 
redundancy of TGA factors is clear, especially for genes belonging to the 
same subclass of TGAs. Indeed, the tga6 single mutant or tga2/tga5 double 
mutants do not present any obvious phenotype (Zhang et al., 2003). 
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However, when all genes representing subclass II of TGA factors were 
knocked out in the triple mutant tga/,tga5/tga6, a clear phenotype emerged: 
plants were compromised in SAR, they were hypersensitive to SA, and the 
PR1 gene was not induced upon SA treatment, mimicking npr1 mutant 
(Zhang et al., 2003). 

Table 1. Available information about TGA factors from Arabidopsis and Tobacco. 

TGA 
factor 

Binding to NPR1 in 
yeast 

Binding to NPR1 in 
plants 

DNA element 
recognized 

Functional characterization 

Arabidopsis 

TGA1 
-

(Despres et al., 2000) 
+

(Despres 2003) 
as-1

(Miao 1994) 

Reduction of conserved Cys is required for binding 
to NPR1 (Despres et al., 2000). Silencing in 
tomato leads to impaired SAR dependent on NPR1 
(Ekengren 2003). 

TGA2 
+

(Zhang et al., 1999) 
+

 (Subramaniam 2001) 

as-1, LS5  and LS7 
(Miao et al., 1994) , 

(Despres et al., 2000) 

No phenotype in plants oveexpressing TGA2 (Kim 
and Delaney, 2002). Overexpression of dominant 
negative TGA2 (TGA2 C-terminal domain), 
phenocopies npr1 mutants (Fan and Dong, 2002). 
Triple mutant tga2 tga5 tga6 phenocopies npr1
mutants (Zhang et al., 2003). SA stimulates 
binding to PR1 promoter in vivo (Johnson et al., 
2003). 

TGA3 
+

(Despres et al., 2000) 
Highly probable 

(Johnson et al., 2003) 

as-1,LS7
(Miao et al., 1994), 
(Zhou et al., 2000) 

TGA3 protein is degraded by the proteasome 
(Pontier et al., 2002). SA stimulates binding to 
PR1 promoter in vivo (Johnson et al., 2003) 

TGA4 
-

Despres, 2000 #92} 
Probable 

 (Despres 2003) 
as-1 

(Zhang 1994) 

Repress SA and H2O2 dependent expression of 
genes containing as-1 element in their promoters 
(Foley and Singh, 2004). Contains conserved Cys 
involved in redox sensing (Despres et al., 2003). 

TGA5 
+

(Zhang et al., 1999) 
ND

as-1
(Zhang 1994) 

Triple mutant tga2 tga5 tga6 phenocopies npr1
mutants (Zhang et al., 2003). Plants 
overexpressing TGA5 present enhanced resistance 
to pathogens independently of SA and NPR1 (Kim 
and Delaney, 2002). Enhaces SA and H2O2

dependent expression of genes containing as-1
element in their promoters (Foley and Singh, 
2004). 

TGA6 
+

(Zhang et al., 1999) 
ND

as-1
(Xiang et al., 1997) 

Triple mutant tga2 tga5 tga6 phenocopies npr1
mutants (Zhang et al., 2003). Single tga6 mutant 
has no phenotype. 

TGA7 
+

(Hepworth et al., 
2005) 

ND ND 

Tobacco 

PG13 ND ND 
as-1

(Niggeweg et al., 2000b

TGA1a 
-

(Niggeweg et al., 
2000b) 

ND
as-1

(Katagiri et al., 1989) 

SA and xenobiotics stimulate binding to GST 
promoter (as-1 like element), but not PR1 
promoter (TGA box element) (Johnson et al., 
2001).  

TGA2.1 
+

(Niggeweg et al., 
2000b) 

ND
as-1 

(Niggeweg et al., 
2000b) 

 RNAi plants: altered flower phenotype. No role in 
SA-dependent gene expression (Thurow et al., 
2005). Overexpressing plants: Enhanced 
expression of genes early induced by SA and 2,4D 
in leaves but not in roots (Schiermeyer et al., 
2003). Dominant negative plants: No effect on SA-
dependent PR1 expression, but reduced expression 
of early induced genes (Kegler et al., 2004). 

TGA2.2 
+

(Niggeweg et al., 
2000b) 

ND
as-1 

(Niggeweg et al., 
2000b) 

 RNAi plants: Strongly reduced expression of 
genes early and late induced by SA (Thurow et al., 
2005). Overexpressing plants: No altered visual 
phenotype. Upon SA and 2,4D treatments, increase 
expression of early but not late genes (Niggeweg et 
al., 2000a). Dominant negative plants: reduced 
induction by SA of early and late genes (Niggeweg 
et al., 2000a). Main component of nuclear complex 
that binds as-1 like promoters in vivo (Niggeweg 
et al., 2000a). 
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An important feature of TGA factors is their capability to interact with 
NPR1. Several two hybrid screenings have been described where NPR1 was 
used as the bait from which TGA factors were isolated. Analyses of these 
interactions have concluded that in yeast, NPR1 interacts with TGA2, 
TGA3, TGA5, TGA6 and TGA7 (Table 1) (Zhang et al., 1999; Despres et 
al., 2000; Zhou et al., 2000). More careful studies in plants demonstrated 
that NPR1 also interacts with TGA1 (and probably also with TGA4) but 
TGA1 needs to be reduced for the binding to occur (Despres et al., 2003). 
This reduction of TGA1 can be triggered by SA or its analogs (Despres et 
al., 2003). TGA1 and TGA4 have two conserved Cys residues, absent in the 
rest of the TGA factors, that are modified by the redox conditions of the cell, 
and modulate their ability to recognize other proteins in response to the 
oxidative environment (Despres et al., 2003). In the same direction, it was 
demonstrated that the SA-dependent binding of nuclear proteins to as-1
sequence (presumable TGA factors), can be strongly modulated by 
chemicals that modify the redox condition of the plant. In particular, 
antioxidants were able to inhibit the stimulatory effect of SA (Garreton et 
al., 2002). All this evidence highlights the fact that the redox balance of the 
cell plays a key role in SA transduction pathway and pathogen defense 
response (Fobert and Despres, 2005). 

Several genetic characterizations have been carried out with genes 
encoding for TGA factors mainly in Arabidopsis and tobacco. Because of 
the extent of the family of TGA factors, most studies have been performed 
by overexpressing dominant negative forms of TGA factors with the idea of 
inhibiting the activity of several of them at the same time. Unfortunately, the 
results are not easy to interpret (Niggeweg et al., 2000b; Pontier et al., 2001; 
Fan and Dong, 2002; Thurow et al., 2005).The available information is 
summarized in table 1. Despite what has been said earlier, two strong 
conclusions emerge from these studies: 1. TGA factors play an important 
role in the expression of genes early induced by SA (1-2h) like GSTs and 
GTs, and also of genes induced much later by SA (6h), like PR genes. 2. 
TGA factors can act both as activators and repressors (Foley and Singh, 
2004). The best example of the second conclusion was obtained by using an 
as-1-like element controlling the expression of a reporter gene and RNAi 
Arabidopsis lines were TGA4 and TGA5 expression was abolished (Foley 
and Singh, 2004). In this report it was demonstrated that TGA4 acts as a 
repressor and TGA5 as an activator on the same cis element (Foley and 
Singh, 2004). 

It is important to keep in mind that the phenotypes seen with TGA the 
dominant negative approach can be due not only to the lack of DNA binding 
activity of TGA factors, but also to the sequestration of other proteins that 
normally interact with TGA factors, like NPR1. Consistently with this idea, 
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Fan and Dong (2002) showed that overexpression of only the C terminal 
domain of TGA2 behaves as a dominant negative. Even when this domain 
does not bind DNA and probably neither other TGA factors, it does retain its 
NPR1 binding capability (this C-terminal domain is present in all dominant 
negative overexpression experiments performed). Moreover, these 
transgenic plants developed all known npr1 phenotypes: impared SAR, no 
SA-dependent PR1 expression, and hypersensitivity to exogenous SA (Fan 
and Dong, 2002). 

Experiments overexpressing several TGA factors have also been carried 
out (Table 1). Overexpression of TGA2 does not modify SA dependent PR1
expression or SAR, but plants that apparently overexpress TGA5 (the 
authors did not prove overexpression of the TGA5 protein) are more 
resistant to a strongly virulent strain of P. parasitica, but independently of 
NPR1 and SA (Kim and Delaney, 2002). Overexpression of TGA factors in 
tobacco also demonstrates the relevance of these proteins for the SA-
dependent regulation of gene expression during SAR and defense against 
other stresses (Thurow et al., 2005). 

As mentioned earlier, the binding sites for TGA factors contain TGA 
box, characterized by the consensus palindromic core TGACGTCA motif 
(Krawczyk et al., 2002). TGA boxes were first described in 35S proximal 
promoter of the Cauliflower Mosaic Virus CaMV 35S (-81 to –62) (Lam et 
al., 1989). In this promoter, a 20-bp sequence named activation sequence 1 
(as-1) was defined as the binding site for cellular factors from tobacco and 
pea, and contains two tandem repeats of TGA boxes separated by 4 
nucleotides (Lam et al., 1989). Then, related as-1-like elements (also named 
ocs-like) were described in the promoter of other viral and Agrobacterium 
promoters (reviewed by Krawczyk et al., 2002). Functional analyses of as-1-
like sequences indicate that this element confers immediate early response to 
SA (Qin et al., 1994). Therefore, and consistently with their activity as SA-
responsive elements, as-1-like elements (with the conserved distance of 4 
nucleotides between the two TGA boxes) are present in the promoter of 
plant stress defense genes such as GSTs, and confer early induction by SA 
(i.e. tobacco GNT35 and Arabidopsis GST6) (Xiang et al., 1996; Chen and 
Singh, 1999). Recently, a consensus as-1-like element was defined and 
found over-represented in the promoter of a group of genes involved in cell 
protection that are early activated by SA via an NPR1-independent pathway 
(Blanco et al., 2005). It has been clearly established that as-1-like elements, 
found in plant, viral and bacterial promoters, and in early SA-activated 
promoters, are not only able to respond to SA, but also to xenobiotics, high 
concentrations of auxins and other stress-related chemicals (Liu and Lam, 
1994; Qin et al., 1994; Ulmasov et al., 1994; Xiang et al., 1996; Garreton et 
al., 2002). Experimental evidence indicating that as-1 acts as an oxidative 
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stress-responsive element and that its activation by SA is mediated by 
oxidative species, supports the hypothesis that stress-related signals activate 
as-1-like elements through a common oxidative signal (Garreton et al.,
2002). It has been proved that as-1-like elements are recognized by TGA 
factors in vivo (Niggeweg et al., 2000a; Johnson et al., 2001; Pontier et al.,
2001).

On the other hand, TGA boxes were also found in the promoter of late 
SA-responsive genes such as PR-1 from tobacco and Arabidopsis, and these 
TGA boxes were also defined as SA-responsive elements (Lebel et al., 1998; 
Strompen et al., 1998). The presence of two tandemly repeated TGA boxes 
in these PR-1 promoters lead to confusingly naming these elements “as-1-
like”. However, important structural and functional differences exist 
between TGA boxes in PR-1 genes and as-1-like elements found in early 
induced and stress-activated genes like GSTs. First, spacing between TGA 
boxes in PR-1 promoters are longer and less conserved than those found in 
as-1-like elements (Krawczyk et al., 2002). Second, contrary to as-1 like 
elements, the two tandemly repeated TGA boxes present in PR1 promoters 
can be functionally separated between them. Indeed, detailed analysis of the 
Arabidopsis PR-1 promoter showed that one TGA box (named LS5) is 
involved in basal repression of the gene, and the other (LS7), placed 9 bp 
downstream of LS5, is required for SA-mediated activation (Lebel et al.,
1998). LS5 and LS7 TGA boxes can independently bind to TGA factors in 
vitro, supporting the idea of independence between them (Despres et al.,
2000). In contrast, both TGA boxes of as-1 element are required in concert 
for its activity (Benfey et al., 1990; Neuhaus et al., 1994). Finally, while 
genes containing as-1-like elements can be induced by different stress 
conditions and they are activated after 30-120 min of SA treatment; PR-1
genes are only late induced by SA and only after 4h treatment (Uquillas et
al., 2004). Interestingly, NPR1 is required for the in vivo interaction of TGA 
factors with PR-1 promoter (Johnson et al., 2003). 

In addition, other strategies have also been developed to understand the 
role of TGA factors and their selectivity for TGA boxes in vivo. It has been 
shown that TGA1a from tobacco can specifically bind in vitro to TGA box 
elements present in PR1, and to as-1-like elements present in GSTs (Johnson 
et al., 2001). However, subsequent experiments using chromatin 
immunoprecipitation assays demonstrated that in vivo TGA1a only binds to 
as-1-like promoters present in GSTs and not to TGA boxes present in PR1
and PG13 genes (Johnson et al., 2001). Even more, the authors showed that 
the in vivo TGA1a binding to as-1-like was strongly stimulated by the 
treatment with a xenobiotic compound that produces oxidative stress (Jirage 
et al., 2001; Johnson et al., 2001). Additional experiments using the same 
kind of assays demonstrated that Arabidopsis TGA2 and TGA3 bind to LS7,
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the activator TGA box present in the PR1 promoter, and that these two TGA 
factors are responsible for almost the entire LS7 binding activity present in 
leaves (Johnson et al., 2003). Finally, it was shown that the binding of 
TGA2 and TGA3 to the TGA boxes of PR1 promoter is highly induced by 
SA and depends on NPR1 (Johnson et al., 2003). Therefore, TGA factors 
selectively bind in vivo to some as-1-like or TGA box elements.  

In summary, information is consistent with the idea that SA can use 
parallel mechanisms to activate different groups of genes. Different TGA 
box-containing promoter elements, and the differential use of NPR1, can 
explain differences in the kinetics of activation observed in genes regulated 
by SA. Future work to elucidate whether different TGA boxes are in vivo
targets for different subclasses of TGA factors would provide important 
information to assemble this puzzle. 

2.4.2 Other transcription factors and cis elements responsive to SA  

Other transcription factors, besides TGAs, that participate in the 
activation of defense genes by SA have also been identified (Eulgem, 2005). 
We will briefly describe two main families, WRKY and WHIRLY, for 
which stronger evidence of their involvement in SA pathway has been 
obtained (Figure 4; Eulgem et al., 2000; Desveaux et al., 2005). It has to be 
mentioned here that other families of transcription factors like ERF and 
MYB factors have also been implicated in SA pathway (Eulgem, 2005). 

WRKY transcription factors are only found in plants and they bind to W 
box (TGACC/T), an element highly similar to TGA boxes (Eulgem et al.,
2000). The Arabidopsis genome encodes at least 75 WRKY genes and most, 
if not all, bind to W box (Eulgem, 2005). Several genes coding for WRKY 
factors are early induced by SA and pathogens, and some of them do not 
require NPR1 for their induction (Dong et al., 2003). Effects on disease 
resistance observed in silenced and overexpressing lines suggest that 
WRKYs are required for efficient pathogen defense (Chen and Chen, 2002); 
(Asai et al., 2002; Li and al, 2004). More importantly, only 17 out of 26 
genes belonging to PR1 regulon have a TGA box in their promoters, 
whereas W-boxes are overrepresented, occurring an average of 4.3 times in 
every promoter (including the PR1 promoter) (Maleck et al., 2000). 
Interestingly, WRKY factors are activated by MAPK and ROS (Andreasson 
et al., 2005). 

WHIRLY transcription factors were named after the whirligig 
appearance of their crystal structure (Desveaux et al., 2002). Whirlys were 
first isolated from potato tubers and the first member was named PBF-2 
(Desveaux et al., 2000). A very distinct feature about Whirly factors is that 
they specifically bind the single stranded form of a defined element present 
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in the PR10a promoter (PB element) (Desveaux et al., 2000). PR10a is 
strongly induced in potato by the pathogenic Phytophthora infestans 
(Desveaux et al., 2000). Arabidopsis encodes three Whirly factors of which 
Atwhirly 1 is the most similar to potato Whirly (Desveaux et al., 2005). SA 
treatment induces binding of Whirly factors to PB element (GTCAAAAA/T) 
and this induction is independent of NPR1 (Delaney et al., 1995). 
Interestingly, the PB element is overrepresented in genes co-regulated during 
SAR (Desveaux et al., 2004). Weak mutants of Atwhirly1 show reduced 
binding activity to their DNA element, and they are strongly compromised in 
their basal resistance to pathogens and in the SAR response (homocigote 
Atwhirly-1 mutants are lethal) (Desveaux et al., 2004). Interestingly, potato 
Whirly, which is predicted to contain a plastid transit peptide, has been 
shown to localize to both the chloroplast and the nucleus (Desveaux et al.,
2005).

In summary, genes induced by SA can be controlled by several cis
elements interacting with different families of transcription factors (Eulgem, 
2005). In the future, a combination of functional analysis of defined 
promoters, with in silico analysis of common elements found in genes co-
activated by SA, will be required to have a better idea of the mechanism by 
which SA activates genes. In this context, studies done by several groups 
(Maleck et al., 2000; Blanco et al., 2005; Wang et al., 2005), and the careful 
analysis done on the Arabidopsis PR1 promoter, that allowed to identify at 
least one negative regulator W-box and two TGA boxes (one negative and 
one positive regulator) (Lebel et al., 1998), are good examples. 

2.5 Other proteins interacting with NPR1  

Besides TGA factors, NPR1 also interacts with several other proteins. An 
interesting feature of these new proteins is that all of them are negative 
regulators of SA-induced PR1 and SAR. 

One of these new components is a family of small proteins called NIMIN 
(NPR1/NIM-1 interacting protein). All three known NIMIN genes are 
induced in plants by SA, they localize mainly to the nucleus and at least in 
yeast, they form a ternary complex with TGA-2 and TGA-6 factors via 
NPR1 (Weigel et al., 2001). Functional studies in Arabidopsis plants 
overexpressing NIMIN-1, showed that it acts as a negative regulator of SA-
induced PR1 expression and SAR (Weigel et al., 2005). However, contrary 
to plants overexpressing NPR1, a nimin-1 T-DNA insertional mutant and 
RNAi lines, do not show enhanced resistance to pathogens, suggesting that 
other NIMIN proteins have some overlapping functions with NIMIN-1, or 
that binding of NIMIN-1 to NPR1 regulates only a subset of NPR1 activities 
(Weigel et al., 2005). 
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A less well characterized NPR1-interacting protein is Suppressor of 
NPR1-1 Inducible 1 (SNI1). SNI1 was isolated in a screen to find 
suppressors of npr1. SNI1 is a nuclear protein that acts together with or 
downstream NPR1 and encodes a leucine-rich protein with no other 
recognizable homology (Li et al., 1999). sni1 and sni1/npr1 mutants do not 
present constitutive SAR and show near wild type levels of PR1 expression 
and pathogen defense (Li et al., 1999). Even when this gene was first 
described in 1999, we still do not know more about its mechanism of action. 

Negative Regulator of Resistance protein (NRR) is another protein that 
also interacts with the homolog of NPR1 in rice (NH1), and constitutes 
another negative regulator of pathogen defense in plants (Chern et al., 2005). 
NRR is a nuclear protein that presents very limited homology (only around 
20 residues in the N-terminal domain) with NIMIN-2 from Arabidopsis and 
G8-1 from tobacco. NIMIN-2, as already mentioned, belongs to a family of 
negative regulators that bind NPR1, and G8-1 was isolated as an immediate 
early gene induced by SA (Horvath et al., 1998; Weigel et al., 2001). 
Silencing of NRR in rice has little effect on resistance to pathogen 
Xhantomona oryzae but overexpression of NRR caused enhanced 
susceptibility to this pathogen, and suppressed the induction of defense-
related genes (Chern et al., 2005). 

Interestingly, within the collection of proteins interacting with NPR1, a 
significant number out of them function as negative regulators. This is true 
for all proteins that are not TGA factors and even for some TGA factors as 
well. Until now the role of NPR1 in the activation of SAR and defense has 
been the main focus in this area of study (Dong, 2004; Durrant and Dong, 
2004; Pieterse and Van Loon, 2004). However, it is easy to predict that the 
role of negative regulators will emerge as a very important step in the 
regulation of this pathway in the future. 

A summary of all the components of SA pathway mentioned here are 
presented in Figure 4. Some components, like CK2 or MAPK do not have a 
clear position in the pathway yet. 

3. IDENTIFICATION OF STRESS DEFENSE GENES  

Successful defense response involves a multitude of physiological 
reactions such as PCD, modification of cell wall, production of antimicrobial 
proteins and metabolites and cell protection against stress. Together with 
these processes, the expression of a large number of genes is induced 
(reviewed by Glazebrook, 2005). 

Our knowledge about defense-associated gene expression is currently 
being extended substantially by large-scale gene expression profiling 
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technologies. Microarray analyses in Arabidopsis thaliana plants treated 
with a variety of different pathogens, messenger molecules such as SA and 
elicitors, have revealed that in addition to the classical PR genes, several 
other genes exhibit differential expression after the activation of defense 
program. To obtain a better knowledge about the kind of biological functions 
that are regulated during stress responses, we have analyzed transcriptome 
data sets of seven different experiments related to the SA-dependent defense 
response; ( Maleck et al., 2000; Glazebrook et al., 2003; Fobert and Despres, 
2005; Vanderauwera et al., 2005; Wang et al., 2005; Blanco, Van 
Hummelen and Holuigue, unpublished results).  

3.1 Description of the microarray dataset 

We analyzed the available transcriptome data sets of biotically and 
abiotically stressed Arabidopsis plants, which encompasses a wide range of 
experimental conditions. These conditions include plants subjected to 
oxidative stress (H2O2) (Vanderauwera et al., 2005), inoculation with 
avirulent Pseudomona syringae pv tomato DC3000 avrRpt2 and the virulent 
Pseudomona syringae pv maculicola ES 4326 pathogens  (Glazebrook et al., 
2003; Wang et al., 2005), and treatment with SA (or its analog BTH) for 
different periods of time (Maleck et al., 2000) (Blanco, Van Hummelen and 
Holuigue, unpublished results). The platforms technologies used were ATH1 
Affymetrix (22K (Vanderauwera et al., 2005)), Affymetrix GeneChip ( 8K,
(Wang et al., 2005), (Glazebrook et al., 2003)), cDNA microarrays ( 7K, 
(Maleck et al., 2000)) and CATMA array (23K, (Blanco, Van Hummelen 
and Holuigue, unpublished results)) Recently, Pylatuik et al., demonstrated 
that all platform technologies (Arabidopsis thaliana microarrays) appear to 
perform equally well respect to the induced genes, even though the 
concordance between platforms is limited primarily by the rate of false 
negative results (Pylatuik and Fobert, 2005).  

For this analysis we selected genes significantly induced in each 
experiment (Table 2). Then, the genes were classified by their function 
using gene ontology (http://www.arabidopsis.org) and we concentrated 
our analysis on the genes with known or putative function related to 
defense or cell protection against stress. This genome-wide expression 
analysis allowed us to classify the up-regulated genes into functional 
groups. Table 2 shows the classification of functions we have considered, 
the number of genes for each class that are induced in each experiment, 
and the percentage that these genes represent within the total number of 
induced genes. Finally, we briefly describe the most important proteins 
belonging to each group. 
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3.2 Detoxifying and antioxidant genes 

As previously mentioned, ROS can play two different roles in plant cells: 
exacerbating oxidative damage or signaling the activation of defense 
pathways. Because of this, plants cells are equipped with a complex battery 
of systems involved in ROS detoxification and signaling, as described in 
section 1.2. Furthermore, plants are also equipped with a family of proteins 
involved in detoxification of ROS and metabolites. Therefore, we considered 
in this class of “detoxifying and antioxidant genes” all genes coding for 
proteins that may play this kind of roles in the defense response. 

Table 2. Number of stress defense genes up-regulated in selected experiments 

Reference Treatment Detoxifying 
and

antioxidant 
genesa

Synthesis 
of 

secondary 
metabolites

Defense 
genes 

(R, TF, PR 
proteins) 

% of stress 
defense genes 
(total # genes 

induced)b

Maleck BTH 4h 5 - 5 25% (40) 
Blanco SA 2,5h 17 7 19 18,6% (231) 
Maleck BTH 48h 6 4 9 26,7% (71) 

Glazebrookc Pst 4623, 
30 hpi 

16 20 13 50% (98) 

Maleck Pst 
avrRpt2, 44 

hpi 

6 2 10 35% (51)

Vanderauwarad CAT2H1/H
L

15 16 18 25,9% (189) 

Wange 35S NPR1-
GR (SA-
Chx/Dex 

10 8 24 37,9% (114) 

aThis group includes GST, GT CytP450, PRX, PX, TRX and GRX. b Percentage of stress 
defense genes over the total of induced genes. The total number of induced genes in each 
experiment is shown within parenthesis. c For this analysis we considered up-regulated genes 
with a cutoff value  18. d Genes induced in catalase-deficient Arabidopsis plants subjected to 
high light (HL) treatment, representing up-regulated genes by increased H2O2 accumulation; 
HL. e 35S::NPR1-GR transgenic lines treated first with SA (24h) and then with 
cicloheximide/dexamethasone (Chx/Dex), representing genes which are up-regulated by SA 
and NPR1 dependent. GST: Gluthation S-transferase; GT: Glycosyl transferase; PRX: 
Peroxiredoxin; PX: Peroxidase; TRX: Thioredoxin; GRX: Glutaredoxin; R: resistance genes, 
TF: transcription factors and PR: pathogenesis related proteins (Glazebroock et al., 2003; 
Maleck et al., 2000; Vanderauwera et al., 2005; Wang et al., 2005; Blanco, Van Hummelen 
and Holuigue, unpublished results). 

Not surprisingly, several genes involved in these functions were 
consistently induced in the experiments we analyzed. For example we found 
enzymes with transferase activity involved in detoxification, like GST and 
GT, and several proteins involved in redox modification considered to be 
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part of the antioxidant and/or redox signaling systems, like thioredoxins 
(TRX), glutaredoxins (GRX), peroxidases (POX), peroxiredoxins (PRX) and 
cytochrome P450. In the following sections we will describe the most 
relevant features about these genes and their known or putative function in 
stress defense.

3.2.1 Cytochrome P450 (CytP450) 

CytP450 monooxygenases are a group of heme-containing proteins that 
catalyze various oxidative reactions. In higher plants, cyt P450 are involved 
in the biosynthesis of various compounds such as lignins, UV protectants, 
pigments, defense compounds, fatty acids, phytohormones and signaling 
molecules (Schuler and Werck-Reichhart, 2003). The Arabidopsis genome 
encodes for 272 cyt P450 genes (http://arabidopsis-P450.biotec.uiuc.edu). 
Analysis of several hundreds different cyt P450 substrates, allowed us to 
broadly separate them into two classes; those involved in biosynthetic 
pathways and those involved in detoxification pathways (Chapple, 1998). 
More recently, studies concerning the function of specific members of cyt 
P450 family in defense have been reported. For instance, it has been 
described that CYP71A13 is up-regulated in response to wounding (Cheong 
et al., 2002), and CYP72A15, CYP76C2 and CYP710A1 are involved in salt 
stress (Kreps et al., 2002). In addition, CYP75B1 was identified as a 
flavonoid 3’-hydroxylase gene involved in phenylpropanoid pathway 
(Schoenbohm, 2000) and CYP710A1 and CYP76C2 were reported to be 
early induced in response to SA treatment and pathogen infections 
(Narusaka et al., 2004). Therefore, several cyt P450s are genetic markers 
associated with HR and senescence (Narusaka et al., 2004). Interestingly, in
silico analyses of the promoter sequences of the cyt P450 induced by both 
abiotic and biotic stresses, showed that they contain a W-box, a ACGT-core 
and a TGA-box. All these cis-elements are known to participate in the 
transcriptional regulation of plant defense genes (Narusaka et al., 2004). 

Consistently with their wide diversity of substrates, in our analysis we 
found 15 cyt P450s that are activated in the selected experiments. 

3.2.2 Transferases 

3.2.2.1 Glycosyltransferases (GTs) 

GTs are the enzymes that transfer nucleotide-diphosphate-activated 
sugars to low-molecular-weight aglycone substrates, including plant 
hormones, all major classes of plant secondary metabolites, and xenobiotics 
such as herbicides (Keegstra and Raikhel, 2001). Glycosylation by GTs 
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regulates several properties of their substrates such as their bioactivity, 
solubility and transport within the cell and through the plant (Ross et al.,
2001). The Arabidopsis genome has 118 putative genes coding for GTs. 
Phylogenetic analysis of GT proteins allows to define 14 groups (A to N) (Li 
et al., 2001). Interestingly, in our analysis we found 18 different GTs genes 
that were consistently induced during the defense response; nine belonging 
to group L and four to group D. Even when none of these induced GTs has 
been previously characterized, they belong exclusively to those families 
already associated with defense mechanisms. For instance, GTs that 
glycosilate SA and indole-3-acetic acid, two important metabolites that 
regulate plant defense, belong to group L (Lee and Raskin, 1999; Jackson et 
al., 2001). In addition, UGT75B1 (belonging to group L) has been 
characterized as a callose synthase-associated GT, a processes that is 
importantly stimulated after pathogen infection (Hong, 2001). Finally, 
tomato and tobacco GTs belonging to group D respond rapidly to signals 
from wounding and pathogen attack (O'Donnell, 1998; Roberts , 1999). 
These data suggest that GT induction during the defense response is 
selectively controlled probably due to the requirement imposed by very 
specific compounds that are substrates of D and L families of GTs. 

3.2.2.2 Glutathione S-transferases (GSTs) 

GSTs are a diverse group of multifunctional proteins that catalyze the 
transfer of the tripeptide glutathione to a substrate with a reactive 
electrophilic center, thus forming a polar S-glutathionylated conjugate. This 
reaction is considered to be a crucial step in the detoxification process, 
because S-glutathionylated metabolites are tagged to the vacuolar import 
machinery (Sandermann, 1992; Dixon et al., 2002).  

In Arabidopsis, the GST superfamily has 53 members classified in 4 
classes, namely Phi, Tau, Theta and Zeta (Marrs, 1996). The two largest 
classes are the plant-specific GSTs Phi and Tau. Phi and Tau GSTs have a 
major role in herbicide detoxification and in protecting plants against 
oxidative damage (Kilili et al., 2004). Interestingly, from our analysis we 
identified a total of 9 GSTs all belonging to these two groups. 

In addition to the roles already mentioned, GSTs in general are 
responsible of modifying stress signalling proteins (Loyall et al., 2000) and 
regulators of apoptosis (Kampranis, 2000); and the expression of GSTs in 
plants is highly responsive to biotic and abiotic stress and to a wide variety 
of stress-associated chemicals, including auxins, SA, methyl jasmonate, 
abscicic acid and H2O2 (Roxas, 1997). 

The preferential induction of Tau GSTs by 0.1mM SA and Phi GSTs by 
1mM SA was established and is consistent with the idea that Tau GSTs are 
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generally hormone-responsive while Phi GSTs act as cellular protecting 
proteins (Sappl et al., 2004). 

3.2.3 Oxidoreductases 

In this section we included a group of genes that encode for 
oxidoreductases involved both in antioxidation and redox signaling 
functions. Even though the number of genes belonging to these families 
found in our analysis is not high, their value of induction is very significant 
and deserves attention. We found high induction of five peroxidases (POX), 
two peroxiredoxins (PRX), one thioredoxin (TRX) and two glutaredoxins 
(GRX). 

3.2.3.1 Peroxidases (POX) and peroxiredoxin (PRX) 

Plants POX catalyze the oxidation of phenolic compounds using H2O2 as 
the oxidizing agent. Each plant posses several POX isoenzymes, and each 
isoenzyme shows diverse expression profiles, suggesting that POXs act in 
various physiological processes. Indeed, studies have provided evidence that 
POXs participate in lignification, auxin catabolism, wounding and defense 
against pathogen infection (Hiraga et al., 2001). 

Recent studies have provided information on the regulatory mechanisms 
of wound- and pathogen-induced expression of POX genes. These studies 
suggest that POX genes are induced via different signal transduction 
pathways out of the other known defense-related genes (Hiraga et al., 2001).  

Extracellularly secreted POXs are considered to catalyze the generation 
of ROS coupled to the oxidation of indole-3-acetic acid (a plant hormone), 
SA, aromatic monoamines and chitooligosaccharides (Kawano et al., 2000). 
It has also been suggested that POXs transduce extracellular signals into the 
cell, altering the redox status that eventually stimulate the intracellular Ca(2+)

signaling required for the induction of defense responses (Kawano, 2003). 
Moreover, it has been demonstrated that APX1, one of Arabidopsis POX, is 
a central component of the ROS scavenging network (Davletova et al., 
2005).

Peroxiredoxins (PRXs) are ubiquitous thioredoxin- or glutaredoxin-
dependent peroxidases, the function of which is to destroy peroxides. PRXs 
are located in distinct cell compartments including the chloroplast and 
mitochondria. PRXs show a complex regulation by endogenous and 
environmental stimuli at both, transcript and protein levels (Dietz, 2003)). In 
addition to their role in antioxidant defense associated to photosynthesis, 
respiration, and stress response, they have been proposed to be involved in 
the modulation of the redox balance during development (Broin et al., 2002). 
Recently, it has been demonstrated that the mitochondrial Type II PRX F is 



SA and ROS in the Activation of Stress Defense Genes 227

essential for redox homeostasis and root growth in Arabidopsis under stress 
(Finkemeier et al., 2005). This Type II PRX F was previously described to 
be induced during HR, but repressed by a virulent infection (Rouhier et al.,
2004).

Unlike Type II peroxiredoxins, peroxiredoxin Q cannot use glutaredoxin 
or cyclophilin as electron donors, but it efficiently uses various cytosolic, 
chloroplastic, and mitochondrial thioredoxins.  

3.2.3.2 Protein disulfide oxidoreductases (Glutaredoxins (GRX) and 
Thioredoxins (TRX)) 

Initially discovered in the context of photosynthesis, regulation of protein 
activity by changes in the redox status of thiol groups (S-S      2SH) is now 
known to occur extensively in all organisms. Most cells contain high levels 
of glutathione and multiple GRXs (31 GXR in Arabidopsis genome), which 
utilize the reducing power of glutathione to catalyze disulfide reductions in 
the presence of NADPH and glutathione reductase (the GRX system) 
(Buchanan and Balmer, 2005)).  

The TRXs are small proteins, reduced enzymatically by NADPH or 
ferredoxin that is active in thiol-disulfide exchange and results in the 
regulation or substrates conversion. There are 20 different genes grouped in 
6 sub families of TRX, Trx f, h, m, x, y and o. Trx f, m, x and y are localized 
in the chloroplast.(Buchanan and Balmer, 2005) 

Certain GRXs and TRXs play direct roles in the antioxidative system by 
regenerating peroxiredoxins oxidized by peroxides (Rouhier et al., 2001). It 
has also been postulated that two proteins from the glycine cleavage 
complex are putative TRX substrate suggesting a main role for TRX in the 
defense against herbivores and pathogens (Marchand, 2004). 

More importantly, GRXs and TRXs have been proposed to be implicated 
in the redox signaling of processes mediated by SA in the defense response. 
One case is the modulation of the activity of key antioxidant enzymes (APX 
and CAT) (Yamazaki et al., 2004), which is crucial in light- and pathogen-
triggered PCD responses (Mateo et al., 2004). The other example, in which 
the participation of GRXs and/or TRXs has been postulated, is the SA-
dependent reduction of NPR1 required for the transcription of defense genes 
(Fobert and Despres, 2005; Foyer and Noctor, 2005). In this context, results 
from our analysis indicate that SA is able to rapidly activate some genes 
encoding for these enzymes that gives support to this hypothesis. 

3.2.4 Defense proteins 

In this group we classified all those genes that encode proteins clearly 
involved in defense. This group includes R genes, involved in pathogen 
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recognition, transcription factors known to be implicated in the expression of 
defense genes, and known defense genes such as those coding for PR 
proteins. We also included a recently described group of secretory pathway 
proteins involved in defense protein folding (Wang et al., 2005). In the 
following section we will provide a brief description of the function of each 
group and the conditions under which they are expressed. 

3.2.4.1 R genes  

In our analysis, we found up-regulation of nine putative disease resistant 
genes (R genes), especially after short SA or BTH treatments. The 
Arabidopsis genome encodes for about 150 R genes. R genes are responsible 
for the early and specific recognition of pathogens and for the initiation of 
signal transduction leading to the development of defense reaction (Dangl 
and Jones, 2001). 

The largest class of known R gene contains characteristic nucleotide 
binding sites (NBS) plus a leucine-rich repeat (LRR). Their most striking 
structural feature is a variable number of carboxy-terminal LRRs. LRR 
domains are present in different proteins and function as a site for protein-
protein interaction, peptide-ligand binding and protein carbohydrate 
interaction. The NB-LRR class can be subdivided in two subclasses: TIR-
NB-LRR, representing 60% of NB-LRR, and CC-NB-LRR representing the 
remaining 40% (Dangl and Jones, 2001). 

Genetic evidence suggests that there are at least two separable R-
dependent signaling pathways. One requires EDS1 and PAD4 (section 2) 
and the other requires NDR1, a protein of unknown biochemical function. 
The EDS1/PAD4 signaling pathway is typically associated with TIR-NB-
LRR proteins, while the NDR1 pathway is typically associated with CC-NB-
LRR proteins. There are, however, exceptions to this generalization 
(Glazebrook, 2001).  

Interestingly, according to their sequence, in our analysis we found some 
R genes belonging to both subclasses of NB-LRR. However, most of the R 
genes consistently induced during the defense response are not related to the 
NB-LRR class. Unfortunately, not much is known about this other class of R 
genes. 

3.2.4.2 Transcription factors 

As already presented in section 2, several transcription factors such as 
TGA, WRKY, ERF, Whirly and MYB are involved in defense response 
(Eulgem, 2005). However, if we examine the information available in the 
experiments we have been analyzing, only WRKY and MYB genes were 
found to be up-regulated after pathogen attack or stress inducing conditions. 
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Both types of factors are encoded by a family of genes in Arabidopsis 
thaliana, where there are 75 WRKY and 150 MYB transcription factors. 

Based on the number of WRKY domains and the pattern of the zinc-
finger motif, WRKY transcription factors have been classified into three 
groups. Members of Group 1 typically contain two WRKY domains, while 
most members with one WRKY domain belong to Group 2. Group 3 also 
has a single WRKY domain, but they have a unique pattern in their zinc-
finger motif (Dong et al., 2003). 

Most of Arabidopsis WRKY genes increase their transcript level after 
pathogen infections or treatment with defense elicitors (Chen and Chen, 
2002; Dong et al., 2003). For example, transcriptional induction of WRKYs 
belonging to group III was shown upon pathogen infections and SA 
treatments (Kalde et al., 2003). In fact, in our analysis we found nine 
WRKYs up-regulated after 2 hrs of SA treatment, five of them belong to 
group III and four to group II (Blanco, Van Hummelen and Holuigue, 
unpublished results; Pylatuik and Fobert, 2005). On the other hand, we 
found three WRKY genes up-regulated upon longer SA treatments and 
pathogen infection. Therefore, in contrast to the other gene families 
discussed until now, we do not find specificity in the induction of certain 
classes of WRKY factors during different defense responses. This supports 
the idea that WRKYs are exclusively involved in defense response to stress. 

MYB transcription factors represent a family of proteins that includes the 
conserved MYB DNA binding domain. The Arabidopsis genome posses 190 
putative MYB members that can be classified into three subfamilies 
depending on the number of adjacent repeats in their MYB domain (one, two 
or three) (Stracke et al., 2001). The MYB protein with a single repeat is 
fairly divergent and include a factor that binds to the consensus sequence of 
plant telomeric DNA (Yu et al., 2000).  

MYB factors containing two repeats (R2R3-MYB) constitute the largest 
MYB family in plants (about 125 genes in Arabidopsis), but for most of 
them no functional data is available. The information currently available 
shows that these factors participate in the defense response to environmental 
signals, and in hormone signaling. In particular, R2R3MYB 75, 90 and 12 
regulate PAL metabolism in Arabidopsis (Hartmann et al., 2005; Mehrtens 
et al., 2005; Tohge et al., 2005). In addition, MYB4 also participates in this 
pathway, but it acts as a negative regulator. Indeed, expression of MYB4
gene is down-regulated in plants exposed to UV-B light and the myb4
mutant exhibited increased resistant to UV light (Jin et al., 2000). MYB30
expression, another R2R3MYB, correlates with cell death during the HR 
upon pathogen attack or elicitor treatment (Daniel et al., 1999). Elicitor-
responsive R2R3 type MYB genes have also been described in tobacco 
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(Sugimoto et al., 2000) and the MYB78 related gene in O. sativa that has 
been shown to be induced in response to fungal attack (Lee et al., 2001b). 

In our analysis we found six MYB factors induced under different 
conditions, all of them are classified into R2R3 class of MYB factors, four 
genes are induced after 2h of SA treatment (Blanco, Van Hummelen and 
Holuigue, unpublished results; Pylatuik and Fobert, 2005) and two are 
induced after pathogen infection and 24h of SA treatment (Glazebrook et al.,
2003; Wang et al., 2005)

Many things remain to be done before we can have some understanding 
of how these large families of transcription factors mediate the plant defense 
response to biotic and abiotic stress and how relevant are they for these 
pathways. 

3.2.4.3 Pathogenesis-related protein (PR genes) 

Pathogenesis-related proteins (PR proteins) were described for the fist 
time in 1970 by Van Loon, who observed the accumulation of several novel 
proteins after TMV virus infection of tobacco plants (Van Loon , 1970). PR 
proteins accumulate both in local and systemic tissues after pathogen 
recognition or after stress conditions that also lead to an increase in SA 
levels (Gaffney et al., 1993; Chamnongpol et al., 1998; Klessig et al., 2000; 
Mackerness et al., 2001; Pasqualini et al., 2002). 

Most of PRs can be grouped into one of the 14 PR families, according to 
their known or putative activities (Table 3; Van Lonn and Van Strien, 1999; 
Hoffmann-Sommergruber, 2002). However, the only PR family for which no 
function is assigned is PR1 protein family. Specific members of the tobacco 
and tomato PR1 families have antifungal activity against oomycete fungi, but 
their mechanism of action remains to be elucidated. In any case, PR1 is the 
most common of all SAR genetic markers (Van Lonn and Van Strien, 1999). 

The expression of PR genes can be detected around 5-6 h after SA 
treatment and 12 h after pathogen infection, so these genes have been 
classified as “late genes”. As expected, we found an increase in the 
expression of PR genes (PR1, PR2, PR4 and PR5) in experiments on plants 
challenged with moderately virulent pathogens, avirulent pathogen and 
treated for 48h with BTH (Glazebrook et al., 2003; Maleck et al., 2000; 
Wang et al., 2005) but not in plants treated for short periods of time with SA 
or BTH (Blanco, Van Hummelen and Holuigue, unpublished results; Maleck 
et al., 2000). These results are a crucial demonstration that the experiments 
analyzed really correspond to plants mounting a defense response. 
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Table 3. The families of pathogen related (PR) proteins 

Family Function 
PR1 Unknown 
PR2 - 1,3- glucanases 
PR3 Chitinases type I,

II,IV, V, VI, VII 
PR4 Chitinase type I, II 
PR5 Thaumatin-like 
PR6 Proteinase-inhibitor 
PR7 Endoproteinase 
PR8 Chitinase type III
PR9 Peroxidase 
PR10 Ribonuclease-like 
PR11 Chitinase type I
PR12 Defensin 
PR13 Thionin 
PR14 Lipid-transfer protein 

            Reviewed in Van Lonn et al., 1999 

3.2.4.4 Proteins of the secretory pathway 

Recently, Wang et al. (2005) described another group of genes induced 
by SA that are involved in the secretory pathway and most of them are 
located in the endoplasmatic reticulum. The authors of this work provide 
genetic evidence that this transcriptional up-regulation is essential for SAR, 
identifying and analyzing knockout mutants in several of these genes. These 
mutants show a reduction in their ability to efficiently secrete PR1 to the 
apoplast, reduction that correlates directly with impaired resistance against 
the bacterial pathogen Pseudomonas syringae pv maculicola ES4326. 

3.2.5 Synthesis of secondary metabolites  

Plants also respond to pathogen attack by stimulating the production of 
antimicrobial metabolites, and physically reinforcing the cell wall through 
the production of callose and lignin (Zhao et al., 2005). We found several 
genes encoding proteins that function in this kind of processes in our 
analysis. 

Flavonoids are important secondary metabolites derivated from malonyl 
Co-A and the aromatic amino acid Phe. Individual plant species can 
synthesize a variety of flavonoid compounds, which have several functions: 
to provide pigmentation to attract pollinators, to defend against pathogen 
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attacks by acting as signaling molecules, and to protect plants from UV 
radiation. In our analysis we found genes encoding FAD-binding domain-
containing proteins, 2OG-Fe(II) oxygenases and isoflavone reductases. We 
also found genes involved in the synthesis of ethylene, a hormone relevant to 
the defense response ( Xu et al., 1994; Larkindale and Knight, 2002), genes 
involved in the synthesis of proline, which is accumulated in plants under 
osmotic stress (Yoshiba et al., 1997) and genes encoding enzymes involved 
in the tropane alkaloids synthesis, compounds that exhibit a wide range of 
pharmaceutical activities (Lee et al., 2001a). 

Recent studies have implicated lipids in the activation of SAR (Durrant 
and Dong, 2004). Genetic screens for Arabidopsis mutants with altered 
defense responses have identified mutations in several genes putatively 
involved in lipid metabolism (Shah, 2005). In the data set analyzed we found 
esterase/lipase/thioesterase family of proteins (Glazebrook et al., 2003; 
Vanderauwera et al., 2005), lipase class 3 family of proteins (Blanco, Van 
Hummelen and Holuigue, unpublished results), 12-oxophytodienoate 
reductase 1 (OPR1) and -dioxygenases ( DOX) (Blanco et al., 2005) and 
lipoxygenases (LOX) (Maleck et al., 2000). LOX-derived products such as 
hydroperoxy, hydroxy, and keto fatty acids are accumulated in plants in 
response to the attack by pathogens and after treatments with inducers of 
plant defense responses (Shah, 2005). Arabidopsis plants in which DOX1
expression is compromised developed a more rapid and severe necrotic 
response and exhibit increased susceptibility to an avirulent strain of P.
syringae (de Leon et al., 2002). 

4. CONCLUDING REMARKS 

The role that SA plays in the defense response of plants against 
environmental stressful conditions has been extensively studied in the 15 last 
years. These studies have been performed in mutants or transgenic plants 
that have altered the SA signaling pathway, or by evaluating the direct effect 
of treatment with SA or its functional analogs. The evidence obtained with 
these models indicate that SA, together with ROS, which accumulate in 
stressed cells, are essential signals to trigger either PCD (local defense 
response, HR) or to activate transcription of stress defense genes (systemic 
response, SAR) (Figure 3). Although important advances in the 
understanding of SAR have been made in the last years, the mechanism by 
which SA and ROS interplay in the activation of defense genes, is still not 
clear (Durrant and Dong, 2004; Fobert and Despres, 2005). 

SA seems to have a strong influence on cellular redox homeostasis. On 
the one hand, SA has a pro-apoptotic effect during PCD by enhancing the 
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effect of ROS (Overmyer et al., 2003); while on the other, it activates 
defense gene expression by triggering redox changes in components of the 
signal transduction pathway (Durrant and Dong, 2004; Fobert and Despres, 
2005). Interestingly, as was discussed in the second section, at least two 
components of SA signaling pathway involved in the activation of PR genes, 
NPR1 and the transcription factors TGAs have been identified as thiol-based 
redox sensors (Despres et al., 2003; Mou et al., 2003). Also, one of the 
promoter elements responsive to SA in defense genes (as-1-like element) is 
responsive to oxidative signals (Garreton et al., 2002). 

This apparently dual effect of SA (as pro and antioxidant) could explain 
the biphasic (first oxidative and then reductive) effect on the cellular redox 
potential (GSH/GSSG), detected in plants treated with a SA analog (Mou et 
al., 2003). This could also explain the antioxidant effect that SA plays in rice 
plants (Yang et al., 2004) and in animal cells (Speir et al., 1998).  

In this context, evidences discussed in the third section indicating that 
some of the genes that are early activated by SA (such as oxidoreductases 
and transferases) have an antioxidant or redox signaling function (Uquillas et 
al., 2004; Blanco et al., 2005; Blanco, Van Hummelen and Holuigue, 
unpublished results), could explain some of the redox changes triggered by 
SA (such as thiol reduction of NPR1 and TGA factors), that are required to 
activate late genes like PR-1. Interestingly, early activation of genes with 
antioxidant or redox signaling functions are independent of NPR1 (Uquillas 
et al., 2004; Blanco et al., 2005; Blanco, Van Hummelen and Holuigue, 
unpublished results). A hypothetical model to explain the effect that SA-
mediated activation of these early genes has on the activation of late genes is 
shown in Figure 5. 

An interesting point that emerges is the role that chloroplast might play 
in SA pathway and the response of plants to stress. Several important 
components of SA pathway are located, or predicted to be in the chloroplast: 
SA synthesis (ICS2 enzyme) (Metraux, 2002), EDS1 (Metraux, 2002), 
Atwhirly-1 transcription factor, and 14 out of 23 other factors from the same 
family (Desveaux et al., 2005), and one of the still uncharacterized NPR1-
like regulators (Rhee et al., 2003). Moreover, several genes regulated by SA 
and SAR obtained from the analysis of microarray experiments, encode for 
chloroplastic proteins (Blanco, Van Hummelen and Holuigue, unpublished 
results). It would be interesting to analyze whether in plants the defense 
response against pathogens and abiotic stress is modulated by light. 

Several aspects are still not clear in this model. One of these aspects is 
the mechanism of transcriptional activation of early and late genes at the 
level of promoter elements and transcriptional factors involved. On this 
aspect, one of the main questions is how are oxidative and reductive signals 
controlling the interaction between TGA factors and their target cis elements 
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Figure 5. Hypothetical model to explain the role that some genes early activated by SA have 
on late genes activation. Activation of a group of genes early responsive to SA, and also to 
xenobiotics, seems to involve as-1-like promoter elements and TGA factors. Some of these 

genes encode for enzymes that have detoxifying, antioxidant and/or redox signaling functions, 
such as gluthation S- transferase, GST; glycosyl transferase, GT; thioredoxin, TRX; 

glutaredoxin, GRX; peroxidase, POX; peroxiredoxin, PRX; and cytochrome P450. We 
propose that activation of these genes contribute to decrease levels of ROS and to thiol 

reduction of NPR1. Reduced NPR1 interacts with TGA factors that increase binding to TGA 
boxes in late genes promoters (ie PR-1). Also, early activation of genes coding for 

transcription factors (particularly WRKY) by SA, can contribute to the transcriptional 
activation of late genes. 
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(TGA box and as-1-like). The search for overrepresented regulatory 
elements in defense genes co-activated by SA, the massive analysis of 
binding of TGA factors to promoters, and the functional analysis of selected 
promoters, would together contribute to clarify this issue. 

Taking together, current evidence strongly suggests that SA plays a 
central role in controlling the cellular redox balance, which is an important 
aspect of the defense response. 
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1 1 2
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Abstract: There is increasing interest in the interactive role between salicylic acid (SA), 
reactive oxygen species (ROS) and other plant signalling molecules in 
regulating cell death in plants. Initial evidence suggested that SA was a potent 
inhibitor of heme-containing enzymes such as catalase and ascorbate 
peroxidase, thus capable of stimulating ROS accumulation during various 
biotic and abiotic stress conditions. However, others suggested that the mode 
of action of SA may in fact be related to its ability to prime the defense 
response, by increasing the levels of various defense compounds. SA was also 
proposed as both a potent inducer of the NADPH-oxidase and an inhibitor of 
the alternative oxidase, thus capable of indirect regulation of the redox status 
of plant cells. This role in regulating the redox status has been linked to the 
programmed cell death (PCD) typically observed during the hypersensitive 
response (HR) but also during development (leaf laces, tracheary elements, 
root cap, germination…) and some abiotic stress responses (salt and heavy 
metal stress, anoxia). Today, an interplay between SA, ROS and other 
signalling molecules is proposed in the regulation of PCD in plants. The 
present chapter reviews the evidence that has accumulated on the interactive 
nature of the relationship between ROS and SA and addresses this love-hate 
relationship in view of cell death in plants. 

Key words: Salicylic acid, reactive oxygen species, nitric oxide, programmed cell death, 
jasmonic acid, ethylene 
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1. INTRODUCTION 

Salicylic acid (SA) belongs to a diverse group of plant phenolic 
compounds. It was initially proposed as an important signal molecule during 
plant-pathogen interactions, a chemical defence against microbes, and 
having allelopathic effects on germination and growth of neighbouring 
plants (Malamy and Klessig, 1992; Raskin, 1992). Since then, numerous 
new roles have been proposed for SA. These include, mediation of the 
response to high temperature stress (Dat et al., 1998a; Dat et al., 1998b; 
Lopez-Delgado et al., 1998; Dat et al., 2000a; He et al., 2005; Larkindale et 
al., 2005), chilling (Janda et al., 1999; Senaratna et al., 2000), salt and 
osmotic stress (Mikolajczyk et al., 2000; Borsani et al., 2001; Molina et al.,
2002) ozone and ultraviolet light exposure (Yalpani et al., 1994; Sharma et 
al., 1996; Rao and Davies, 1999). However, it is now obvious that the role of 
SA during plant biotic and abiotic stress responses is coupled to the 
production of reactive oxygen species (ROS). In fact, most stress situations, 
if not all, alter cellular redox homeostasis (Dat et al., 2000b; Mittler, 2002). 
As a result, it is not surprising that SA, a molecule implicated in an 
increasing number of plant stress responses, interacts with ROS in a 
signalling network still being elucidated.  

One of the most studied responses involving both ROS and SA is the 
hypersensitive response (HR) typically observed during plant-pathogen 
incompatible interactions. During the early stages of plant-pathogen 
recognition, ROS are produced rapidly and transiently at the site of 
infection. This so-called oxidative burst has been proposed to serve not only 
as a potential cell wall strengthening and antimicrobial defence mechanism, 
but also as a necessary signalling component for the induction of the 
appropriate defence responses. Following the initial rise in ROS species, SA 
often accumulates, preceding a secondary burst typically observed during 
incompatible interactions (Draper, 1997). In many cases studied to date, both 
ROS and SA seem necessary for HR-cell death. Furthermore, other studied 
examples of the interaction between ROS and SA during abiotic stress 
responses (i.e. ozone, UV) also suggest an important role for both, during 
cell death events. The focus of this chapter is to review the role(s) and 
mechanism(s) of ROS and SA interplay during cell death in plants. 
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2. The nature of the relationship between salicylic acid 
and reactive oxygen species 

2.1 Is salicylic acid necessary during plant-pathogen 
interactions? 

The story of the relationship between salicylic acid (SA) and reactive 
oxygen species (ROS) goes back more than a decade. In the early 1980’s, a 
series of experiments triggered a major surge in plant-pathogen research 
with the identification of SA as a major player in this interaction. Although 
not always conclusive, these early experiments had the merit to focus 
attention on a major new area of research which has today allowed great 
progress in the understanding of plant-pathogen interactions. One of the first 
experiments was the demonstration that acetylacetic acid (ASA) application 
protected tobacco plants from infection by tobacco mosaïc virus (TMV) 
(White 1979). Subsequent experiments demonstrated that SA was also able 
of inducing TMV protection in tobacco as well as inducing the expression of 
pathogenesis-related (PR) genes in tobacco and Arabidopsis (Antoniw and 
White, 1980; Ward et al., 1991; Uknes et al., 1993; Yalpani et al., 1991; 
Conrath et al., 1995; Ryan and Jagendorf, 1995). Similar results were 
obtained in cucumber inoculated with Colletrichum lagenarium (Siegrist et 
al., 1994) and, SA was shown to inhibit the systemic accumulation of 
proteinase inhibitor proteins following wounding (Doherty et al., 1988). 
These data were corroborated by emerging evidence that SA accumulation 
correlated with tobacco response to TMV (Malamy et al., 1990; Malamy and 
Klessig, 1992) and systemic acquired resistance (SAR) in cucumber 
(Métraux et al., 1990; Rasmussen et al., 1991) and Arabidopsis (Uknes et 
al., 1993; Delaney 1997). Gaffney et al.(1993) demonstrated that transgenic 
plants, expressing a bacterial salicylate hydroxylase (NahG) gene, failed not 
only to accumulate SA following pathogen attack, but were also unable to 
activate defence responses. Although it was then clear that some defence 
responses were SA-dependent, under other circumstances SA seemed not 
required. For instance, transgenic tobacco plants expressing a pokeweed 
antiviral protein exhibited resistance to a broad range of viruses in the 
absence of SA accumulation (Smirnov et al., 1997). Furthermore, SA was 
not involved in the early induction of PR genes in tobacco in response to 
Erwinia carotovora (Vidal et al., 1997). Consequently, SA is probably not 
required during some plant-pathogen responses.   
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2.2 Mechanism(s) of action of salicylic acid during plant-
pathogen interactions 

Once SA was identified as a crucial player in some pathogenic responses, 
several research groups went on a quest to identify the mechanism(s) of 
action of SA. Some of the early functional studies suggested that SA was a 
signalling molecule capable of inhibiting catalase activity (Chen et al.,
1993a; Sanchez-Casas and Klessig, 1994; Conrath et al., 1995). It was thus 
postulated that SA increased cellular H2O2 through its inhibitory effect on 
catalase. Hence, H2O2 was proposed as a possible mediator of plant-
pathogen defence responses and more specifically involved in signalling 
during systemic acquired resistance (SAR; Chen and Klessig 1991; Chen et 
al., 1993a; Chen et al., 1993b). Although the proposition that H2O2 may 
serve as a secondary messenger for SA signalling was an attracting 
hypothesis, several other studies failed to demonstrate a similar SA-
inhibition of catalase activity in tobacco (Willekens et al., 1994; Bi et al.,
1995), Arabidopsis thaliana (Summermatter et al., 1995; Rao et al., 1997), 
soybean (Tenhaken and Rübel, 1997) and maize (Guan and Scandalios, 
1995). The role of H2O2 as a secondary messenger of SA- signalling was 
thus questioned. Furthermore, H2O2 infiltration in tobacco leaves induced 
benzoic acid 2-hydroxylase (BA2H) and SA accumulation (Leon et al.,
1995), suggesting that H2O2 was not downstream in the SA signalling 
pathway but rather upstream of SA biosynthesis. The debate was later put to 
rest with a model reconciling these various results, in which a feedback 
cycle between SA and H2O2 amplifies the SA/H2O2 signal (Van Camp et al.,
1998). Since then, the model has been improved with the addition of other 
players, notably NO, ethylene and jasmonic acid (Overmyer et al., 2000; 
Delledonne, 2005), but the basic amplification SA/ROS loop still holds 
(Figure 1).  

2.3 Salicylic acid and reactive oxygen species during 
abiotic stress 

Reactive oxygen species accumulation is a common feature of abiotic 
stress responses (Dat et al., 2000b; Mittler, 2002; Mittler et al., 2004). As a 
result, there exist several examples of SA and ROS interplay during abiotic 
stress situations, the most studied being exposure to either ultraviolet light 
(UV) or ozone. The rapid and transient production of ROS during these 
stress conditions is analogous to the “oxidative burst“ commonly observed 
during plant-pathogen interactions but also to that reported in mammalian 
macrophage and neutrophils during pathogen invasion (Langerbartels et al.,
2002). During ozone exposure, ROS are believed to be generated following 
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ozone entry through the stomata and its conversion in the leaf apoplast 
(Pellinen et al., 1999; Rao et al., 2000). In fact, necrotic lesions in ozone-
exposed leaves were long considered a consequence of phytotoxic ROS 
accumulation. In recent times however, a new model has emerged in which 
ozone-mediated cell death is very similar to HR-cell death. Ozone may in 
fact act as an elicitor of plant-pathogen HR reactions (Sandermann et al., 
1998; Rao et al., 2000; Kangasjarvi et al., 2005). This proposition is 
supported by various observations: i) ozone induces a biphasic ROS burst in 
the sensitive Bel W3 tobacco cultivar, not in resistant varieties, ii) the 
oxidative burst precedes and spatially correlates with cell death and, iii) 
lesion development is greatly reduced by the application of diphenylene 
iodonium (DPI), a flavin oxidase inhibitor (Shraudner et al., 1998; Pellinen 
et al., 1999; Rao and Davis, 1999; Overmyer et al., 2000). In addition, SA 
accumulates within a few hours in both ozone-sensitive tobacco and
Arabidopsis plants exposed to ozone and UV (Yalpani et al., 1994; Orvar et 
al., 1997; Sharma and Davis, 1997; Rao and Davis, 1999) and, exogenous 
SA application increases the sensitivity of ozone tolerant genotypes to ozone 
treatment (Rao et al., 2000). Further evidence was provided with transgenic
NahG plants and SA-insensitive npr1 Arabidopsis mutants which failed to 
develop lesions during ozone exposure (Orvar et al., 1997; Rao and Davis 
1999; Overmyer et al., 2005) thus substantiating a role for SA during ozone-
induced lesions formation. In addition, Arabidopsis eto1 and eto3 mutants, 
ethylene overproducers, constitutively accumulate high SA levels and 
exhibit a rapid increase in free SA prior to lesion formation in response to 
ozone fumigation (Rao et al., 2002). It is, therefore, clear that during many 
biotic and abiotic stress situations an interaction between SA and ROS is 
crucial for the development of an appropriate response. 

It is important to note, however, that recent comparison of transcriptomes 
during ozone exposure reveals that approximately one-third of the 
responsive transcripts are ozone specific, thus suggesting important SA-
independent redox signalling pathways during this stress (Baier et al., 2005). 
Furthermore, in rice, which contains much higher basal levels of free SA (at 
least 10 times more than infected tobacco or Arabidopsis plants), SA does 
not appear to be an effective signal molecule during disease responses (Yang 
et al., 2004). SA-deficient transgenic rice have higher ROS levels and 
reduced antioxidant capacity, they also exhibit spontaneous lesion formation 
in an age- and light-dependent manner. Symptom development was in fact 
suppressed by exogenous application of a SA analog, benzothiadiazole. 
Although unexpected, these results may be explained by the fact that in 
plants SA may directly function as an antioxidant as reported for animals 
(Castagne et al., 1999). Indeed, SA may scavenge hydroxyl radicals and thus 
protect plants against catalase inactivation by H2O2 (Durner and Klessig, 
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1996). Hence, in rice for instance, SA may play a critical role in modulating 
the cell redox balance, hence protecting the plant against oxidative damage 
(Yang et al., 2004). 

3. CELL DEATH PROCESSES IN PLANTS 

3.1 The various forms of cell death in plants 

Paradoxically, death is an integral part of life. Cell fate (proliferation, 
differentiation or programmed cell death) is crucial during various stages of 
a plant’s life cycle (Kadota et al., 2004). In fact, the sacrifice of individual or 
specific groups of cells is required for proper plant development. Although 
much is known on programmed cell death (PCD) in animal cells, much less 
is known on the molecular regulators of PCD in plants. Generally speaking 
however, cell death processes seem rather well conserved in evolution and, 
signalling cell death pathways have been identified in various organisms, 
from unicellular to multicellular mammalian organisms.  

Initially, cell death events were divided into two categories: apoptotic or 
necrotic. Necrosis is accidental, and factors that lead to this cell death are 
mostly extrinsic such as accumulation of phytotoxic molecules following a 
traumatic stress event. Thus, cell death through necrosis is considered 
passive, indiscriminent and often follows irreversible injury. Necrosis is 
characterised by a progressive loss of membrane integrity, an influx of Ca2+

and other ions which results in swelling of the cytoplasm and release of 
cellular constituents (Pennell and Lamb, 1997). On the other hand, apoptosis 
refers to the characteristic morphological changes that occur during 
genetically controlled animal cell death (Bidle and Falhowski, 2004). These 
include: i) cytoplasmic and nuclear shrinkage, ii) chromatin condensation 
and fragmentation and iii) an orderly energy-dependent enzymatic 
breakdown of DNA into characteristic fragments. However, over the last 
decade, it has become clear that more than two types of cell death exist and 
that apoptosis per se does not take place in plants. Rather various forms of 
active cell death are observed and nowadays, many authors use the term 
programmed cell death to describe any plant cell death process involving 
energy and genetic processing (Dangl and Jones, 2001; Lam et al., 2001). 
Generally speaking, PCD can be defined as an elementary process of life 
that maintains tissue and organ homeostasis in concert with proliferation, 
growth and differentiation (Böhm and Schild, 2003). 

PCD can occur during many situations and it has been described during 
both biotic and abiotic stress conditions (Pennell and Lamb 1997). In plants, 
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PCD events have been best described during plant-pathogen interactions as 
the basis for the hypersensitive response (HR) typical of incompatible 
interactions (Jones and Dangl, 1996; Greenberg, 1997; Pennell and Lamb, 
1997; Heath, 2000). However, some abiotic stress situations are also capable 
of inducing such cell death events and PCD has been described for instance 
during hypoxia stress (He et al., 1994; Gunawaredena et al., 2001a; 2001b), 
chilling, heat, mechanical stress (Balk et al., 1999) and, ozone (Langebartels 
et al., 2002) among others. Finally, PCD events have been observed during 
developmental events such as formation of tracheary elements (Fukuda, 
2000; Kuriyama and Fukuda, 2002), aerenchyma formation (He et al., 
1996), endosperm development (Young and Gallie, 2000), seed development 
and germination (Souter and Lindsey, 2000), floral abortion (Rubenstein, 
2000), sex determination, root cap cells, flower and leaf senescence (Thomas 
et al., 2003; Gunawardena et al., 2004) and, hybrid lethality (Frank and Barr 
2003; Masuda et al., 2003). 

Programmed cell death is thus essential for allowing proper growth and 
development of many eukaryotes organisms, including plants. The cell death 
process is not an end in itself as it often drives the living towards another 
state of life. In plants, developmental changes are marked by specific cell 
death processes (Gunawardena et al., 2004), however, the question remains, 
do common signalling components exist between these plant PCD events 
and if so what are they? 

4. THE INEVITABLE ROLE OF REACTIVE 
OXYGEN SPECIES DURING CELL DEATH IN 
PLANTS 

4.1 Evolution and the inevitable production of reactive 
oxygen species 

The importance of ROS homeostasis in the regulation of plant growth 
and development lies in the premise of their inevitable production during 
aerobic metabolism. Back 3.5 billion years, the earliest known life forms, 
consisting of small simple cells, had emerged. These early life forms drew 
their energy from molecules in the surrounding environment, notably 
through reactions of fermentation. The atmosphere then consisted primarily 
of gases such as nitrogen, carbon dioxide, water vapour, and molecules of 
gases such as ammonia, hydrogen sulphide and methane. Free O2 was 
absent. As the earth crust cooled and stabilized, new compounds are 
believed to have been formed and droplets of organic molecules 
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accumulated in the oceans. These organic substances served as the earliest 
sources of energy and, primitive cells or groups of aggregated cells used this 
abundant source for energy. As they evolved, these heterotrophic organisms 
depleted this energy resource and, consequently competition favoured 
autotrophic cells that had acquired the ability to make their own energy rich 
molecules from non-organic molecules. The most thriving of all being those 
capable of converting the sun rays into chemical energy through a complex 
pigment system. As photosynthetic organisms increased in number, their 
impact drastically changed the chemical nature of the earth atmosphere. One 
of the most successful evolutions of photosynthetic organisms was the 
splitting of water molecules and the release of oxygen. Thereon, almost all 
life forms based their energy requiring processes on respiration and 
photosynthesis. As a result, production of ROS in cells became a primer for 
life, and O2 became one of the more likely electron acceptor to electrons 
leaked by over-energised transport chains. Therefore, the production of ROS 
is intimately linked to life under aerobic conditions and organisms have had 
to evolve efficient scavenging systems to control ROS production (Noctor 
and Foyer, 1998; Dat et al., 2000b; Mittler, 2002; Mittler et al., 2004; Foyer 
and Noctor 2005). Unlike animals, plants are incapable of escaping 
environmental pressure and accordingly they have a high potential for ROS 
production. In fact a wide range of stresses may promote ROS production. 
Because these are extremely reactive, ROS may oxidise biological molecules 
such as DNA, proteins and lipids. 

4.2 Sources of reactive oxygen species during stress 
conditions 

Mitochondria are the main source of ROS in animal cells, however, in 
plants the chloroplast is the most likely source of ROS under most of the 
stress conditions. Almost any change in the environment (i.e. drought, light, 
chilling, pollutants etc.) will result in increased chloroplastic ROS 
production (Dat et al., 2000b; Mittler, 2002). As a result, chloroplasts have 
been proposed as potential sensors of environmental changes and 
chloroplast-derived redox signals may directly regulate gene expression and 
acclimatory processes (Karpinski et al., 2003; Laloi et al., 2004). The 
chloroplast is thus one of the most important organelles during abiotic stress 
responses. ROS may also be produced in the peroxisomes during 
photoinhibitory conditions.  

In contrast, during biotic stress situations, the main source of ROS 
production is not the chloroplast. Interestingly however, it was recently 
noted that many experiments on the establishment of plant-pathogen defence 
responses were undertaken under low light conditions (Karpinski et al.,
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2003) and there are also several reports of light-dependent pathogen 
resistance in plants (Montillet et al., 2005). As a result, the importance of 
chloroplast-derived ROS production has probably been overlooked during 
many biotic stress responses.  

To date, however, incompatible plant-pathogen interactions are typified 
by a biphasic oxidative burst (Doke, 1997; Draper, 1997). The production of 
ROS towards the apoplast during this event is assumed to originate in part 
from an NADPH-oxidase complex very similar to that used by phagocytes 
during the respiratory burst (Torres and Dangl, 2005). The first plant 
NADPH-oxidase gene was related to the gp91phox gene from mammals and 
isolated from rice, OsrbohA (Groom et al., 1996). Others have since been 
identified in various plant species (Keller et al., 1998; Torres et al., 1998; 
Simon-Plas et al., 2002; Yoshioka et al., 2003). Recent studies using Rboh 
mutants and antisense lines helped to demonstrate the essential role of the 
NADPH-oxidase complex in producing the oxidative burst during 
incompatible plant-pathogen interactions (Simon-Plas et al., 2002; Torres et 
al., 2002; Kwak et al., 2003; Yoshioka et al., 2003). However, other sources 
of ROS have also been proposed during plant-pathogen interactions, these 
include amine oxidases and peroxydases among others (Bolwell, 1999). To 
date, therefore, the source of ROS during various stress conditions is rather 
well established, though there is still no definite consensus on the exact 
role(s) played by ROS during these events. 

4.3 Reactive oxygen species signalling in plants 

Reactive oxygen species have long been considered important signalling 
molecules and key regulators of PCD in various organisms (Korsmeyer et
al., 1995; Jabs, 1999; Haddad, 2004; Hilderman, 2004). In yeast, low H2O2 
concentrations or depletion of intracellular glutathione can induce apoptosis 
(Samuilov et al., 2000). In plants, a role for ROS as signalling molecules 
during stress responses has also been proposed. In fact, there has been great 
progress since the early perception that ROS were only toxic by-products of 
metabolism. ROS may not only be the lethal molecules produced during 
environmental constraints but also active partners in various signalling 
networks. It is now generally accepted that alterations in ROS homeostasis 
are the key modulators to various cellular processes (Dat et al., 2000b; 
Hancock et al., 2001; Overmyer et al., 2003; Mittler et al., 2004). Since the 
early experiments demonstrating that H2O2 could cross biological 
membranes (Levine et al., 1994), H2O2 has been shown to be able to travel 
through water channels (Henzler and Steudle, 2000) and oxidise proteins 
some distance from its production site (Scandalios 1997). In addition to 
these exciting findings several research groups have validated the role of 
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ROS in regulating gene expression during plant-pathogen interactions 
(Alvarez et al., 1998; Hancock et al., 2002), ozone stress (Langebartels et 
al., 2002; Overmyer et al., 2003), oxidative stress (Desikan et al., 2001; 
Vranova et al., 2002; Vandenabeele et al., 2003), and high light (Karpinski 
et al., 1999; Vandenabeele et al., 2004; Vanderauwera et al., 2005). Changes 
in ROS homeostasis have also been seriously considered key mediators 
involved during plant PCD (Desikan et al., 1999; Solomon et al., 1999; 
Bethke and Jones, 2001; Dat et al., 2003). In fact, ROS may play crucial 
roles both as initiators and downstream effectors of cell death in plants.  

4.4 Reactive oxygen species signalling during cell death 

If the accumulation of ROS overwhelms the antioxidant machinery and 
oxidants accumulate to phytotoxic levels, cell death will occur in the form of 
necrosis (Figure 1). In fact, most abiotic stress conditions may lead to ROS 
hyper-accumulation (Dat et al., 2000b). Thus, the fact that ROS can directly 
kill a cell by accumulating at phytotoxic levels is very much similar to what 
is observed during necrosis in animals (Bhatia, 2004). ROS-dependent 
necrosis has been observed following the exogenous application of H2O2 in 
plant cell systems (O’Brien et al., 1998) or following high ROS 
accumulation during various abiotic stress situations (Dat et al., 2000b). In 
fact, there is increasing evidence that the concentration and duration of ROS 
exposure will either lead to necrosis or PCD (McCabe et al., 1997; McCabe 
and Leaver, 2000; Houot et al., 2001; Casolo et al., 2005).  

Early indication that ROS were also likely involved during PCD was 
observed when H2O2 treatment of soybean cells induced cell death and that 
H2O2 from the oxidative burst regulated HR-cell death (Levine et al., 1994). 
Later experiments demonstrating that H2O2-dependent cell death was 
blocked by cycloheximide, a protein synthesis inhibitor, confirmed these 
findings (Solomon et al., 1999). More recent experiments with transgenic 
Cat1AS tobacco plants, deficient in catalase, confirmed that H2O2-dependent 
active cell death events could be blocked by cycloheximide as well as other 
signalling inhibitors (Dat et al., 2003). Thus, H2O2 was proposed as an 
initiator of active cell death and/or PCD. In effect, H2O2-dependent 
signalling during PCD has been demonstrated in numerous models (Alvarez 
et al., 1998; Orozco-Cardenas et al., 2001; Pellinen et al., 2002; Dat et al.,
2003; Vandenabeele et al., 2004). H2O2 clearly participates in the 
propagation of pathogen- and ozone-dependent PCD (Grant and Loak 2000; 
Langebartels et al., 2002; Overmyer et al., 2003). H2O2 is also implicated in 
GA-dependent PCD events in aleurone protopasts (Bethke et al., 1999; 
Bethke and Jones 2001). Transgenic tobacco and Arabidopsis plants with 
reduced antioxidant capacity (as a result of antisense suppression of catalase 
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or ascorbate peroxidase), accumulate high H2O2 levels and spontaneously 
develop necrotic lesions when exposed to H2O2 producing conditions 
(Takahashi et al., 1997; Chammongpol et al., 1998; Mittler et al., 1999; 
Rizhsky et al., 2002; Dat et al., 2003; Vandenabeele et al., 2004). The 
development of lesions is spatially correlated with high endogenous 
accumulation of H2O2. Further experiments demonstrated that in fact, a 
transient accumulation of H2O2 was sufficient to induce an active cell death 
program (Dat et al., 2001; Dat et al., 2003; Vandenabeele et al., 2003). The 
transient H2O2 pulse induced an active cell death program showing a similar 
fatty acid signature to that obtained following cryptogein-triggered PCD 
(Montillet et al., 2005). In contrast, when the plants were exposed to longer 
periods of H2O2 accumulation, the H2O2-cell death event showed 
characteristics of necrosis and was very similar to that observed under HL-
dependent pathogen PCD (Dat et al., 2003; Montillet et al., 2005). In rice, 
the overexpression of OsRac1 (a rice homolog of mammalian Rac GTPase) 
induces cell death in transgenic cell cultures, which was correlated with high 
H2O2 accumulation (Kawasaki et al., 1999; Ono et al., 2001).  

In other studies, superoxide anion rather than H2O2 was identified as the 
key player in PCD events and lesion formation. For instance, the lsd1 
mutants of Arabidopsis, which accumulates high levels of superoxide anion, 
also developed spontaneous lesions (Jabs et al., 1996). We can, therefore, 
conclude from these studies that ROS can induce both necrosis and PCD, 
depending on the level of ROS accumulation in the cell and that the nature 
of the ROS species involved.         

However, it must also be noted that there are examples in which ROS are 
neither sufficient nor necessary for PCD. For instance, work on tobacco with 
a mutated Pseudonomas strain indicated that although H2O2 was necessary 
for HR-cell death, it was not sufficient (Glazener et al., 1996). Under dark 
conditions, tobacco cell death induction by the elicitor cryptogein was 
independent of H2O2 (Montillet et al., 2005). Finally, the PCD process that 
takes place during TE differentiation is independent of ROS species (Fukuda 
2000). Indeed, when ROS species were monitored in TE-inductive cell 
cultures, results indicated that the H2O2 increase in TE-inductive cells was 
less than in TE non-inductive cells. Furthermore, addition of dephenylene 
iodonium (DPI), a flavin-containing oxidase inhibitor, failed to inhibit TE 
PCD (Groover et al., 1997). This further reinforces the idea that there exist 
multiple PCD types in plants, some require ROS while others do not.   

4.5 Importance of mitochondria during PCD 

In animals, the mitochondria play a central role in PCD by releasing 
cytochrome c and activating caspases. The mitochondria participate in the 
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cytoplasmic control and intervene in the effector phase of PCD. Alterations 
in mitochondrial permeability and transition linked to disruption of 
membrane potential precede PCD-driven nuclear and plasma membrane 
changes (Petit et al., 1996). In fact, there is a growing belief that the 
intracellular redox status is critical in mitochondria-dependent cell death in 
animals (Kowaltowski et al., 2001). In plants, mitochondria have recently 
been revealed as key integrators of PCD (Jones, 2000; Swidzinski et al.,
2002; Lam, 2004; Swidzinski et al., 2004). Transgenic tobacco cells lacking 
AOX showed enhanced susceptibility to various cell death inducers, 
including H2O2 and SA (Robson and Vanlerberghe 2002; Vanlerberghe et 
al., 2002). Furthermore, SA and H2O2 driven cell death occurs through a 
mitochondria-dependent pathway (Moore et al., 2002). There is, therefore, 
increasing evidence for mitochondria to play some role in plant PCD, 
however, convincing evidence is still lacking on how they may participate 
during cell death. 

5. THE IMPORTANCE OF SALICYLIC ACID 
DURING CELL DEATH IN PLANTS 

5.1 Salicylic acid and plant-pathogen interactions 

Salicylic acid has long been recognised as a key endogenous signal, 
involved in plant defence responses. When a pathogen carrying the 
avirulence (avr) gene is recognised either directly or indirectly by a plant 
carrying the cognate resistance (R) gene, ensues the activation of defence 
responses that restrict pathogen growth and spreading in both infected and 
non-infected tissues. These events are qualified as local (LAR) and systemic 
acquired resistance (SAR) and, in most cases, they are accompanied by the 
development of lesions around the site of infection, as a result of cell 
suicide. This typical process termed the hypersensitive response (HR) is 
believed to be mediated in part by SA. In fact, although SA has long been 
recognised as a key molecule in defence responses, its exact function in HR-
cell death is still rather poorly understood (Hoeberichts and Woltering, 
2002).  

5.2 Importance of salicylic acid during the 
hypersensitive-dependent PCD 

Following the pathogen infection, endogenous levels of SA and its 
conjugate (SA-glucoside) significantly increase in tobacco, Arabidopsis and 
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cucumber (Malamy et al., 1990; Métraux et al., 1990; Rasmussen et al., 
1991). The rise in SA levels precedes the induction of pathogenesis-related 
proteins and activates LAR and SAR (Ryals, 1996). Early results obtained 
with transgenic tobacco expressing the bacterial NahG gene, encoding an 
SA-degrading enzyme, demonstrated the crucial role played by SA in 
mediating both LAR and SAR (Gaffney et al., 1993; Delaney et al., 1994). 
These results were further supported by the characterization of two SA-
deficient Arabidopsis mutants sid2 and eds5 which show enhanced 
susceptibility to several bacterial pathogens, although in most cases, their 
susceptibility was not as pronounced as in NahG transgenic plants (Rogers 
and Ausubel, 1997; Nawrath and Métraux, 1999). The analysis of two other 
Arabidopsis mutants (acd and lsd) that spontaneously activate PCD also 
supported the importance of SA in cell death processes as both have 
constitutively high SA levels (Rate et al., 1999; Brodersen et al., 2002). 
Moreover, the fact that addition of SA to either soybean suspension cultures 
or Arabidopsis lsd1 mutants accelerated cell death is further evidence for a 
modulating role of SA during PCD (Dietrich et al., 1994; Shirasu et al., 
1997). Exogenous application of SA in acd11/eds5-1 Arabidopsis mutants 
also accelerated PCD, thus demonstrating a potentiating effect of SA on 
PCD (Brodersen et al., 2005). However, it must noted, that although several 
mutants retain the spontaneous lesion formation in the NahG background, 
many others have delayed or suppressed cell death symptoms. It was thus 
suggested that SA accumulation should be placed both upstream and 
downstream of PCD (Hoeberichts and Woltering, 2002), reinforcing the SA 
feedback loop amplification scenario.  

A question, however, remains regarding the biosynthetic pathway of SA 
during plant defence reactions. Early dissection of the SA pathway 
suggested that SA could be synthesized from cinnamic acid through two 
pathways. Once phenalalanine has been converted into trans-cinnamic acid 
by phenylalanine ammonia lyase (PAL), trans-cinnamic acid could then be 
either hydroxylated to form o-coumaric acid before oxidation of the side 
chain or the side chain is shortened to give benzoic acid (BA; Sticher et al., 
1997; Métraux, 2002). At least in tobacco and cucumber plants, SA is 
thought to be exclusively derived via BA through the conversion of trans-
cinnamic acid (Ward et al., 1991; Silverman et al., 1995; Sticher et al., 
1997; Chong et al., 2001). In fact, SA is metabolised by a combination of 
glucosylation and decarboxylation with 2-O-glucoside as a major primary 
metabolite in many species (Tanaka et al., 1990; Yalpani et al., 1992; 
Enyedi et al., 1992; Malamy and Klessig, 1992; Edwards, 1994). More 
recently, the SA biosynthetic pathway leading to potentiation of cell death 
has been proposed to be derived through isochorismate synthesised by SID2 
(Brodersen et al., 2005), though not excluding the participation of PAL-
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mediated  SA biosynthesis  during PCD events in tobacco and Arabidopsis
(Mauch-Mani and Slusarenko, 1996; Ribnicky et al., 1998; Wildermuth et 
al., 2001). 

6.  INTERACTIVE NATURE OF SA AND ROS 
DURING PLANT CELL DEATH 

6.1 SA and ROS interplay during PCD 

There is an increasing amount of data that point to a cellular relation 
between ROS and SA biosynthesis or with receptor proteins. The recent 
cloning of the salicylic acid-binding protein 3 (SABP3), a chloroplast-
localised protein involved in the HR, suggests a close interplay between SA 
and ROS in the chloroplast (Slaymaker et al., 2002). Furthermore, mutations 
in either a chloroplast-located isochorismate synthase (ICS) gene in 
Arabidopsis (Wildermuth et al., 2001), a plastic located stearoyl acyl (ACP) 
carrier protein (Kachroo et al., 2001), or a red chlorophyll catabolite 
reductase (ACD2) gene (Mach et al., 2001), all alter SA synthesis and plant 
defence signalling. Thus, it is clear that the localization of some precursors 
of SA synthesis in the chloroplast, the main source of ROS in plants, can 
only support the interactive nature of signalling derivatives. 

Taken together, the interactive relationship between SA and ROS during 
cell death is rather intriguing. In fact, several recent results clearly 
demonstrate that what was thought as a rather simple synergistic relationship 
is in fact much more complex. Originally, SA was proposed as a catalase or 
ascorbate peroxidase inhibitor, as discussed above. However, these 
suggestions were soon re-evaluated with the demonstration that the 
inhibition of catalase by SA was not sufficient to explain the high SA-
dependent ROS accumulation in plant cells. In the presence of diphenylene 
iodonium (DPI), elicitor-dependent SA accumulation in tobacco cells is 
prevented (Dorey et al., 1999). Furthermore, this abolishment of SA 
accumulation was recently shown to be accompanied by a higher level of 
conjugated BA (Chong et al., 2001). These data, in combination with the 
fact that H2O2 can activate SA accumulation through the stimulation of 
BA2H (Leon et al., 1995), show that ROS are necessary for the conversion 
of BA to SA. On the other hand, SA can also potentiate ROS production and 
enhance the damage caused by ROS.  

Indeed, when comparing wild type and NahG Arabidopsis plants Borsani 
et al., (2001) found that the necrosis damage on wild type plants grown on 
mannitol containing media was not observed in NahG plants. The lack of 
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damage in SA-deficient lines suggested that SA could potentiate the 
generation of ROS in photosynthetic tissues during salt and osmotic stress. 
These observations are further supported by the fact that exposure to a ROS 
generating herbicide, methyl viologen (MV), produced necrotic lesions only 
on wild type but not on NahG plants (Borsani et al., 2001).  

As a result, SA action was proposed to be driven by its capacity to 
synergistically enhance ROS accumulation. This hypothesis, although 
probably not complete, had the merit to set forward a new line of thinking 
where the interaction between these various molecules was not linear but 
rather multi-complex. Combined with the recent proposition that H2O2 can 
synergistically enhance its own production through the activation of 
NADPH-oxidase complexes (Dat et al., 2003; Mittler et al., 2004), the new 
proposed ROS-SA-ROS network may start to look more like a feedback / 
feedforward relay depending on various other factors (Figure 1). 

7.  OTHER MEMBERS OF THE SA/ROS CELL 
DEATH PATHWAY

The SA signalling pathway during plant defence responses can not be 
seen as a static or linear pathway (Shah, 2003). As described above, there are 
a multitude of intrinsic and extrinsic signals which activate SA synthesis and 
signalling. In addition, the downstream targets of SA pathway are multiple 
and include such diverse candidates as protein activity (Dempsey et al., 
1999), gene expression and interactive regulation of other plant hormones 
(Feys and Parker, 2000; Kunkel and Brooks, 2002). Follows a short 
discussion of other important signalling molecules clearly involved in the 
regulatory network leading to SA dependent PCD in plants. 

7.1 Jasmonic acid antagonises SA action  

There is increasing evidence of an interaction between SA and jasmonic 
acid (JA) in the initiation of PCD. This cross-talk between both signalling 
pathways has been best characterised after wounding or following attack by 
herbivores and necrotizing fungal pathogens, both inducing an SA-
independent SAR (Nibbe et al., 2002). SA prevents JA accumulation 
following Pseudonomas infection through modulation of NPR1 (Spoel et al., 
2003; Dong, 2004). Furthermore, JA signalling inhibits SA-dependent 
responses in both tomato and Arabidopsis (Kloek et al., 2001; Zhao et al.,
2003). This antagonist effect of JA signalling on SA-dependent responses 
was also shown using the COR-insensitive mutants of Arabidopsis (coi1)
and tomato (jar1) which are defective in JA signalling. COR, the coronatine 
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toxin of Pseudonomas syringae, is a virulence factor involved in lesion 
formation and bacterial growth (Abramovitch and Martin, 2004). The 
increased resistance to Pseudonomas syringae in both mutants is believed to 
be mediated through an enhanced SA response (Kloek et al., 2001; Zhao et 
al., 2003).  

An important role for JA has also been dissected during ozone-induced 
PCD. Ozone treatment not only increases SA but also JA levels in various 
species (Rao et al., 2000; Koch et al., 2000). In addition, inhibition of cell 
death was obtained following treatment of O3-sensitive Arabidopsis with 
methyl jasmonate (Overmyer et al., 2000; Rao and Davis, 2001). When the 
rcd1 mutant of Arabidopsis is treated with JA, following cell death 
promoting conditions, the spreading of cell death is halted, thus clearly 
indicating a key role for JA in cell death containment (Overmyer et al.,
2000; 2005). The ozone-dependent cell death in rcd1 mutants showed some 
characteristics of PCD such as DNA fragmentation, nuclear shrinkage, and 
cytosol vesiculation (Overmyer et al., 2005). Interestingly, when double 
rcd1/npr1 or rcd1/NahG mutants, compromised in SA signalling, were 
exposed to ozone, the development of lesions was reduced but not 
completely suppressed. This suggested that the rcd1 mutant phenotype was 
both SA-dependent and -independent. When these results are combined with 
the observation that JA-insensitive or biosynthesis mutants (jar1, coi1 and 
fad/7/8) display lesion formation during ozone exposure, one can clearly 
conclude that JA antagonistically regulates SA-dependent PCD events. 
Furthermore, the analysis of MAP kinase cascades during the HR has 
demonstrated that MAPK4 negatively regulates SAR by repressing SA 
biosynthesis and promoting JA response (Petersen et al., 2000). Hence, JA 
acts by inhibiting SA signalling and thus it may be an important negative 
regulator of SA-dependent PCD.    

7.2 Ethylene can regulate PCD events 

Ethylene has also been clearly identified as a key player in PCD. Its 
involvement during HR-cell death seems to depend on the nature of the 
pathogen system, studied. Ethylene is also an important mediator during 
ozone-mediated PCD. Early correlative experiments demonstrated that in 
tobacco transgenic Cat1AS plants that accumulate H2O2 under 
photorespiratory conditions, an early accumulation of ethylene preceded a 
biphasic SA accumulation which temporally preceded the appearance of cell 
death symptoms (Chamnongpol et al., 1998). A similar temporal correlation 
between ethylene accumulation and cell death has also been observed in 
certain plant-pathogen interactions (Wang et al., 2002) and, during ozone 
exposure of sensitive plants (Overmyer et al., 2000). Further experiments 
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with ethylene synthesis and perception inhibitors reduced ROS-derived 
ozone-dependent cell death in both Arabidopsis and tomato (Tuomainen et 
al., 1997; Overmyer et al., 2000; Moeder et al., 2002). NahG expression in 
the dominant eto3 mutant rescued the cell death phenotype exhibited by eto3 
plants. These results clearly show that, in Arabidopsis, SA and ethylene act 
in concert for lesion formation and that ozone-induced ethylene production 
requires SA accumulation (Rao et al., 2002). 

Ethylene has also been implicated in other stress-dependent cell death 
events. For instance, development of arenchyma (lacunae gas spaces) in the 
root cortex is one of the most important adaptive responses to soil flooding 
in many flood tolerant species (Vartapetian and Jackson 1997; Schussler and 
Longstreth 2000; Chen et al., 2002; Evans 2003; Dat et al., 2004). This 
ethylene-dependent cell death and lysis occurs behind the root apex in the 
region of cell expansion and forms continuous gas-filled channels which 
help oxygen diffusion from shoot to roots (Drew 1997). The lysogenic 
development of aerenchyma (formed by partial breakdown of the cortex) is 
characterised by specific targeting of root cortical cells, thus supporting a 
programmed cell death (Kawai et al., 1998). In Sangittaria lancifolia for 
instance, nuclear changes (clumping of chromatin, fragmentation, disruption 
of the nuclear membrane), are the earliest events observed following 
flooding. In addition, ethylene is required for aerenchyma formation in 
maize (Kende 1993; He et al., 1996; Lorbiecke and Sauter 1999; Drew et al., 
2000). Although, SA has never been measured during hypoxia stress in 
plants, the presence of a mitochondria-dependent PCD, which involves other 
known signalling intermediates of SA networks, most notably ROS and 
nitric oxide, may suggest a “hidden” role for SA/ROS/NO during 
aerenchyma development. Thus, it seems probable that ethylene works in 
harmony with SA as a positive modulator of PCD in plants. 

7.3 Nitric oxide: the new player in the death cascade 

Finally at least one more signalling molecule which is clearly involved in 
PCD can interact with SA during this process. Nitric oxide (NO) is used by 
mammals to regulate various biological processes of the immune, nervous and 
vascular systems. NO also serves as a secondary messenger in oxygen sensing 
in mammalian cells. It is becoming increasingly apparent that NO  is a 
ubiquitous signal in plants where inorganic forms of oxidized nitrogen are the 
sources of NO formation. Under certain conditions NO can be produced by 
enzymatic and non-enzymatic reduction of nitrate and nitrite. In animals, NO 
and ROS combine to induce apoptosis (Curtin et al., 2002). In plants, NO has 
recently been shown to synergistically act with ROS in HR-cell death 
(Delledonne et al., 1998), although others have reported a protective effect of 
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NO during ROS-mediated PCD (Beligni and Lamattina, 1999). It seems, 
however, that different responses observed are related to a subtle balance 
between NO and ROS production (Delledonne et al., 2001). Indeed, NO has 
been shown to regulate cell death processes in plants (Delledonne et al., 1998; 
Durner et al., 1998; Clarke et al., 2000; Delledonne et al., 2001). NO may also 
directly interact with SA as SA treatment enhances NO production in soybean 
(Klepper 1991) and, NO treatment results in a significant accumulation of SA 
in tobacco leaves (Durner et al., 1998). Moreover, recent results point to a 
crucial role for SA during NO-mediated SAR (Song and Goodman, 2001). NO 
may also participate in signalling networks associated with other plant growth 
regulators. In addition, wounded Arabidopsis thaliana leaves accumulate NO 
in epidermal cells and JA treatment strongly stimulates NO production (Huang 
et al., 2004; Delledonne, 2005). Spatial accumulation of NO correlates with 
initiation of cell death in alfalfa roots exposed to hypoxia conditions (Dordas 
et al., 2003). It may, therefore, be proposed that SA can modulate NO action 
in a dose-dependent manner similar to that suggested between ROS and NO. 
Furthermore, SA signalling could act through NO during certain cell death 
programs whereas during others, SA may act independently of NO. 

8.  CONCLUSION 

As discussed in this chapter, the plant programmed cell death is 
necessary for proper plant growth and development. In addition, it is clearly 
involved in adaptive responses during many biotic and abiotic stress 
conditions. A role for SA signalling during PCD has been best characterised 
during HR-cell death. However, more recently, SA has also been implicated 
in other plant PCD events, notably following ozone exposure. The role of 
SA is, however, very much dependent on its interaction with other 
molecules, most particularly reactive oxygen species. The dissection of this 
love-hate relationship has benefited from the use of transgenics and mutants. 
It is clear today that the role of SA/ROS during plant stress responses can 
not be seen as static or linear. In fact, there exist a multitude of intrinsic and 
extrinsic signalling networks which regulate not only the biosynthesis but 
also the molecular targets of SA/ROS signalling. As a result, one can accept 
that SA behaves very much like other better known plant growth regulators 
and its role during PCD can be easily associated with that of a 
phytohormone. More work is still needed to assess the exact role of SA 
during PCD but today, there is irrefutable proof that SA is clearly a major 
player in the regulation of this crucial cellular process.  
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Figure 1. Schematic diagram showing the proposed regulatory network of signaling 
components involved in cell death regulation in plants. JA, jasmonic acid; NO, nitric oxide 

ROS, reactive oxygen species; SA, salicylic acid.  
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Chapter 10 

SALICYLIC ACID AS A DEFENSE-RELATED 
PLANT HORMONE 
ROLES OF OXIDATIVE AND CALCIUM SIGNALING PATHS 
IN SALICYLIC ACID BIOLOGY 
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Abstract: Salicylic acid (SA) is a natural signaling molecule involved in plant defense 
response against pathogen infection. This chapter covers the recent progress in 
our understanding of the SA biology in plants, especially the signaling 
pathways and mechanisms by which SA performs its role as defense inducer 
are highlighted. The topics related to SA signal transduction covered here 
include (1) general biological roles played by SA; (2) biosynthesis, storage 
and translocation of SA; (3) oxidative SA metabolisms regulating the SA 
actions; (4) roles of reactive oxygen species and calcium ion in SA signaling 
paths; (5) the link between oxidative burst and other signaling paths; and (6) 
regulation of gene expression. Lastly, we illustrated the key signaling 
networks that coordinately lead to both early and late phases of SA-induced 
gene expression. 

Key words: Calcium, gene expression, plant defense, reactive oxygen species, salicylic 
acid, signal transduction 

Abbreviations:ABA, abscisic acid; as-1, activation sequence-1; BA2H, benzoic acid 2-
hydroxylase; BCMT, benzenoid carboxyl methyltransferase; BTH, 7-
carboxybenzothiadiazole; CDPK, calcium-dependent protein kinase; CaM, 
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ammonia-lyase, PR-protein (gene), pathogenesis-related protein (gene); 
Probenazole, 3-allyloxy-1,2-benzisothiazole-1,1-dioxide; ROS, reactive 
oxygen species; rboh, respiratory burst oxidase homolog; SA, salicylic acid; 
SABP, salicylic acid binding protein; saccharin, 1,2-benzisothiazole-3(2H)-
one 1,1-dioxide; SAG, salicylic acid -glucoside; SAGase, salicylic acid -
glucosidase; SAGT, salicylic acid 3-O-glucosyltransferase; SAMe, methyl 
salicylate; SAMT, salicylic acid methyltransferase; SAR, systemic acquired 
resistance; SHAM, salicylhydroxamic acid; SIPK, SA-induced protein kinase; 
TMV, tobacco mosaic virus; TNV, tobacco necrosis virus; TPC1, two pore 
channel 1; VDCC, voltage-dependent Ca2+-permeable channel; WIPK, 
wounding-induced protein kinase. 

1. INTRODUCTION 

Salicylic acid (SA) is a signaling molecule naturally found in plants and 
shown to be involved in the plant defense-related actions against infection 
by various pathogens. Biology of SA has a long history, dating back to the 
ancient time, very much prior to application of SA for combating the plant 
diseases. Plant crude extracts containing phenolics such as SA, saligenin and 
its glucoside salicin (Fig. 1) have been used as sorts of medicinal agents for 
humans. Actually the name of SA and related compounds originally came 
from the Salix helix (willow) tree, since they were discovered as the major 
components in the extracts from willow tree bark or poplar tree bark that had 
been used as natural anti-inflammatory drugs over centuries until 18th

century (Rainsford, 1984; Weissman, 1991). Acetylsalicylic acid which is 
widely known as aspirin is the world first synthetic drug that had been 
produced in 1897 by Bayer Company as anti-inflammatory agent by 
mimicking the action of the ancient medicine from the willow tree 
(Weissman, 1991). Since then aspirin became one of the most popular drugs 
among the people and has been widely used for more than one century. 
Studies relating salicylates with plant disease resistance was initiated in 
1970s when the application of aspirin against a plant virus in growing leaves 
was shown to be effective (White 1979). 

As discovered by John Vane, the action of aspirin as anti-inflammatory 
drug in humans is mainly manifested via inactivation of the cyclooxygenase 
component of prostaglandin synthase (Vane and Botting, 2003). However, 
the modes of SA action as a ‘plant medicine’ largely differ from this animal 
model. Interestingly, instead of acting as an anti-inflammatory agent, SA 
shows the heat-generating activity by targeting the mitochondrial alternative 
oxidase in some plant species (Voodoo lilies) and the heat generation 
reportedly results in inducing flowering (Rhoads and McIntosh, 1992). Thus 
SA occasionally behaves as a flowering hormone in specific plant species. 
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Among the diversified actions of SA in plants, the most important role for 
SA may be being an endogenous inducer of plant defense mechanism 
against the pathogen attacks. 

As mentioned above, White (1979) and his colleague (Antoniw and White, 
1980) were the first plant biologists who paid attention to salicylates as 
disease resistance-inducing chemicals. They demonstrated that injection of 
aspirin into tobacco leaves enhanced the resistance to subsequent infection 
by tobacco mosaic virus (TMV). Later studies have shown that aspirin and 
SA (shown to be more effective) induce the accumulation of pathogenesis-
related (PR) proteins (Kessmann and Ryals, 1993; Malamy et al., 1990; 
Métraux et al., 1990). To date, a variety of possible receptors and 
corresponding signaling mechanisms has been proposed. There were two 
key papers in early 1990s, firstly proposing the modes of SA signal 
transduction in plants. Raz and Fluhr (1992) proposed a signaling 
mechanism involving Ca2+-dependent cascade for the first time, since they 
observed that removal of Ca2+ or blockade of Ca2+ uptake results in the 
inhibition of the SA-inducible accumulation of a PR-protein (chitinase) both 
in the cells and leaves of tobacco. This observation was confirmed in various 
plant materials such as carrot cell culture (Schneider-Müller et al., 1994). 
Chen et al. (1993a) have proposed the involvement of reactive oxygen 
species (ROS) as key signals that relay SA signals in plants, since they have 
shown that SA binds and inhibits catalase, the enzyme that catalyzes the 
decomposition of H2O2. Therefore, roles for H2O2 and ROS derived from 
H2O2 as SA signal mediators were suggested for the first time. These studies 
opened the door for SA studies regarding calcium signaling and oxidative 
bursts. 

This article overviews the significant progress in our understanding of the 
SA biology in plants, especially by emphasizing the oxidative and calcium 
signaling mechanisms by which SA performs its role as defense inducer. 

2. BIOSYNTHESIS, STORAGE AND 
TRANSLOCATION OF SA 

2.1 Active forms of salicylates and related chemicals 

In Fig. 2, structures of SA and active SA analogs having defense 
response-inducing/stimulating activities are shown. Such active SA analogs 
include aspirin, 2,6-dihydroxybenzoic acid (2,6-DHBA), 2,6-
dichloroisonicotinic acid (INA) and 7-carboxybenzothiadiazole (BTH). 2,6-
DHBA is a SA analog active in the induction of SA 3-O-glucosyltransferase 
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(SAGT) in tobacco leaves (Enyedi and Raskin, 1993) and immediate 
oxidative burst in tobacco cell suspension culture (Kawano et al., 2004a). 
INA (Conrath et al., 1995) and BTH (Feys et al., 2001) are widely accepted 
active analogs of SA. 4-chlorosalicylic acid, 5-chlorosalicylic acid and 3,5-
dichlorosalicylic acid were shown to be active in the induction of PR-1 
protein accumulation and enhancement of disease resistance in tobacco leaf 
discs (Conrath et al., 1995). In addition, these 3 analogs were reported to be 
much more active, compared to SA and INA, in binding to catalase and its 
inhibition (Conrath et al., 1995). SA, aspirin, and methoxybenzoic acid are 
equally active in catalase inhibition, generation of superoxide (O2

•-), and 
induction of transient increase in cytosolic Ca2+ concentration ([Ca2+]c) in 
tobacco cell suspension culture (Kawano et al., 1998). 

Figure 1.  SA and related compounds naturally found in the extracts from ground bark of 
willow (Salix) and poplar (Populus) trees. The prefix for these compounds ‘salic-’ came from 

salix plants. Salicin can be readily converted to saligenin by beta-glucosidase. 

In general, the chemicals with benzoate back bone possessing electro-
negative groups (-OH, -OCOCH3, -OCH3, -Cl, and -S-) at aromatic rings 
especially at ortho-positions behave as good SA analogs. Therefore, the 
presence of electro-negative groups is one of the criteria for being a good SA 
analog. Blockade of –OH group of SA with large group such as glucose (i.e. 
SA -glucoside, 2-O- -D-glucosylbenzoic acid, designated as SAG, see Fig. 
3 for structure) results in lowered activity in the induction of immediate 
oxidative burst (Kawano et al., 1998). Instead, SAG treatment can induce a 
long-lasting and sustainable oxidative burst since in the in vivo conditions 
SAG can be gradually hydrolyzed into glucose and active free SA (Kawano 
et al., 2004a). When tobacco BY-2 cells were pretreated with low 
concentration of SA, 30 min prior to SAG treatment, an enhanced response 
to SAG in the induction of ROS (O2

•-) production, probably reflecting the 
enhanced conversion of SAG to SA, was observed (Kawano et al., 2004a). 
This phenomenon was considered as one of SA-dependent priming effects. 
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Presence of free carboxylic acid group is also important. When the 
carboxylic acid moiety of SA and aspirin were blocked as the forms methyl 
or glucose esters such as methyl salicylate (SAMe), methyl aspirin, and SA 
glucose ester, or replaced with aldehyde group (salicylaldehyde), SA-
inducible early defense responses such as immediate oxidative burst were no 

Figure 2. Active analogs of SA. INA, 2,6-dichloroisonicotinic acid; BTH, 7-
carboxybenzothiadiazole 

Figure 3. Precursors and storage forms of SA in plants. SAG, salicylic acid glucoside. SAMe, 
methyl SA. 
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longer inducible (Kawano et al., 1998). Since SAMe can be found in various 
plants, its role as an air-borne SA intermediate (to be exchanged between 
plant individuals), rather than active form of SA, has been considered 
(Shulaev et al., 1997).   

Probenazole (3-allyloxy-1,2-benzisothiazole-1,1-dioxide) and saccharin 
(1,2-benzisothiazole-3(2H)-one 1,1-dioxide) are distinct members of defense 
inducers, possessing no carboxyl group (Fig. 2). Probenazole has been 
originally designed for inducing the resistance against the rice blast fungus 
Magnaporthe grisea in rice plants (Midoh and Iwata, 1996). Recent studies 
have shown that probenazole can act as a defense-inducing agent both in rice 
(Song and Goodman, 2002) and Arabidopsis thaliana (Yoshioka et al.,
2001a). In our preliminary experiments, we observed that saccharin, a 
compound structurally similar to probenazole, added to tobacco cell 
suspension culture induces the SA-like immediate oxidative burst very 
effectively (unpublished results). It is tempting to speculate that –CO-NH- 
moiety of saccharin is mimicking the role of SA’s -COOH group and the -
SO2- moiety positioned next to –CO-NH- moiety (being ortho-position on 
the arene ring) is functioning as the required electro-negative moiety.  

2.2 Pathways and regulation of SA biosynthesis  

To date, two distinct pathways for biosynthesis of SA in plants have been 
elucidated. The earlier works revealed that phenylalanine, trans-cinnamic 
acid, benzoic acid, and/or ortho-coumaric acid are the possible precursors 
for SA biosynthesis in plants (Fig.3). Production of SA starting from 
phenylalanine occurs in the cytoplasm of a variety of plants such as tobacco 
and cucumber (Fig. 4a). This pathway obviously shares its precursors with 
the phenylpropanoid pathway. More recent studies propounded that SA 
could be produced from chorismic acid and isochorismic acid, two known 
products in the shikimate pathway (Fig.3). The conversion of these newly 
found precursors to SA takes place in the plastids in Arabidopsis (Fig. 4b). 

In plants, an array of compounds, often found in chemical and physical 
defense mechanisms against invasion by pathogens, are produced from 
trans-cinnamic acid, the first metabolite in the phenylpropanoid pathway 
(Kawano et al., 2004b). The compounds produced via phenylpropanoid 
pathway include lignin, flavonoids, phenolics, phytoalexins and SA. 

Production of SA from trans-cinnamic acid is reportedly mediated with 
the formation of benzoic acid (Ward et al., 1991), although some earlier 
experiments suggested that o-coumaric acid is also involved (Sticher et al., 
1997) probably in rare cases not participating in the rapid SA biosynthesis 
induced by pathogens such as TMV (Raskin, 1995). In tobacco plants, 
production of trans-cinnamic acid from phenylalanine by phenylalanine 
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ammonia-lyase (PAL) contributes to the development of resistance against 
fungal invasion through the production of benzoic acid that leads to SA, but 
not via production of p-coumaric acid from which lignin, flavonoids, and 
phytoalexins can be produced in the downstream paths (Serino et al., 1995; 
Mauch-Mani and Sulsarenko, 1996). 

Benzoic acid 2-hydroxylase (BA2H) is an enzyme involved at the final 
step of SA production (i.e. conversion of benzoic acid to SA) and it is known 
that this key enzyme is induced by the inoculation of virus (TMV) to the 
leaves of tobacco (Nicotiana tabacum L. cv Xanthi-nc) (Léon et al., 1993). 
Also in cucumber plants, injection of 14C-labeled benzoic acid to cotyledons 
reportedly results in the accumulation of 14C-labeled SA in phloem (Mölders
et al., 1996). This conversion of benzoic acid to SA requires the inoculation 
of tobacco necrosis virus (TNV), suggesting that SA biosynthesis and its 
transport take places in the early phase of the virus-stimulated development 
of systemic acquired resistance (SAR) against broad spectrum of pathogens 
(Mölders et al., 1996). 

On the other hand, some researchers are accumulating the data which are 
strong enough to question the role of phenylalanine paths in A. thaliana,
despite some early studies have suggested that plants synthesize SA from 
phenylalanine. Especially in A. thaliana, SA could be produced even when 
the phenylalanine path was blocked, and some radio-labeling experiments 
were indicative of the fact that the rate of conversion of SA precursors in the 
phenylalanine path to SA may be unexpectedly low (Wildermuth et al.,
2001). Interestingly, studies on bacterial siderophores have suggested that 
SA production in bacteria is free from the phenylalanine path, and instead 
some bacteria surely produce SA by coupling the activities of isochorismate 
synthase (ICS) and isochorismate pyruvate-lyase (IPL) (Mercado-Blanco et 
al., 2001). 

Recent drastic progress in the search for biosynthetic pathway of SA has 
outlined that the bacterial type of SA biosynthesis also functions in plants 
(Fig. 4b). From the cell cultures of Catharanthus roseus, the first plant ICS 
has been isolated and this ICS was shown to be highly homologous to the 
bacterial ICS isozymes (van Tegelen et al., 1999). In addition, a possible 
role for plant ICSs in SA biosynthesis via isochorismate production was 
proposed for the first time (van Tegelen et al., 1999). Next year, a group 
from Leiden University has shown that transgenic tobacco plants with over-
expressions of the chloroplast-targeted bacterial enzymes (both ICS and IPL) 
overproduce SA at 500- to 1000-fold higher levels, compared to the control 
plants (Verberne et al., 2000). In 2001, Swiss groups successfully produced 
a novel hybrid enzyme possessing ‘SA synthase’ activity, by fusing two 
bacterial genes pchA and pchB, isolated from Pseudomonas aeruginosa,
encoding ICS and IPL, respectively (Mauch et al., 2001). Then, the ICS-IPL 
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fusion enzyme was over-expressed in A. thaliana under the control of CaMV 
35S promoter. Targeting of this chimeric enzyme protein to the plastids 
resulted in notably higher level of SA production and PR gene expression, 
while the targeting of this protein to cytoplasm resulted in relatively lower 
enhancement of SA production (Mauch et al., 2001). These data indicated 
that the levels of substrate for ICS-IPL enzyme in different intracellular 
compartments limit the level of the final product, SA, and therefore suggest 
that appropriate localization of the enzyme in the right place is necessary. In 
the same year, a breakthrough in SA biosynthesis research was reported by 
Wildermuth et al. (2001). They observed that A. thaliana plants synthesize 
SA from chorismic acid by means of an ICS equivalent, designated as ICS1.
Furthermore, it has been shown that this pathway is required for both local 
and systemic resistance responses. The A. thaliana ICS1 gene possesses a 
putative plastid-transit sequence and a cleavage site, implying an important 
role for ICS in the chloroplasts, utilizing chorismate as a substrate 
synthesized in the chloroplasts (Wildermuth et al., 2001). Our concern is 
how the SA synthesis mediated by this pathway is regulated during the plant 
defense responses against pathogen attacks. Our recent review article 
discussed possible models dealing with SA-dependent regulation of SA 
biosynthesis during the development of SAR (Kawano et al., 2004b). 

2.3 Storing SA as inactive forms 

In plants, inter-conversion between SA and SA -glucoside (SAG; 2-O-
-D-glucosylbenzoic acid) occurs as illustrated in Fig. 4c. In higher plants, 

SA is stored mainly as SAG rather than free form (Klick and Herrmann, 
1988). Enyedi et al. (1992) and Malamy et al. (1992) have reported 
independently that SAG increases in parallel with free SA in the tobacco 
leaves that had acquired resistance to infection by TMV, indicating that a 
larger portion of SA is likely converted to SAG and stored when the excess 
of SA is present in plants. Elicitors such as chitosan components are known 
to elevate the SAG content while free SA level is unchanged (Messner and 
Schroder, 1999). Overproduction of SA in transgenic plants expressing SA-
producing bacterial enzymes (Verberne et al., 2000; Mauch et al., 2001) and 
a TIR-NBS-LRR type R gene mutant ssi4 (Shirano et al., 2002) reportedly 
result in increased SAG contents. SAG contents in potato leaves and cell 
culture are reportedly elevated following interaction with a pathogenic 
fungus Phytophthora infestans and elicitors derived from this pathogen 
(Keller et al., 1996), suggesting the possible roles for SAG in defense 
mechanism.  
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Figure 4. Biosynthesis and translocation of SA. Largely modified from Kawano et al. 
(2004b). (a) Typical SA biosynthetic path found in the cytosol of tobacco, cucumbers and 
other plants, involving PAL and BA2H as key enzymes. (b) Novel SA biosynthetic path 

found mainly in the chloroplasts of A. thaliana involving ICS and IPL as key enzymes. (c) 
Inter-conversions between SA and SAG, and SA and SAMe. SAGase, SAGT, SABP2, and 

SAMT are the enzymes involved in SAMe-SA-SAG inter-conversions. (d) Movement of SA 
at cellular level. (e) Movement of SA at tissue level. 

According to Hennig et al. (1993), both endogenous SAG and 
exogenously applied SAG are hydrolyzed to yield SA and SAG is likely 
active only after hydrolysis to SA for induction of PR-1 gene in tobacco 
leaves. Thus, SAG seems to be an storage form from which physiologically 
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active free SA is released when required (Seo et al., 1995). In tobacco 
leaves, the hydrolysis of SAG occurs in the extracellular (intercellular) 
spaces (Henning et al., 1993) where considerable activity of SA -
glucosidase (SAGase) is present (Seo et al., 1995), despite the formation of 
SAG from SA catalyzed by SAGT occurs intracellularly and the vacuole is 
considered as the major SA reservoir (Hennig et al., 1993). Taken together, 
it is likely that SAG is partially excreted by an unidentified mechanism, to 
the apoplast where the SAG-degrading enzyme (SAGase) and SA-utilizing 
enzymes are abundant, thus free SA could be released from SAG, and 
utilized for defense-related reactions such as oxidative burst (Fig. 4c). 

In some tutorial reviews, SAG and salicin (both are good substrate for 
beta-glucosidase) are mixed up or confused (possibly due to similarity in 
structures and confusing names). Similarly to SAGase, a SAG-specific beta-
glucosidase, generally beta-glucosidases are capable of degrading salicin to 
yield saligenin (Fig. 1). In the early days, we had bitter experience in an 
attempt to use salicin in addition to SAG for assessing the total changes in 
SA-releasing beta-glucosidase activities in plants, by monitoring glucose 
release due to SAG hydrolysis or salicin hydrolysis by employing the 
automated glucose analyzer equipped with glucose oxidase membrane. 
However, both SA and saligenin released from SAG and salicin were shown 
to be reversibly but highly inhibitory to the glucose oxidase activity and thus 
the detection of released glucose could not be monitored. 

Since the methylated form of SA (SAMe) is inactive compared to free 
SA (Kawano et al., 1998), we can assume that SAMe is an alternative 
storage form of SA, in addition to SAG. Therefore, some enzymes involved 
in methylation and demethylation are important. Several enzymes in charge 
of methylation of SA and related compounds have been isolated in the last 5 
years and most of them were comprehensively investigated at the 
biochemical, molecular biological and structural levels (Fukami et al., 2002; 
Pott et al., 2003, 2004). Benzenoid carboxyl methyltransferases (BCMTs) 
synthesize methyl esters such as SAMe and methyl benzoates and contribute 
to aromas and scents of many plant species and play important roles in plant 
communication with the surrounding environment (Effmert et al., 2005). 
Among BCMTs, the benzoic acid methyltransferase-type enzymes favor 
benzoates as substrates and the salicylic acid methyltransferase (SAMT)-
type enzymes favor SA as a substrate (Effmert et al., 2005). In Fig. 4c, 
SAMT is placed as the key enzyme involved in SAMe formation from SA. 

Recently, Forouhar et al. (2005) have reported a successful 
demonstration that SA-binding protein isolated from tobacco, designated as 
SABP2 (SA-binding protein 2) has strong esterase activity with SAMe as 
substrate. Therefore, release of free SA from SAMe by SABP2 may 
contribute to rapid SA increase in emergency during plant defense 
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mechanism (Fig. 4c). SABP2 is a 25-kDa protein showing higher affinity for 
SA compared to catalase (Du and Klessig, 1997). Based on sequence 
analysis, SABP2 was shown to be a lipase, belonging to /  fold 
hydroxylase super family, and recombinant SABP2 expressed in E. coli was 
shown to have lipase activity (Kumar and Klessig, 2003). Interestingly, the 
lipase activity of recombinant SABP2 was enhanced by 3.8-fold in the 
presence of SA. Since, RNAi-based silencing of SABP2 gene expression in 
tobacco resulted in strong suppression of local resistance to TMV, PR-1
induction, and development of SAR (Kumar and Klessig, 2003), the role for 
SABP2 as a key component in SA signal transduction has been proposed. 
The latest study is in support of the role of SA-binding to SABP2, as the step 
for negative feedback in which excess of SA down-regulates the release of 
SA from the storage form of SA (Forouhar et al., 2005). 

2.4 SA transport and its regulation 

The induction of SAR following a localized infection requires some kind 
of long distance communication mediators moving through the phloem since 
earlier demonstrations showed that blocking of phloem transmission by stem 
girdling prevents the induction of SAR in leaves distal to the block 
(Delaney, 2004). Later findings in tobacco and cucumber guided us that SA 
is likely moving inside the pathogen-infected plants, to the upper non-
infected leaves from lower infected leaves through the phloem (Métraux et 
al., 1990; Rasmussen et al., 1991; Yalpani et al., 1991). 

In TMV-resistant Xanthi-nc tobacco, SA levels increase systemically 
following the inoculation of a single leaf with TMV. Consistent with the 
proposed role for SA as a long-distance moving signal, the experiments with 
18O2-labelling showed that SA produced in TMV-infected leaves of Xanthi-
nc tobacco can spread systemically (Shulaev et al., 1995). Similarly, 
Mölders et al. (1996) have demonstrated that radioactivity of 14C-labeled 
benzoic acid applied together with tobacco necrosis virus (TNV), to 
cotyledons of cucumber seedlings can be transported through phloem to 
upper leaves only after conversion to 14C-SA, indicating that SA rather than 
benzoic acid is the translocatable form. As a result, the SA derived from the 
site of TNV inoculation into the upper young leaves successfully induced 
SAR. 

In contrast, Vernooij et al. (1994) have performed an experiment 
opposing the view that SA is a vascular-mobile signal in the induction of 
virus-induced SAR. Their grafting experiments using transgenic tobacco 
plants that express NahG gene coding for a bacterial SA-degrading enzyme, 
showed that NahG tobacco root-stocks (not capable of SA accumulation) 
inoculated with TMV were fully capable of delivering a signal allowing the 
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nontransgenic scions to resist the secondary TMV infection. Based on this 
result, they concluded that the vascular-mobile SAR-inducing signal is not 
SA. Their experimental designs were so elegant but the results must be dealt 
with caution since a small amount of residual SA is still present in NahG
plants (Delaney, 2004). In addition, NahG transgene merely contribute to the 
degradation of accumulating SA without affecting the SA synthesis, thus its 
impact on translocation of produced SA is obscure. As discussed in the later 
section on, NahG biochemistry, the authors think that SA-removal activity in 
the vascular systems in NahG plants may not be high. To judge the 
significance of NahG grafting experiment, further radio-labeling analysis 
using the NahG grafted plants is required. 

In our previous publication, we made an overview on the possible control 
of local and systemic SA levels through SA movements ‘in’ and ‘out’ of the 
cells, tissues and organs (Kawano et al., 2004b). As shown in Fig. 4 (a and 
b), SA is produced inside the cells, and thus a key step in SA movement is 
excretion of SA by the cells. Recently a group from Taiwan has shown that 
SA can smoothly move in and out of the plant cells and this process is finely 
regulated by ROS and Ca2+ (Chen et al. 1999, 2001). They showed that 14C-
labeled free SA (200 M) added to tobacco cells in suspension can be 
rapidly absorbed by the cells (within 5 min), and with time the majority 
(over 90 %) of the radioactivity can be released back to the extracellular 
medium as free SA (by 5 h). Possible mechanism for excretion of SA at cell 
level proposed by Chen et al. (1999, 2001) is summarized in Fig. 4d. This 
model is mimicking each component cell during cell-to-cell SA translocation 
reported by Ohashi et al. (2004), in which SA can pass-by each cell as 
shown in Fig. 4e (see below paragraphs). When the cells are exposed to high 
dose of SA (200 M), de novo induction of SA excretion process reportedly 
takes place (Chen et al., 2001). This process requires the production of ROS 
and subsequent cascades of Ca2+ signaling and protein phosphorylation. In 
addition, there is a likely alternative SA transport process responsive to low-
dose of exogenously applied SA (20 M). The low-dose SA-responsive SA 
excretion process requires no de novo protein synthesis and is constitutively 
active independent of ROS, Ca2+ and protein kinase. These data indicate the 
presence of two distinct SA efflux carrier(s) constitutively present and newly 
produced in response to exogenous SA. 

Similar to SA excretion control, induction of PR-protein (protein N) is 
differently regulated by the respective signaling mechanisms corresponding 
to high- and low-dose SA excretion controls (Chen et al., 2002). The higher 
SA (200 M)-dependent process is likely relaying the SA signal to induce 
protein N through ROS, Ca2+ and protein phosphorylation, while lower SA 
(20 M)-dependent mechanism induces protein N independently from above 
signaling events. 
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In mammals, the presence of carrier-mediated SA absorption mechanism 
has been elucidated by tracing the fate of 14C-SA (Utoguchi et al., 1999; 
Emoto et al., 2002). The reported SA influx carriers pH-dependently support 
the uptake of SA by mammalian cells and tissues both in vivo and in vitro,
requiring low extracellular pH and higher intracellular pH, thus sensitive to 
protonophores and NaN3. By analogy, in plants, the mechanisms involving 
some carries of SA supporting the SA uptake and release, must be examined 
in the future studies since above studies strongly suggest that plant cells 
possibly possess some SA carriers. 

As illustrated in Fig. 4e, Ohashi and her colleagues have carefully 
reexamined the distribution of SA without co-inoculation with pathogen 
(Ohashi et al., 2004). By using 14C-labeled SA, they have shown that 
translocation of SA is unexpectedly rapid when applied exogenously onto 
the cut end of the petiole from young and adult tobacco plants. Monitoring 
of the 14C signal movement was done after feeding 14C-SA (1 - 10 l of 60 

M - 2 mM) to the petiole end of the adult plants with 13 expanded leaves. 
The signal reached to 6 neighboring upper leaves and 3 adjacent lower 
leaves within 10 min, and accumulated throughout the plant body in further 
50 min in each treated plant. Accordingly, major part of SA may have 
migrated as free form rather than glucosylated form, especially in the early 
phase of SA translocation examined within 10 min after SA addition. 
Therefore, translocation of SA inside the plants is smooth enough to allow 
the systemic distribution of SA signal within a short period. In contrast, there 
is an effective barrier to SA disperse, surrounding the plant body. Niederl et 
al. (1998) has shown that 14C-SA can penetrate through the cuticle and the 
path may allow transport of only a negligible quantity of SA, at normal 
physiological range of pH (>3, 6). Ohashi et al. (2004) also showed that 
14C-SA solution placed onto the surface of the tobacco leaves without 
piercing the cuticle layers hardly passes through the barrier and thus almost 
no signal could be translocated within 1 h, indicating that the role of cuticle 
as the barrier at the plant surface is tight enough for preventing the passive 
penetration of SA (Ohashi et al., 2004). In addition, the suggested form of 
SA highly active in cuticular penetration is SAMe (Niederl et al., 1998). 
Thus, methylation of SA which results in pH-independent diffusion across 
the outer physical barriers of plants, may partially affect the SA balance in 
plants. 

From the models in Fig. 4 (d and e), we can expect that the cells closed to 
the SA feeding points, in the works of Ohashi et al. (2004) using 60 M-2 
mM of 14C-SA, were likely exposed to high range of SA concentration, thus 
it is possible that SA uptake and excretion may depend on the Ca2+/ROS-
regulated process (Chen et al., 1999, 2001). In contrast, the low-dose SA via 
Ca2+/ROS-independent process may be active in the cells distant from the 
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SA feeding points. Now we could have overview on SA biosynthesis and 
translocation, then we have to think of the modes of action of SA. 

3. SA OXIDATION AND THE MODES OF SA 
ACTION 

We would like to start discussing the mode of SA action by looking at 
the SA oxidation mechanisms which are expected to give us some key hints 
to the SA signaling mechanisms. Here, we focus on three different 
mechanisms for the oxidative SA degradation. One of these mechanisms is 
an artificial reaction forced by transgene manipulation and the other two are 
the reactions naturally occurring during oxidative bursts in plants. By 
examining the three different ways of SA degradation shown in Fig. 5, we 
can make close approaches to SA signaling.

3.1 NahG-dependent SA oxidation 

To date, researchers have been accumulating the evidences on the 
involvement of SA at various phases of plant defense. One of the strongest 
tools for testing the SA involvement has been the NahG transgene encoding 
bacterial salicylate hydroxylase, a flavoprotein, which converts SA to 
catechol (Friedrich et al., 1995; Hunt et al., 1996; Alvarez, 2000). The 
salicylate hydroxylase expressed in plants catalyzes the NADH- and O2-
dependent conversion of SA to catechol via decarboxylative hydroxylation 
(Fig. 5a). Mechanistic studies with Pseudomonas salicylate hydroxylase 
suggested that SA and NADH randomly bind to the enzyme in the first step, 
resulting in a reduced enzyme-substrate complex. This in turn captures O2

and leads to the production of the hydroxylated substrate, CO2, and water 
(White-Stevens and Kamin, 1972). Therefore, the lack of cofactors such as 
O2 and NADH may result in lowered catalytic activity of the enzyme. 
Recently, the use of a microsensor for oxygen enabled the exact 
measurement of O2 levels in the phloem of living higher plants (Ricinus 
communis) and thus impact of altered O2 levels in the vascular metabolism 
could be investigated (van Dongen et al., 2003). In the stem (diameter 19 
mm) of adult plants growing in normal air (21% [v/v] O2), the O2 level was 
shown to be lowest in the vascular region (7% [v/v] O2) adjacent to the 
surface, which is low enough to restrict a variety of energy consuming 
metabolisms, while the hollow center of the stem has twice greater O2 level 
(15% [v/v]). This is one of the reasons why the authors think that salicylate 
hydroxylase may not be fully active in SA removal in the vascular system (if 
any exists), as discussed in the section for SA transport. 
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Catechol, the oxidation product of the salicylate hydroxylase reaction, 
has long been considered as an inert molecule not affecting the action of SA 
in plants. However, some recent studies are opposing this view. One of the 
representative NahG phenotype reported for NahG expressing Arabidopsis is 
the lowered non-host resistance to a Pseudomonas syringae pv. phaseolicola
strain, but a recent report presented the data questioning the effect of NahG
transgene and therefore, the reliability of NahG experiments judging the 
involvement of SA was very much weakened (van Wees et al., 2003). The 
reported work uncovered that the by-product of NahG action, catechol may 
be the actual player eventually lowering the non-host resistance to the 
pathogen. The report thus propounded that any conclusion about SA 
requirement based solely on phenotypes of NahG plants should be 
reevaluated. Further investigations on NahG side effects are required for 
solidly evaluating the work with NahG plants. 

3.2 SA is readily oxidized by HO•

While the NahG-dependent oxidation of SA leading to the release of 
catechol is the reaction found only in transgenic plants, other oxidation 
processes leading to the release of catechol are likely to take place in nature. 
As studies with animal systems have shown that exogenously administrated 
aspirin and SA can act as effective scavengers of HO• in vivo (Aubin et al., 
1998; Sagone and Husney, 1987), SA is one of the strongest scavengers for 
HO•, while generation of O2

•- (Kawano et al., 1998) and H2O2 (Kawano and 
Muto, 2000) are stimulated in plant cells. Also in tobacco cell suspension 
culture, we have demonstrated the HO• removal activity of SA by using 
electron spin resonance (ESR) spectroscopy (Kawano and Muto, 2000). The 
structures of likely products due to SA-HO• interaction in vivo, namely 2,3- 
and 2,5-DHBAs and catechol, are shown in Fig. 5b, and these products often 
report the production of HO• in vivo (Grootveld and Halliwell, 1986; 
Halliwell et al., 1991). Since 2,5-DHBA but not 2,3-DHBA can also be 
produced by the activity of cytochrome P-450 (Ingelman-Sundberg et al.,
1991), therefore, production of 2,5-DHBA may be the evidence for SA-HO•

interaction only in the absence of corresponding P-450 species. 
As discussed above, SA protects the cells from highly violent HO•,

therefore, the involvement of HO• in SA signal transduction could be 
eliminated (Kawano and Muto, 2000) if the SA-HO• byproducts are all inert. 
Recently, we have reported that 2,3- and 2,5-DHBAs, two major products of 
SA-HO• reaction (totally ca. 90% of byproducts), as to have strong activity 
in induction of O2

•- generation in tobacco cell culture (Kawano et al., 2004a). 
This implies that SA actively sacrifices itself for the elimination of HO•

without any loss of O2
•- generation. Since the presence of SA does not allow 
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the retention of HO•, we propose that SA-induced O2
•- and derived ROS such 

as H2O2 (but not HO•) function downstream of SA. Here, catechol is also 
likely released from 10 % of SA that reacted with HO• (Fig. 5 b). If the 
NahG-based production of catechol may affect the SA action, as discussed 
above, it is interesting to examine if the HO•-dependent conversion of SA to 
catechol has some impact or not. 

3.3 Peroxidative SA degradation 

A group of pioneering researchers of peroxidase in Geneva metaphorically 
described that plant peroxidases possess more functions than a ‘Swiss army 
knife’ (Passardi et al., 2005). Indeed, highly diversified functions of plant 
peroxidases including regulation of H2O2 level, oxidation of various 
substrates, generation of ROS (coupled to oxidation of indole-3-acetic acid, 
amines and SA) have been reported to date (Kawano, 2003). In plants,  
peroxidases achieve a great deal of oxidation reactions essential for the 
cells, using H2O2 as an electron (e-) acceptor and a variety of substrates as an 
e- donors (Penel, 2000). By synthesizing or inducing certain isoforms of 
peroxidase at specific timing and localization, thus by making use of a 
variety of plant peroxidase functions, the living plants can respond to and 
combat a variety of biotic and abiotic stimuli threatening the plants (Hiraga
et al., 2001; Penel et al., 1992). Oxidation of SA is one of the key functions 
of the ‘knife’ (Passardi et al., 2005). In Fig. 5c, byproducts of peroxidase-
catalyzed oxidation of SA coupled to the generation of O2

•- are shown, and 
possible overall interactions between SA and plant peroxidases are 
summarized in Fig. 6. As proposed earlier (Kawano et al., 1998; Kawano 
and Muto, 2000), estimated reactions for the generation of O2

•- are as 
follows: 

[1]   N (3) + H2O2  I (5) + H2O
[2]   I (5) + SA  II (4) + SA•

[3]   II (4) + SA  N (3) + SA•

[4]   2 SA• + 2 O2  2 SA+ + 2 O2
•-

where N, I, II are native ferric peroxidase and its Compounds I and II, 
respectively. SA• and SA+ are free radical species and the two-electron 
oxidized intermediate products, respectively. Numbers in the small brackets 
indicate the formal oxidation states of the heme. Here, SA behaves as the e-

donor while H2O2 acts as the e- acceptor. Then the released SA• may react 
with O2 to form O2

•-. As O2
•- can be readily converted to H2O2, one cycle of 

SA-oxidizing peroxidase reaction started with single unit of H2O2 results in 
the yield of two units of O2

•- equivalent to two units of H2O2, thus ROS 
members are amplified. Other possible consequence of SA• formation may 
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be induction of lipid peroxidation that enhances the SA-induced PR-1 gene 
expression in plants (Anderson et al., 1998). 

Figure 5. Possible oxidative degradation of SA via three different mechanisms. (a) NahG-
dependent degradation of SA. Salicylate hydroxylase encoded by NahG gene catalyzes the 

production of catechol from SA. (b) Hydroxy radical-dependent oxidation of SA. SA is one of 
the strongest scavengers for HO•, as the HO• removal activity of SA in tobacco cell culture 

was demonstrated with electron spin resonance spectroscopy (Kawano and Muto, 2000). The 
likely products due to SA- HO• interaction are shown. Numbers in the brackets indicate the 

probable rate of yield (Halliwell et al., 1991). (c) Possible peroxidase-catalyzed reaction 
leading to oxidative degradation of SA and generation of O2•- proposed by Kawano and 

Muto (2000). The structures of SA• and SA+ proposed by Gozzo (2003) are shown. There 
may be alternative structures for SA• and SA+ (e.g., radical could be localized at the 

carboxylic moiety too).
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Experimental evidence in support of the production of SA• species has 
been obtained from an ESR study using ascorbate as a sensitive spin trapper 
(Kawano and Muto, 2000). The likely structures of SA• and SA+ shown in 
Fig. 5c were proposed by an Italian scientist (Gozzo, 2003) after our earlier 
studies. Effect of SA on the peroxidase oxidation state was carefully 
examined through spectroscopic analysis using horseradish peroxidase 
(HRP) as a model enzyme (Kawano et al., 2002a,b) and the two-ring model, 
presented in Fig. 6, was proposed. 

The reactions in the oxidase cycle (Fig. 6, right) can be attributed to the 
chemistry of heme thus common to most of heme proteins including 
hemoglobins, while the peroxidase cycle (Fig. 6, left) involves Compound I 
in which the localization of second radical differs in different protein species 
(it can be on the hemes or amino acid residues). This variation may 
contribute to the diversity of reactions catalyzed by each protein.  

Compound III (formal oxidation state, 6) is the temporally inactive 
peroxidase intermediate (-FeII-O2) which is analogous to oxygen-bound 
hemoglobin (-FeII-O2) that release ROS when auto-oxidized to met-
hemoglobin, a ferric protein which is highly analogous to native peroxidase 
(Alayash 1999; Kawano et al., 2002c). When the heme and oxygen 
dissociate from Compound III, O2

•- and the native enzyme are released. Most 
heme proteins including French bean peroxidase are capable of generating 
H2O2 (derived from O2

•-) at higher pH by a mechanism that involves the 
formation of Compound III (Bolwell et al., 2002), thus very much different 
from the SA-dependent oxidative burst. Compound III is likely formed from 
native peroxidase in the presence of O2

•- (-FeIII + O2
•-  -FeII-O2, -FeIII-O2

•-),
and by forming Compound III, peroxidase can also be somehow inactivated 
in the presence of high concentrations of H2O2 (Kawano et al., 2002a,d). The 
formation of Compound III from the native enzyme in the presence of ROS, 
therefore, mimics the reverse pathway of hemoglobin auto-oxidation. 
Typical feedback inactivation of peroxidase by peroxidase-mediated 
production of high concentration of H2O2, reported for many plant 
peroxidases (Barcelo, 1999), might be attributed to this mechanism. This 
temporal inactive form is further converted to a heme catabolite, known as 
P-670 in the presence of SA, when examined with HRP (Kawano et al., 
2002a), indicating that SA irreversibly inactivates the protein when the 
condition matches. The SA-dependent peroxidase inactivation may be a 
possible explanation for the short-lasting nature of peroxidase-dependent 
ROS production in SA-treated tobacco cell culture (Kawano and Muto, 
2000).

The missing pieces in the oxidase cycle are the reducing agents that 
convert native ferric enzyme (-FeIII) to ferrous enzyme (-FeII). Probably this 
reaction is the key step for supporting the Compound III-dependent O2

•-



295

generation. This topic has been fully discussed in our previous review 
article, by naming possible reducing agents likely present in the plants 
developing the defense responses (Kawano et al., 2004b). 

3.4  Peroxidase activity and calcium

Since peroxidase-dependent oxidation of SA in the apoplast has been 
shown, the behavior of peroxidase in the apoplast must be understood. In the 
apoplastic spaces, ROS metabolism by peroxidases are highly regulated by 
the presence of Ca2+ since the secretion of peroxidases by plant cells 
reportedly requires the presence of extracellular Ca2+ (Sticher et al. 1981). 
Many apoplastic peroxidases are presumed to be bound to the cell wall by 
binding to polygalacturonate chains in the Ca2+-induced conformation 
(Carpin et al. 2001). Recently, such a Ca2+-pectate binding peroxidase has 
been recognized among A. thaliana peroxidases (Shah et al. 2004). 
Therefore, the cell wall-bound calcium plays an important role in the 
regulation of ROS metabolism. 

Direct regulation of peroxidase activity by binding of free Ca2+ to its 
protein is also known. Recently, it has been shown that two calcium ions are 
normally bound to each plant peroxidases (many being secretory 
peroxidases) and appear to be important for the catalytic efficiency (Longu 
et al. 2004). Such Ca2+-binding peroxidases include HRP (Howes et al.
2001, Laberge et al. 2003) and Euphorbia characias latex peroxidase (ELP) 
(Medda et al. 2003). In case of ELP, excess of Ca2+ added to the native 
purified enzyme enhances the catalytic efficiency by 3 orders of magnitude 
(Medda et al. 2003). The suggested mechanism for enzyme activation tells 
us that the main effect of Ca2+ is to favor the oxidation of native enzyme by 
H2O2 to form Compound I, whereas other steps of the catalytic cycle seem to 
be affected to a lesser extent. 

Calmodulin (CaM) is a ubiquitous Ca2+ sensor found in all eukaryotes. 
Since Muto and Miyachi (1977) discovered the presence of CaM, the first 
calcium-binding protein found in plants, from pea seedlings, a growing 
number of CaM-related proteins have been identified in plants. Interestingly, 
through the study of ELP, Mura et al. (2005) provided the first example of 
the Ca2+/CaM-activated peroxidase that may form a piece in the orchestrated 
plant defenses against biotic and abiotic stresses, by tuning the interaction 
between calcium signaling cascade and H2O2 metabolism. 

The peroxidase-catalyzed metabolisms of ROS include not only 
degradation of H2O2 but also generation of other ROS such as O2

•- as 
discussed above. It is tempting to speculate that SA-induced oxidative burst 
which requires the formation of Compound I as the initial event may be 
regulated by the presence of Ca2+ too. 
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Figure 6. Involvement of SA in the ROS-generating and metabolizing peroxidase reactions. 
Interrelationship among five redox states of peroxidase and P-670 pigment are illustrated. N, 

I, II, III, and FeII stand for native enzyme, Compounds I, II, III, and ferrous enzyme 
intermediate, respectively. Reaction paths in the left circle (N  I  II  III  N) indicate 

the normal peroxidative catalytic cycle of the enzyme. 

4. ROS AND CALCIUM 

4.1 ROS triggers calcium influx 

As discussed above, numbers of studies have indicated that SA is an 
oxidative signal inducer which is essentially involved in development of 
SAR against various pathogens with various natures. However, our 
knowledge on the oxidative SA signal transduction mechanism is limited. It 
has been proposed that SA signal transduction leading to SAR may be 
mediated by ROS derived from H2O2, since SA binds and inhibits catalase 
(Chen et al., 1993b). After the catalase inhibition model proposed in early 
‘90s which is a passive mechanism supporting the increases in ROS, an 
active mechanism involving peroxidase that directly generates ROS in 
response to SA has been reported in late ‘90s as discussed below. In addition 
to ROS, Ca2+ is another possible mediator of SA signals, and certain number 
of reports indicated that Ca2+ is essential for the action of SA during plant 
defense, since Ca2+ plays key roles as a secondary messenger for certain 
processes in plant defense mechanisms (Knight et al., 1991; Sanders et al.,
1999). For instance, removal of Ca2+ or blockade of Ca2+ uptake inhibits the 
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induction of SA-inducible chitinase accumulation in tobacco cells and leaves 
(Raz and Fluhr, 1992), and carrot cell culture (Schneider-Müller et al.,
1994).

The first report connecting the SA-induced ROS (especially O2
•-) and the 

SA-induced increase in [Ca2+]c in SA signaling, documented the experiments 
using aequorin-expressing tobacco BY-2 cells (Kawano et al., 1998). 
Treatment of tobacco BY-2 cells with sub-mM order of SA resulted in rapid 
and transient generation of O2

•- monitored with a specific 
chemiluminescence of a Cypridina luciferin analog, and also a transient 
increase in [Ca2+]c (detected with aequorin luminescence). There, O2

•- likely 
triggers the influx of Ca2+ into the cells and this view was supported by the 
tests using various inhibitors of ROS and calcium signaling. Our previous 
works (Kawano et al., 1998; Kawano and Muto, 2000) have revealed that 
the SA-induced extracellular oxidative burst (generation of O2

•-) is catalyzed 
by extracellular free and cell wall-bound peroxidases (Fig. 6). 

According to calculations, the production of O2
•- and H2O2 induced by 

0.5 mM SA was estimated to be ca. 2.5 and 10 nmoles/ml culture, 
respectively; and the maximal [Ca2+]c attained after the addition of 0.5 mM 
SA was estimated to be ca. 600 nM (Kawano and Muto, 2000). 

4.2 SA and ROS-responsive calcium channels 

Action of SA, mediated by cell wall peroxidase-dependent ROS 
production and Ca2+ influx was also observed in Vicia faba epidermis (Mori
et al., 2001). Addition of SA (Manthe et al., 1992; Lee, 1998) and the SA-
induced O2

•- and the chemically generated O2
•- (Mori et al., 2001) were 

shown to induce closure of stomata, which is known as a Ca2+-dependent 
event (Hedrich et al., 1990; Fell et al., 2000). 

With great similarity to SA signaling models, plant responses to abscisic 
acid (ABA) such as stomatal closure, involve ROS production (Apel and 
Hirt, 2004) and Ca2+ influx (Hetherington and Brownlee, 2004). Recent 
studies revealed that ABA action in guard cells is mediated with the 
generation of ROS by NADPH oxidase followed by activation of voltage-
dependent Ca2+-permeable channel (Pei et al., 2000; Murata et al., 2001). In 
the proposed model, ABA elicits the production of H2O2 and in turn, H2O2

stimulates the opening of Ca2+ channel(s), resulting in a rapid increase in 
[Ca2+]c (Mori and Schroeder, 2004). However, the Ca2+ channel(s) 
responsible for ABA-stimulated (and ROS-dependent) Ca2+ current has not 
been identified. 

It is obvious that Ca2+-permeable channels are the key entry points for 
Ca2+ into the cytosolic space, and for initiation of Ca2+ signaling since Ca2+-
binding eventually modulates the catalytic activities and substrate affinities 

Salicylic Acid as a Defense-Related Plant Hormone



298 T. Kawano and T. Furuichi

of many enzymes and related factors (Sanders et al., 2002). Voltage-
dependent Ca2+-permeable channels (VDCCs) play some important roles in 
signal transmission in the nerves and muscular contraction in animals. In 
plants, the importance of VDCCs was implied by many of the early works 
and their presence in plasma and endo-membranes was proven by 
electrophysiological analyses using patch clamp technique, although the 
molecular identification of VDCCs remained elusive until recently (White et 
al. 2002). To overview the plant Ca2+ signaling networks, the properties of 
the major groups of plant Ca2+-permeable channels in A. thaliana encoded 
by 41 genes have been surveyed in recent years (Hetherington and 
Brownlee, 2004). At molecular level, the channels reported to date likely 
belong to either of cNMP-gated channel (CNGC) family, ionotropic 
glutamate receptor (iGluR) family, or two-pore channel 1 (TPC1) family. 

Muto and his colleagues have made intensive efforts for the isolation of 
the cDNAs encoding for VDCC by expressing clones from a cDNA library 
of A. thaliana in the yeast cch1 and mid1 strains. Although this approach 
was not successful, a candidate of VDCC in plants, AtTPC1 was finally 
isolated by the thorough search of the genomic sequence of A. thaliana using 
30-60 bp degenerated sequences from the partial amino acid sequences of 
several VDCCs in animal cells as the queries and its Ca2+-permeability was 
tested in a cch1 strain (Furuichi et al. 2001). The newly isolated channel 
from A. thaliana has two conserved homologous domains termed Shaker-
units, each domain consisting of six trans-membrane segments (S1-S6) and 
a pore loop (P) between S5 and S6, having the highest homology with the 
two pore channel (TPC1) cloned from rat (Ishibashi et al., 2000), thus 
designated as AtTPC1. The overall structure is similar to the half of the 
general structure of -subunits of voltage-activated Ca2+ channels. Notably, 
TPC1 family is the most likely group of VDCCs involved in ROS-responses 
assuming the well conserved negatively charged residues within the voltage-
sensor (S4 of Shaker-units) are responsive to ROS-dependent voltage 
changes. Sense-antisense experiments in A. thaliana and complementation 
tests in a Ca2+ uptake-defective yeast mutant have confirmed that AtTPC1
might be functioning as a VDCC (Furuichi et al., 2001). 

Recently, some orthologs of AtTPC1, belonging to the plant TPC1 family 
were isolated from tobacco (Kadota et al. 2004) and rice (Hashimoto et al.
2004, Kurusu et al. 2004), and not only predicted (White et al. 2002) but 
also demonstrated to exist in some other plant species such as corn, broad 
bean, pea, spinach and turnip (Furuichi, unpublished results). In A. thaliana
and rice, such genes exist as single copy genes in the genome and are 
expressed in the entire plant body suggesting their systemic roles (Furuichi 
et al. 2001, Kurusu et al. 2004). In tobacco BY-2 cultured cell line, there are 
two copies of genes with high similarity (97.1% identity) with slightly 
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different molecular masses (Kadota et al. 2004), apparently detectable with 
the specific antibody against AtTPC1 (Furuichi, unpublished result). 

Although Kawano et al. (2004c) has reported the localization of AtTPC1
fused with GFP at the plasma membrane when expressed in tobacco BY-2 
cells, recent report by Peiter et al. (2005) suggested that AtTPC1 is also 
localized to the vacuolar membrane and the vacuolar TPC1 channel that 
might participate in Ca2+-induced Ca2+-release by behaving as a slow-
vacuolar (SV) channel. However, AtTPC1 expressed in yeast cells was 
shown to be inactivated by Ca2+ (unpublished result), thus it is indicative that 
the channel activity of AtTPC1 is regulated by at least two different 
mechanisms. 

Recently, our group conducted a series of over-expression and co-
suppression experiments using transgenic cell lines of tobacco BY-2 cells 
transformed with the AtTPC1-encoding vector construct, and demonstrated 
that plant TPC1 channels are key ROS-responsive Ca2+ channels (Kawano et 
al., 2004c) and the channel-stimulating ROS includes O2

•- and H2O2

(Kawano et al., 2003). In addition, it has also been shown that Al3+ may be a 
novel channel blocker specific for ROS-responsive Ca2+ influx (Kawano et 
al., 2003) mediated by TPC1 channels (Kawano et al., 2004c), suggesting 
that Al3+ can be a useful tool to study the role of ROS-responsive TPC1 Ca2+

channels. Since the use of Al3+ enables the dissection of TPC1-mediated 
ROS-responsive Ca2+ influx, stimulated by other stimuli such as the 
mechano-sensitive nonselective cation channel-mediated osmotic stress-
responsive Ca2+ influx, involvement of plant TPC1 channels in SA-induced 
and ROS-mediated Ca2+ influx in plant cells was tested. The inhibitory effect 
of Al3+ as a putative and selective blocker of TPC1 channels, clearly 
confirmed the involvement of TPC1 type channels in the SA-induced Ca2+

influx in tobacco BY-2 cells (Lin et al., 2005). In addition, loss of 
responsiveness to SA in inducing Ca2+ influx was confirmed in transgenic 
cell lines of A. thaliana (Furuichi, unpublished results). The roles of plant 
TPC1 channels in overall SA signaling with regard to defense response 
against the pathogens remain to be determined. 

4.3 Roles for CaM 

A class of CaM specifically inducible by SA and HR-inducing treatment 
may be the possible mediators of SA-dependent Ca2+ signaling, initiated by 
TMV infection in tobacco (Yamakawa et al., 2001). In soybean plants, 
expression of specific CaM isoforms (SCaM-4 and 5) among several SCaM
genes were shown to be activated by pathogen attacks or pathogen-derived 
elicitors, and induction of SCaM-4 and 5 was shown to be highly dependent 
on the increase in [Ca2+]c thus they participate in Ca2+-mediated disease 
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resistance responses (Heo et al., 1999). Constitutive expression of these 
soybean CaMs in tobacco plants (thus not requiring inducing signal) 
reportedly results in the development of lesion and activation of SAR-
associated genes without the requirement of SA (examined with NahG
experiments). Assuming that these CaMs are SA-responsive, their 
involvement in SA-induced SAR is of our interest. 

5. THE LINK BETWEEN OXIDATIVE BURST AND 
PROTEIN KINASE 

5.1 SA-induced protein kinase (SIPK) 

In tobacco plants, SA activates a protein kinase designated as SA-
induced protein kinase (SIPK) (Zhang and Klessig, 1997) and activation of 
SIPK results in multiple defense responses (Zhang and Liu, 2001), and 
include SAR and late oxidative burst (Yang et al., 2001; Ren et al., 2002). In 
Fig. 7, SA-dependent rapid activation of SIPK in BY-2 tobacco cell 
suspension culture is shown. Here, protein kinase activity was detected using 
myelin basic protein as an artificial substrate for phosphorylation. Narrow 
range (0.4-0.6 mM) of SA treatment resulted in optimal activation of 48-kD 
protein kinase which is almost identical to SIPK. The range of SA 
concentrations preferred in BY-2 cells was much higher than that reported 
for tobacco cell culture derived from N. tabacum cv Xanthi (Zhang and 
Klessig, 1997).  

In general SIPK may be responsive to various ROS, including ozone 
(Samuel et al., 2005a) and H2O2 (Kawano et al., 2004a). Our recent data 
suggested that H2O2 may not be a good intermediate activator of SIPK, since 
activation of the 48-kD protein kinase was detectable only when excess of 
H2O2 was added (Kawano et al., 2004a). This is consistent with the studies 
showing that a MAP kinase counterpart (a homolog of SIPK) in A. thaliana,
ATMOK6 is responsive only to a notably high range of H2O2 concentration 
(1-10 mM) (Yuasa et al., 2001; Gupta and Luan, 2003). Therefore, other 
ROS such as O2

•- may be the actual inducer of SIPK. 
Studies have shown that a mitogen-activated protein kinase (MAPK) 

cascade controls multiple defense responses against pathogen invasion and 
the activation of MAPKs is one of the early responses in plants challenged 
by avirulent pathogens or the cells treated with pathogen-derived elicitors 
(Yang et al., 2001). It has been proposed that MAPK cascades regulate 
hypersensitive response (HR) which is a form of programmed cell death 
often associated with plant disease resistance. Recent demonstration showed 
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that NtMEK2, a tobacco MAPK kinase, functions at the upstream of SIPK 
and wounding-induced protein kinase (WIPK), both activated by various 
pathogens or pathogen-derived elicitors (Yang et al., 2001). 

On many occasions, in plant responses to biotic and abiotic stresses, 
including plant-microbe interactions, NADPH oxidases (respiratory burst 
oxidase homologs, rbohs) are involved in burst of ROS production. Plants 
actually respond to SA by inducing rboh-dependent oxidative burst 
(Yoshioka et al., 2001b). Such rboh-dependent bursts in ROS production 
induced by SA is likely a late response compared to SA-induced immediate 
generation of ROS involving extracellular peroxidase that further triggers 
rapid changes in [Ca2+]c (Kawano et al., 1998; Kawano and Muto, 2000), 
indicating that there are two temporary distinct phases of oxidative bursts. 

Figure 7. SA-dependent activation of SIPK in tobacco BY-2 cells. SIPK activity in tobacco 
cell culture was assayed with an ‘in-gel’ kinase assay using myelin basic protein (MBP) as a 

substrate. Tobacco cells were subjected to SA for 5 min. 

Considering ROS production as the outcome rather than the cause of 
MAPK stimulation, the MAPK cascade and ROS production has been 
successfully linked through a series of studies using potato genes. It has been 
shown that transcript accumulations of two rboh isogenes of potato 
designated as StrbohA and B are sensitive to pharmacological inhibitors of 
protein kinases but not affected by inhibitors of Ca2+ influx, suggesting that 
certain Ca2+-independent protein kinase such as SIPK may be involved in the 
induction of gene expression (Yoshioka et al., 2001b). An over-expression 
experiment showed that increases in SIPK activity and ROS-mediated cell 
death were observed in Nicotiana benthamiana plants expressing 
constitutively active form of a genetically engineered potato ortholog of 
MAP kinase kinase (StMEK1) which phosphorylates and activates a potato 
SIPK ortholog (StMPK1) (Katou et al., 2003). 
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Increase in ROS production and cell death in the above condition were 
shown to be due to induction of a NbrbohB, since silencing of this gene 
negates the action of constitutive StMEK1 (Yoshioka et al., 2003). 

In contrast to the proposed pro-oxidative role for SIPK, a negative role of 
SIPK in ROS accumulation in response to harpin in tobacco plants and an 
elicitor from Pseudomonas syringae pv. phaseolocola (HrpZ) was also 
reported (Samuel et al., 2005b). When tobacco plants are treated with 
harpin, a rapid cell death that involves multiple signaling components such 
as SA, ROS and MAPK, is induced. In genetically engineered plants lacking 
SIPK expression, both the sensitivity to harpin (cell death) and ROS level 
considerably increased. In the plants over-expressing SIPK, sensitivity to 
harpin and ROS level were lowered. This study reports the case in which the 
harpin-induced ROS behaves as the cause, rather than the outcome of SIPK 
activation, suggesting the presence of multiple paths for SIPK activation and 
SIPK functions.  

5.2 Negative regulations 

MAPK phosphatases are negative regulators of MAPKs. Recently, an 
Arabidopsis MAPK phosphatase, MKP1, was reported to be critical for 
inactivation of SIPK (Ulm et al. 2002). A MKP1 ortholog identified in 
tobacco, NtMKP1 has been reported as a CaM-binding protein (Yamakawa 
et al., 2004). However, Katou et al. (2005) has demonstrated that, despite of 
affinity to CaM, binding to CaM plays no regulatory role in phosphatase 
activity. Instead its role as a SIPK inactivating enzyme which acts through 
dephosphorylation of TEY motif of SIPK, was confirmed. N-terminal 
noncatalytic region of NtMKP1 was shown to be essential for binding to 
SIPK. Interestingly, phosphatase activity of NtMKP1 was shown to be 
highly increased upon binding to SIPK. Thus, SIPK-dependent activation 
without requirement for CaM may be important to the function of NtMKP1 
in plants. 

SIPK-dependent negative feedback against SA accumulation is known. 
During plants’ response to ozone in the atmosphere, the ozone-induced SIPK 
play a key roles by enhancing the ozone-induced ethylene biosynthesis. 
However, ozone-responsive SA accumulation was shown to be blocked by 
over-expression of SIPK that enhances the ozone-induced cell death. This 
suggests that SIPK presented in excess (thus excess of SA-dependent signal) 
may function as a negative feedback point that lowers the SA biosynthesis 
(Samuel et al., 2005a). 
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6. REGULATION OF GENE EXPRESSION 

6.1 Redox signaling and NIM1/NPR1

With genetic approaches, several groups have made intensive efforts for 
revealing SA signal transduction pathways by analyzing the number of 
Arabidopsis mutants lacking responses to SA and SA analogs. The fruits of 
their continuous works were isolation and characterization of mutants 
designated as nim1 (non-inducible immunity 1, see Delaney et al., 1995), 
npr1 (nonexpresser of PR genes, see Cao et al., 1994), and sai1 (salicylic 
acid insensitive 1, see Shah et al., 1997). These mutants were all insensitive 
to SA, INA and BTH, and shown to involve the same gene which is now 
called NIM1 or NPR1.

In the SA signaling pathway, NPR1 plays a central role in the activation 
of defense-related genes by enhancing the binding of transcription factors 
belonging to TGA subclass of the basic leucine zipper family (TGAs) to SA-
responsive elements in the promoter regions of PR genes (Zhang et al., 
1999; Fobert and Després, 2005). First genetic evidence on the NPR1-TGA
interaction in plants was obtained from the experiments that reproduced the 
npr1 mutant-like phenotype by expressing the truncated form of TGA2 in 
Arabidopsis (Fan and Dong, 2002). According to the model of NPR1
activation proposed by Mou et al. (2003), SA-induced changes in cellular 
redox status may trigger the conformational changes of NPR1 protein since 
NPR1 proteins from various plant species share the conserved Cys residues 
(sensitive to redox changes) capable of forming both intra- and inter-
molecular disulfide bonding and replacement of these Cys residues with 
other amino acids reproduced the mutant npr1-like phenotype. In addition, 
SA-mediated changes in redox status upon induction of SAR, reduces the 
Cys residues of TGA1 too (Després et al., 2003). Only after reduction of 
disulfide bonds to free Cys residues, TGA1 is capable to interact with NPR1.
However, the identity of the redox mediators or the mechanism of SA-
dependent changes in cellular redox status is still unclear (Fobert and 
Després, 2005).  

Assuming that the ROS produced in response to SA may induce or 
activate the anti-oxidative mechanisms forcing the cellular redox conditions 
back to reductive state, the SA-induced oxidative burst and subsequently 
activated enzymes for removing ROS may have great impact on cellular 
redox changes that are required for NPR1 activation (Mou et al., 2003).

Recently, involvement of NPR1 in the cross-talk between SA signaling 
paths and jasmonic acid (JA) signaling paths has been elucidated. Both SA 
and JA function in SAR signaling and disease defense accompanying with 
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their cooperative and antagonistical interactions (Turner et al., 2002, Kunkel 
and Brooks, 2002). For instance, it has been reported that JA and SA induce 
expression of PR-genes through antagonistical interactions (Niki et al., 
1998). Interestingly, induction of acidic PR gene expression by SA and that 
of basic PR gene expression by JA could be inhibited in the presence of JA 
and SA, respectively (Niki et al., 1998).  

   Recent studies suggested that SA-dependent inhibition of JA action 
(lowered induction of JA-responsive genes) could be manifested via the 
activation of NPR1 (Pieterse and van Loon, 2004). 

In addition to its crucial role in the regulation of SA-responsive PR gene 
expression by shuttling into nucleus from the cytoplasm, NPR1 was shown 
to act within cytoplasm for participating the crosstalk between SA and JA. 
Activation of SA-mediated SAR suppresses JA signaling, and as a 
consequence the SA-dependent resistance takes priority over JA-dependent 
defenses. According to Spoel et al. (2003), antagonistic effect of SA on JA-
responsive gene expression is negatively regulated by SA-activated NPR1
while nuclear localization of NPR1 appeared to be unnecessary for opposing 
the JA action. Although the mode of NRR1 action in the inhibition of JA-
responsive gene expression is still unknown, Pieterse and van Loon (2004) 
have proposed that cytosolic NPR1 interferes with the SFCCOI1 ubiquitin-
ligase complex that plays a key role in JA response (Xu et al., 2002; Devoto
et al., 2002).

It is enigmatic that SA accumulation is reportedly higher in pathogen-
inoculated npr1 mutants than in wild-type plants similarly inoculated with 
pathogen (Shah et al., 1997; Delaney et al., 1995). In addition, SA 
accumulation in several lesion-mimic mutants is higher in the npr1
background than in the NPR1 wild-type background (Clarke et al., 2000; 
Shah et al., 1999). As an answer to this problem, a negative feedback model 
in which SID2 expression in pathogen-infected plants is lowered by NPR1,
has been proposed after observation that the expression of SID2 was greater 
in pathogen-inoculated npr1 plants than in wild-type plants (Wildermuth et 
al., 2001). 

6.2  Early genes and late genes

In this section, NPR1-dependnet and independent regulation of gene 
expressions are discussed. It has been shown that expression of certain genes 
can be rapidly induced by SA and pathogens. Such genes include A. thaliana
glutathione S-transferase genes and glucosyltransferase gene (Lieberherr et
al., 2003; Uquillas et al., 2004). According to Uquillas et al. (2004), 
immediate induction of such early genes by SA proceeds through an NPR1-
independent pathway while SA-induced activation of late defense genes 



305

such as PR-1 involves the participation of NPR1 protein. Temporally distinct 
phases of oxidative bursts (namely, early peroxidase-dependent and late 
rboh-dependent bursts) and gene expression events (early genes and late 
defense genes) likely suggest temporary different modes of SA action. As 
suggested in case of NPR1 (Mou et al., 2003; Després et al., 2003), redox 
changes due to oxidative burst may contribute to the late defense gene 
activation. It is reasonable to assume that the early gene expression requires 
the earlier SA signaling mechanism other than late oxidative burst and NPR1
involvement. The immediate oxidative burst (production of ROS) followed 
by Ca2+ movement or alternative ROS-independent early protein kinase 
activation event may form the possible signaling pathways corresponding to 
early gene activation. 

An earlier study showed that early transcription activation by SA 
examined in transgenic tobacco plants carrying regulatory sequences derived 
from CaMV 35S promoter involves the activation of SA-responsive element 
known as activation sequence-1 (as-1), and this immediate activation 
proceeds even in the presence of cycloheximide while the SA-induced 
transcription of PR-genes (late genes) was shown to be sensitive to 
cycloheximide treatment (Qin et al., 1994).  

On the other hand, the as-1 element is responsive to auxin too (Garreton
et al., 2002). Natural auxin indole-3-acetic acid reportedly induces ROS 
production in some plant cultures (Pfeiffer and Hoftinger, 2001) and also 
during certain types of plant peroxidase reactions (Kawano et al., 2001). The 
likely intermediate signal for the activation of as-1 element by SA or auxin 
is ROS, although the modes of peroxidase reactions involving auxin are 
largely differed from SA-related reactions (Kawano, 2003). 

In the induction of gene expression in tobacco plants, SA targets as-1-
like promoter element found in some redox-related genes such as several 
glutathione S-transferase genes, through the induction of oxidative burst 
(Garreton et al., 2002). However, involvement of H2O2 was eliminated since 
treatment with H2O2 and/or 3-amino-1,2,5-triazole which is considered to 
mimic the action of SA by inhibiting catalase, resulting in no activation of 
as-1-dependent gene expression, and instead, the inhibitor strongly inhibited 
the action of SA in the induction of as-1-regulated gene expression 
(Garreton et al., 2002). Therefore, involvement of other ROS such as O2

•-

may have specific role distinct from that of H2O2.
Interestingly, regarding expression of PR-1, a late gene, in Arabidopsis 

the NPR1-dependent path mediated with TGAs (TGA2 and 3) also involves 
an as-1-type cis element called LS7 (Johnson et al., 2003). Therefore, the 
responses of as-1-type cis elements are not limited to the early gene inducing 
signaling but also to the late gene inducing signaling mechanism. 
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In addition, we would like to introduce a recent model for Ca2+/CaM-
dependent induction of SA-responsive genes, involving ROS (Fig. 8). Du 
and Poovaiah (2004) have reported a novel group of plant-specific CaM-
binding proteins, designated as AtBT1-5 (A. thaliana BTB and TAZ domain 
proteins) shown to be present in the nucleus and interacting with two 
transcriptional regulators belonging to fsh/Ring3 class. Notably, all AtBT
homologs are inducible by SA and H2O2 thus suggesting that the cascade of 
early SA action involving ROS and Ca2+ may affect the transcription through 
expression and conformational changes of these proteins. 

6.3 Disease resistance (R) genes and SA 

Disease resistance (R) genes in plants provide a major mode of defense 
against a wide variety of pathogens and pests (Ramakrishna et al., 2002) and 
the genome of A. thaliana contains more than 120 NBS-LRR genes 
(Arabidopsis Genome Initiative, 2000). The most abundant class of R gene 
encodes proteins with a nucleotide-binding site (NBS) and a leucine-rich 
repeat (LRR) region. Functional analysis of the NBS-LRR genes suggested 
that the LRR region provides specificity for the recognition of a pathogen 
gene product, and thereby leads to the initiation of a signal transduction 
cascade that activates several defense pathways (Ellis et al., 2000). It has 
been shown that activation of R-gene-mediated defense signaling induces 
SA biosynthesis and downstream defense responses. In turn, SA treatment 
activates the expression of the toll-interleukin-2 receptor (TIR)-NBS-LRR 
type R genes (Shirano et al., 2002). A study on the gain-of-function 
mutation in a TIR–NBS–LRR-type R gene, SSI4, revealed that this R-gene 
activation is SA-dependent, but NPR1-independent in A. thaliana ssi4
mutant (Shirano et al., 2002). 

SA activates the expression of RPW8 genes. Two members of A. thaliana
R genes, RPW8.1 and RPW8.2, known to participate in the recognition of 
powdery mildew pathogens induce a localized necrosis or HR (Xiao et al.,
2001). This HR development likely requires the transcription of RPW8.1 and 
RPW8.2 positively regulated by SA-dependent feedback amplification (Xiao
et al., 2003). SA also activates the expression of the EDS1 gene, which is 
required for SA accumulation and resistance conferred by these R-gene-
activated pathways, indicating the SA-dependent positive feedback 
regulation of these R genes and of EDS1 (Feys et al., 2001). EDS1 has a dual 
role in plant defense (Feys et al., 2001). EDS1 is required for HR 
development, and it is also required for SA accumulation, in association with 
PAD4 gene. Expression of EDS1 and PAD4 is reportedly activated upon 
pathogen attacks and addition of BTH (Feys et al., 2001). Furthermore, SA-
stimulated expression of EDS5 and PAD4 genes results in enhancement of 
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SA biosynthesis via activation of SID2 (Verberne et al., 2000; Wildermuth
et al., 2001; Feys et al., 2001). Above studies suggest that at multiple points 
SA exerts regulatory positive feedback effects for amplification of R gene 
actions. In a recent review, Shah (2003) propounded that activation of the 
expression of multiple R genes by SA could be a part of mechanisms that 
activates broad-spectrum resistance, and likewise a feedback mechanism 
may be important in amplifying plant defense responses.

7. OTHER SIGNALING TOPICS 

7.1 Roles for SA-binding proteins

Klessig and his colleagues conducted a series of pioneering works on SA 
binding proteins (SABPs), putative SA receptors. There is no doubt that the 
search for SABPs provided several key ideas in SA biology such as 
involvement of ROS in the induced signal transduction. 

To date, 3 types of SABPs have been isolated by this group. The first 
SABP isolated from tobacco was shown to be catalase (Chen et al., 1993a,b, 
Conrath et al., 1995). Since binding of SA to catalase resulted in the 
inhibition of H2O2 degradation, an idea that the increases in H2O2 and/or 
other ROS derived from H2O2 may be the key events acting at downstream 
of SA. The results with mammalian catalase also supported the likely SA 
action through catalase inhibition (Durner and Klessig, 1996). Similarly, 
Kawano et al. (1998) have observed the SA-dependent inhibition of catalase 
in suspension cultured tobacco cells in vivo by monitoring the H2O2-
dependent evolution of O2. However, significance of catalase inhibition in 
early SA action is uncertain. 

Like catalase, extracellularly secreted peroxidases should be considered 
as a group of proteins having key interactions with SA leading to oxidative 
burst in early SA signal transduction as discussed in the earlier sections. 
However, we would like to exclude ascorbate peroxidase from the SA-
signaling mediators. For discussion concerning the involvement of ascorbate 
peroxidase in SA biology, please refer to earlier publications with both 
positive views (Durner and Klessig, 1995) and negative views (Miyake et 
al., 1996; Kvaratskhekia et al., 1997; Tenhaken and Rubel, 1997; Kawano et 
al., 1998, 2004b). 

As stated above, SABP2 was also isolated from tobacco as a possible SA 
receptor (Du and Klessig, 1997) highly required for TMV-induced SAR 
development (Kumar and Klessig, 2003), and finally its roles as a SA-
stimulated lipase (Kumar and Klessig, 2003) or a SAMe esterase that 
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demethylates SAMe to produce free SA, have been identified (Forouhar et 
al., 2005). 

Slaymaker et al. (2002) announced the isolation of third SABP from 
tobacco. SABP3 is identified as a chloroplast-targeted carbonic anhydrase 
that shows antioxidative activity when expressed in yeast. Since possible 
role of chloroplast as the site of SA biosynthesis is highlighted through the 
study of A. thaliana sid2 mutant lacking the chloroplast-localized ICS 
enzyme (Wildermuth et al., 2001), we can expect that a SABP specifically 
localized in chloroplasts may play some key roles. As Shah (2003) has 
predicted in his review that chloroplasts and plastids might be the source of 
signals affecting the response to pathogens, by analogy to the mitochondrial 
roles in mammals. Further continuous searches for the proteins of great 
importance directly governing the SA signal transduction by this group and 
other active researchers are expected. 

7.2 Ca2+ and rboh 

There are some plant NADPH oxidases, localized in the plasma 
membrane, of which the O2

•--generating activity is directly and positively 
regulated by Ca2+ (Sagi and Fluhr, 2001). It is possible that Ca2+ has a direct 
effect on the NADPH oxidase, since plant enzyme has an N-terminal 
sequence with two Ca2+-binding EF-hand motifs (Keller et al., 1998; Torres
et al., 1998). Therefore, SA-induced [Ca2+]c elevation which is a downstream 
of SA-induced immediate oxidative burst may further contribute to the late 
oxidative burst catalyzed by rboh (Fig. 8.).

7.3 Electrical simulation of cellular signaling 

In addition to biological approaches, Ken Yokawa, a researcher at 
Waseda University, Japan, is now developing a computational simulation for 
testing the impact of SA on calcium homeostasis by making use of a highly 
developed computer simulation system called “NEURON” which is 
commonly accepted and used for researches on neuronal activities and 
neuronal cell status, after designing the plant-specific parameters and 
constructing an artificial model plant cell in silico (Yokawa, 2005). In 
combination with the collections of cellular, biochemical and 
electrophysiological data, such computer simulations for describing and 
predicting the actions of plant hormones may be successful in the near 
future. 
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Figure 8. SA-dependent early and late gene expressions mediated with various signaling 
events. Redox-related signaling components and events were shown in red and calcium-

related signaling components were shown in blue. Other SA-related events and components 
were shown in green.

8. CONCLUSION

In animals, the salicylates basically act through interactions with an 
oxidase (cyclooxygenase). Also in plants, in addition to binding to SABPs 
(SABP2 and 3), the actions of salicylates are likely manifested through 
interactions with various oxidases such as alternative oxidase, peroxidases, 
catalase and other hydroxylases involved in the generation and removal of 
ROS and signaling molecules. Recently the action of aspirin as a radical 
scavenger has been highlighted in animals. Such action of SA as remover of 
specific ROS (of HO•) was demonstrated in plants. The single key word best 
describing the nature of SA signaling may be ‘redox’ as many steps in the 
proposed signaling pathways require a variety of redox events. 

Lastly, we would like to abstract the key signaling paths that lead to both 
early and late phases of gene expression, among the variety of reported 
biochemical events regarding SA signaling (Fig. 8). The early or immediate 
SA actions including catalase inhibition, HO• removal, generation of other 
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ROS (O2
•- and H2O2) and stimulation of Ca2+ channel opening were covered 

as the upstream SA signaling mechanisms in the model. The early signaling 
events start from the lowering of H2O2 metabolism by catalase (Chen-
Conrath-Klessig model) and making use of H2O2 for peroxidase-dependent 
O2

•- generation (Kawano-Muto-Furuichi path). Generation of O2
•- but not 

H2O2 may lead to the activation of as-1-like element-dependent gene 
expressions. Here, series of redox-regulated genes are activated (Qin-
Garreton-Uquillas path). Calcium influx across the plasma membrane 
through the activation of TPC1-type channels may be stimulated by SA-
induced O2

•- (Kawano-Muto-Furuichi path). ROS- and Ca2+/CaM-responsive 
mechanisms are activated and the early gene expressions are AtBT-
fsh/Ring3-dependently activated (Du-Poovaiah path). One of the bridging 
paths between the early and late responses may be Yoshioka-Doke cycle in 
which oxidative burst may be amplified via cycle of ROS/Ca2+  rboh 
O2

•- MAPK cascade + SIPK  rboh  O2
•-. SA-induced redox changes 

possibly due to activation of anti-oxidative enzymes may result in de-
oligomerization of disulfide bond-dependently aggregated NPR1. The 
resultant monomeric NPR1 may then target TGA transcription factors that 
interact with PR-gene promoters (Mou-Fan-Dong path).  

Organelles such as chloroplasts and mitochondria may be the site of 
signal transmission too (Organelle paths). Although each model, cycle, or 
path was named after some researchers authoring key papers (except for 
organelle paths), the entire models are based on many of the important 
works reported by other researchers. 

9. FURTHER READINGS 

Readers are encouraged to access and read many of other excellent 
reviews on the action, signaling, and biosynthesis of SA, published in recent 
years (Christiane and Métraux, 2002; Métraux, 2002; Shah, 2003; Eckardt, 
2003; Métraux and Durner, 2004; Singh et al., 2004). Such reviews are 
covering newly updated knowledge including the recent discovery in SA 
biosynthetic pathways in A. thaliana. However, these articles are 
emphasizing the late responses leading to late gene expressions but not 
earlier signaling events involving rapid generation of ROS and calcium 
signaling. Therefore, in the present chapter, earlier signaling events leading 
to the rapid gene expressions are also deeply discussed to serve as a 
supplement to other review articles. 
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Chapter 11 

SALICYLIC ACID AND LOCAL RESISTANCE 
TO PATHOGENS 

IGOR V. MAKSIMOV AND LUBOV G. YARULLINA 
Institute of Biochemistry and Genetics, Ufa Research Centr , Russian Academy of Science, 
450054, Ufa, pr. Oktyabrya, 69, RUSSIA 

Abstract: Salicylic acid triggers is the system for acquired resistance to phytopathogens 
and hypersensitive cell death of infected cells. It was shown that in "sick" 
plants salicylic acid induced protective response, caused by increasing the 
level of multiple local reactive oxygen species with the participation of oxalate 
oxidase and also lignification of pathogen penetration zone by involving 
peroxidase. The localization of oxidative burst leads to the death of pathogen 
and isolation of host infected tissues that were provided with "chitin-
specificity" of these enzymes. Induction of activity of wheat "chitin-specific" 
oxalateoxidase and anionic peroxidase, intensification of their secretion into 
intercellular space under salicylic acid influence, that provides successful 
defense reactions, close to pathogen infection structures have been revealed. 

Key words: Triticum aestivum - Tilletia caries - calli – co-culturing - salicylic acid - 
peroxidase - oxalateoxidase – diaminobenzidine colored (DAB-colored) - 
lignification - systemic and local resistance 

1. INTRODUCTION 

Plants defend themselves, against pathogens, through constitutive and 
inducible barriers. Induced resistance can be expressed locally at the site of 
infection, as well as systemically. It is communicated by the production of 
signals, released from the infected leaf and translocated to other parts of the 
plants where it induces defence reactions. This form of induced resistance is 
called systemic acquired resistance (SAR). It emphasizes the power of plants 
to acquire a state of general resistance, after an initial infection. 

S. Hayat and A. Ahmad (eds.), Salicylic Acid – A Plant Hormone, 323–334. 
©  2007 Springer.
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Incompatible plant-pathogen- interactions lead to the phenomenon known as 
programmed cell death (Mittler, 2002). Activation of programmed cell death 
during hypersensitive response results in the formation of a zone of dead 
cells around the infected site. Hydrogen peroxide (H2O2) is produced around 
the developing papillae of barley leaves, infected with agent of powdery 
mildew, (Thordal-Christensen et al., 1997) or Bipolaris sorokiniana (Schafer 
et al., 2004). 

Salicylic acid (SA) is known to induce SAR with reactive oxygen species 
as an important component (Alvarez, 2000; Kawano and Muto, 2000). In 
addition, SA can change, depending on H2O2 concentration (Shakirova,
2001) the activities of catalase and peroxidase (Durner and Klessig, 1995; 
Guan and Scandalios, 1995). It is supposed that SA modulates these 
activities by having a direct interaction with these enzymes (Chen et al.,
1997) or by controlling their de novo synthesis (Agrawal et al., 2002).  

The increase in the production of reactive oxygen intermediates (ROI) 
and that of H2O2 may be referred as universal protective reactions operative 
in plants, against different stresses. The basic enzyme that participates in the 
formation of ROI is NADP-oxidase (Hippeli et al., 1999). However, H2O2

accumulation in plant tissues may as a result of the activation of different 
carbohydrate oxidases (Custers et al., 2004), for example, the oxidation of 
oxalic acid by oxalateoxidase (OxO). It is known that under SA treatment or 
pathogen infection certain genes undergo derepression and the activity of 
resulting enzymes increases (Dumas et al., 1995; Custers et al., 2004).

Plants increase the level of lignin which is the most effective barrier 
against phytopathogen invasion, during pathogenesis (Ride, 1980; Yarullina 
et al., 1997). It is fact because reactive oxygen species and lignin-like 
materials accumulate at the site through which the pathogenic fungus 
penetrates into plant cell (Hukelhoven et al., 2000). The exact mechanism 
for this phenomenon is unclear, but may be supposed that pathogens carry 
some unknown substances on their cell surface that attract plant enzymes, 
involved in H2O2 generation and lignin biosynthesis.  

Peroxidase (PO) is an enzyme that quickly responds to various stress 
agents and is actively involved in lignification process. Its activity increases 
in plant tissues, infected by pathogens (Caruso et al., 1999) and is associated 
with cell wall (Yarullina et al, 1997). Data is available on the ability of PO 
to get effectively involved in intermolecular linked processes, encompassing 
various plant cell wall components, such as cellulose, callose, xylans and 
pectins (Carpin et al., 2001; Brownleader et al., 2002). However, the broad 
substrate specificity and multiplicity of PO isoforms obscure the role of this 
enzyme in plant development and adaptation to a hostile environment. 

We have found that PO activity increased in the presence of chitin, in 
comparison with its activity in crude extracts in all tested plants. This 
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activation can occur both in chitin-sorbed fraction, and also in the fraction 
not sorbed on chitin (Maksimov et al., 2003). These data confirm the 
possibility of PO activation in the presence of polysaccharides (Siegel, 
1958). 

2. ROLE OF SALICYLIC ACID IN POTENTIATION 
OF CELL DEATH 

Combined callus cultures with fungous disease agents are the convenient 
models for studying local resistance (Ingram and MacDonald, 1986; 
Kearney et al., 1991). Earlier we have demonstrated that the infection of 
wheat calli with the fungus T. caries promoted callus fresh mass because of 
changes in the hormonal status of plant cells (Maksimov et al., 2002). When 
the infected calli were cultured on the medium containing SA, they did not 
grow actively and did not differ substantially from the control calli 
(Maksimov et al., 2004). On the 6th day after infection, we observed dark 
necrotic lesions near the sites of fungal teliospore inoculation (Figure 1).  

Figure.1. Salicylic acid influence on the co-culture of wheat callus and T. caries (fungal 

mycelium (FM)). The formation of necrotic zones (HR) in mycelium growth sites (follow the 

arrows). 1- control (MS), 2- T. caries (MS), 3- MS + 0,05 mM salicylic acid, 4 - T. caries 

(MS + 0,05 mM salicylic acid) (Maksimov et al., 2004). 
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Such a phenomenon was observed in the calli co-cultured with the fungus 
T. caries for the first time. It possibly characterizes the induction of callus 
defense response comparable with hypersensitive response of resistant 
plants, infected with incompatible phytopathogen forms (Alvarez, 2000). 
This effect, may propably be the reason for some retardation of the fungal 
growth, during further co-culturing on the nutrient medium containing SA. 
Thus, the retardation of biotrophic fungus T. caries growth on the callus 
surface is related to the development of necrotic lesions in the penetration 
zone of plant cells. This is the response of the plant to infection. 

3.  SALICYLIC ACID AND GENERATION OF 
HYDROGEN PEROXIDE 

Physiologically active substances, SA in particular, are known to change 
metabolic processes in plant cells; for example, they reduce the activity of 
antioxidant enzymes utilizing reactive oxygen species (Durner and Klessig, 
1995;Chen et al., 1997; Mittler, 2002). This, in turn, leads to abrupt 
predominance of ROI generation, in comparison with its degradation. This 
has a negative impact on the pro/antioxidant status in plant cell, leading to 
oxidative burst. It may be proposed that for effective plant cell defence, 
against phytopathogens oxidative burst must be local and should concern 
only with infestation zone and normal healthy cells must be fenced from this 
zone by special screen.  

Irreversible changes occur in cells with on going fast accumulation of 
these oxygen species which result in the development of the hypersensitive 
plant response, preventing pathogen penetration in its tissues. Indeed, we 
detected the development of necrotic zones and reduced PO activity during 
the initial period (3 h) after infection in wheat calli, infected with T. caries 
grown in the presence of SA. 

Diaminobenzidine coloring (DAB-coloring) was typical only for rhizoid 
cells. In uninfected calluses and in calluses growing on the medium 
containing SA, during infection, parenchyma-like cells (about 20%) with 
DAB –colored material were noticed in the fungus penetration zone. There 
were fungus hyphas which were also DAB-colored (Figure 2). 

During the cultivation of infected wheat calluses on the MS medium, 
containing SA, the quantity of DAB-colored cells increased up to 30%, in 
fungus grown area which probably together with the violation of the 
pathogen morphology caused deceleration of fungus growth. 

Thus, both the presence of DAB-material in the infected cells and the 
effect of SA shows that their protective effect is connected with 
intensification of H2O2 production (Troshina et al., 2004). A lot of data 
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exists about OxO participation in protective reactions in plants, during 
phytopathogen infection (Dumas et al., 1995). An increase in the activity of 
this protein (OxO) has been discovered in plants under the influence of 
phytopathogens and their elicitors (Wei et al., 1998). The data obtained on 
OxO activity in wheat calluses, both under the influence of T. caires
infection and treatment with SA, might assume the likeness of defense 
reactions of plant cell both in vivo and in vitro. These data also disclose one 
of the protective mechanisms of a well-known plant resistance inductor – 
SA. 

Figure 2. Detection of 2 2 in wheat calluses with 3,3-diaminobenzidine in T. caries 

invasion zone. The microscopic sections were stained with DAB and methylene blue. 500x. 

(Maksimov et al., 2004) 

4. INFLUENCE OF SALICYLIC ACID ON THE 
ACTIVITY OF PLANT ISOPEROXIDASE 

Development of a local resistance under SA influence, is connected with 
the strengthening of lignification processes in places of pathogen 
localization. It is interesting, that on a background of general inhibition of 
peroxidase activity, some isoforms participating in lignification (Figure 3) 
are activated under influence of SA ( aksimov et al., 2004).  

Thus, in wheat calli, the activity of anionic PO with pI ~ 3.5 increased. 
The activity of PO with pI ~ 5.1 was maintained. When the infected calli 
were treated with SA, a tendency for maximum PO suppression is sustained. 
However, the cytoplasmic anionic PO with pI ~ 3.5 (no. 1) was greatly 
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activated. In this treatment, the activities of PO with pI ~ 4.8 (no. 4), ~ 7.5 
(no. 7), and ~ 9.8 (no. 14) increased as well. It is worth mentioning that all 
detected PO are involved in plant defense responses, against 
phytopathogenic fungi. For example, it was shown that, anionic PO were 
activated in the resistant wheat seedlings, infected with bunt or septoriosis 
infection agents (Khairullin et al., 2000; 2001), as compared to the 
susceptible seedlings. Wheat PO with pI ~7.5 is known to exhibit antifungal 
activity (Caruso et al., 2001). 

Figure 3. Densitograms of the gels after izoelectrofocusing of cytoplasmic isoperoxidases 
isolated from wheat calli 10 days after infection or 15 days after passage (Maksimov et al., 
2004): a - control calli, on the MS medium; b - calli, on the MS medium infected with T. 
caries; c - calli, on the MS medium supplemented with 0.05 mM salicylic acid; d - calli, 

infected with T. caries on the MS medium supplemented with 0.05 mM salicylic acid. S—the 
site of sample application; M—marker proteins with pI from ~3.5 to ~9.3 (Sigma, US): 

amyloglucosidase from Aspergillus niger with pI ~3.5, trypsin inhibitor from soybean with pI 
~4.6, lactoglobulin from milk with pI ~5.1, acid myoglobin with pI ~6.85, basic myoglobin 

with pI ~7.35, lactic dehydrogenase with pI ~8.3–8.6 and trypsinogen with pI ~9.3. 

Wheat, peroxidase with pI from 4.8 to 5.2, was shown to be activated 
with ABA (Khairullin et al., 2001). This isoform was particularly active in 
the infected calli, which probably was related to ABA accumulation in wheat 
calli, co-cultured with the fungus in our experiments (Maksimov et al.,
2004).It is important, that ionically-bound anionic PO is most activated in 
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wheat calli, co-cultured with T. caries. PO were not active in the infected 
calli, grown in the absence of SA.  

The involvement of PO in plant defense responses, against pathogens 
(Rasmussen et al., 1995; Liu and Kolattukudy, 1997) and insect injury (Van 
der Westhuizen et al., 1998) was repeatedly reported. Phytopathogens, their 
elicitors, various abiotic stresses, and some phytohormones can induce their 
expression in plant tissues (Muthukrishnan et al., 2001).  

5. MECHANISMS OF LOCAL RESISTANCE WITH 
PARTICIPATION OF OXALATE OXIDASE AND 
PEROXIDASE  

Cellular walls of many pathogenic fungi contain chitin (Peberdy, 1988). 
We have shown that wheat  and anionic PO, activated under SA 
influence, were capable to sorb on acetylated chitin without the loss of 
enzyme activity (Maksimov et al., 2005). Moreover, it is revealed that 
activation of , under SA influence, occurs strongly in the cellular wall 
zone of tissues subjected to infection leading to amplification of 2 2

generation in immediate proximity to infectious structures of pathogen. 
Besides, SA raises activity of anionic PO, participating in lignification. The 
characteristic of wheat PO and OxO to be activated by SA and chitin 
(Maksimov et al., 2003; 2004) and to be sorbed on latter suggests their 
involvement in processes underlying two reaction types, providing the plant 
with protection against phytopathogens.  

The first type includes, fast differential activation of the enzymes upon 
its contact with pathogen cell structures. PO activation by chitin is probably 
comparable with its activation in the hypersensitive reaction. The latter is 
known to be one of the most powerful defense features of plants by which 
the plant organism sacrifices a portion of infected cells thus ridding the plant 
from phytopathogen (Metraux, 2001). Such kind of reaction often develops 
when host plant cells are affected by avirulent populations of biotrophic 
pathogens (Wojtaszek, 1995).  

The second reaction type, is comparable with a gradual accumulation of 
the enzyme molecules in the fungus located zone, associated with the 
appearance of a peculiar “attracting” center on the chitin-containing 
phytopathogen structures. Binding of PO and OxO with fungal chitin can 
result in the decrease of concentration of enzyme molecules, interacting with 
chitin at the penetration site of infected cell (Maksimov et al., 2005). This 
probably, in turn, results in the influx of the new enzyme molecules which is 
activity amplified under SA. Thus a peculiar flux of isoenzymes is formed at 
the site of fungus localization, resulting in the saturation of the chitin 
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containing phytopathogen mycelium surface with specific PO and OxO. 
Hence, favorable conditions for lignification of the region of phytopathogen 
penetration and localization appear under conditions of an incompatible 
pathogenic system (Ride, 1980). 

We can not rule out the coupling of these phenomena. In this case, a 
necrosis occurs in association with the generation of toxic free radicals in the 
tissues subjected to intensive colonization with fungus (Apostol et al., 1989; 
Peng and Kuc, 1992) or development of hypersensitive reaction (Mittler, 
2002). Lignification of single pathogen structures occurs with the 
involvement of PO, to be sorbed on phytopathogen cell wall, in cells close to 
necrosis. 

Hence, the outcome of the pathological process probably depends on the 
rate of PO inactivation in infected cells and on the intensity of enzyme 
sorption on mycelium of chitin containing pathogen. For instance, we have 
demonstrated lignin synthesis with greater intensity and manifold elevation 
of anionic chitin-specific PO activities in wheat resistant to Septoria 
nodorum (Khairullin et al., 2001) and T. caries (Maksimov et al., 2004). 

The role of some PO in plant resistance to phytopathogens has been 
discussed for many years, but the contribution of each PO in the formation 
of physiological processes that occur in plants during pathogenesis is not 
well defined. Anionic PO is known to be substantially activated when a plant 
is damaged by a phytopathogen or insect (Repka and Jung, 1995). They are 
thought to be responsible for lignification of impaired plant tissues (Dowd et
al., 1998). It is notable that zucchini anionic PO sorbed on chitin can interact 
with plant oligogalacturonides in the presence of Ca2+ as well (Carpin et al., 
2001).

We demonstrated earlier, PO and OxO activation on contact with chitin 
and a capability of chitin-specific PO to concentrate themselves on chitin 
(Maksimov et al., 2003). As we assume from our data, the sorption of 
“chitin-specific” PO, activated by SA, to chitin may occur through a 
mechanism differing from typical ion-exchange in nature, because both 
anionic and cationic plant PO can bind to this biopolymer. PO, with similar 
isoelectric points, can display different affinity to chitin, that enabled us to 
compare the “chitin-specific” PO isoforms with monovalent plant lectins – 
extensions, that characterized with high affinity to hemicellulose 
(Brownleader et al., 2002). They are functionally bound to plant cell wall 
and act as its modifiers. It is notable that proline-rich sites, similar to those in 
extensions, are found in some PO isoforms, isolated from Scutellaria 
baicalensis Georgi, family Lamiaceae Lindl (Morimoto et al., 1999). Some 
tomato PO are able to form complexes with typical cell wall extensin 
(Brownleader et al., 2002). 
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These data reveal peculiarities in plant PO with regard to their interaction 
with polysaccharides, as well as the role of this phenomenon in the 
regulation of plant defense mechanism, against the penetration of chitin 
containing phytopathogens. That, for wheat anionic PO has the ability to 
bind to chitin and germinating spores of the fungus T. caries (Khairullin et 
al., 2000). Thus, anionic chitin-specific PO, which was greatly activated in 
our experiments with infected calli, can be assigned to the pathogen induced 
proteins. 

The appearance of ionically-bound PO and ionically-bound OxO in the 
fraction of cell walls from calli co-cultured with the fungus or treated with 
SA implies their active accumulation in the zone of plant cell walls. It was 
assumed that PO secreted into the intercellular space and bound to the cell 
wall can produce lignin in the process by involving phenolic compounds and 
extensin-like proteins (Otte and Barz, 2000; Blee et al., 2001). 

It should be emphasized that the anionic PO and OxO appeared in the 
cell walls of wheat calli, infected by bunt agent T. caries. It demonstrates 
that this isoform is involved in the interaction between pathogen and plant 
cell, while in the control calli (healthy calli, untreated with SA) this isoform 
was absent. The high activity of PO in the culture medium indicates its 
active secretion from the cytoplasm into the intercellular space where the 
enzyme is involved in the reinforcement of the cell walls and thus can hinder 
active pathogen growth as it was demonstrated earlier (Otte and Barz, 2000; 
Sharma and Singh, 2002). On the basis of the obtained results we propose 
that the activation of the OxO and PO enzymes (under SA treatment), 
generation of ROI, synthesis of phenol polymers and the toxic metabolites 
against the pathogens in the wheat tissues might take place "in the necessary 
place" and "at the necessary time". These events together with the 
appearance of the chitin-containing microorganisms in plant tissue 
automatically create a target for the attack by the both chitin-specific PO and 
OxO.
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Chapter 12 

SALICYLIC ACID IN PLANT DISEASE 
RESISTANCE 
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Abstract: Salicylic acid (SA) plays an important role in plant defense.  Its role in plant 
disease resistance is well documented for dicotyledonous plants, where it is 
required for basal resistance against pathogens as well as for the inducible 
defense mechanism, systemic acquired resistance (SAR), which confers 
resistance against a broad-spectrum of pathogens.  The activation of SAR is 
associated with the heightened level of expression of the pathogenesis-related 
proteins, some of which possess antimicrobial activity.   Studies in the model 
plant Arabidopsis thaliana have provided important insights into the 
mechanism of SA signaling in plant defense.  The NPR1 protein is an 
important component of SA signaling in Arabidopsis.  Homologues of NPR1 
are present in other plant species.  NPR1 is also required for plant defense 
mechanisms that do not require SA.  Hence, NPR1 provides an important link 
between different defense mechanisms.  Similarly, cross talk between SA and 
other defense signaling pathways results in the fine-tuning of plant defense 
response.  Recent discoveries have implicated an important role for lipids in 
SA signaling.  We discuss the progress made in understanding SA 
biosynthesis and signaling, its cross talk with other mechanisms in plant 
defense and the practical utility in targeting this defense mechanism for 
enhancing disease resistance. 

Key words: Cross talk, engineering disease resistance, pathogenesis-related,  pathogen 
resistance, plant defense, systemic acquired resistance 

1. INTRODUCTION 

The therapeutic property of the phenolic compound salicylic acid (SA) 
(Figure 1) and its derivatives, collectively known as salicylates, has been 

S. Hayat and A. Ahmad (eds.), Salicylic Acid – A Plant Hormone, 335–370. 
©  2007 Springer.
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known since the early 4th century B.C., when Hippocrates prescribed willow 
bark, which is rich in salicylates, for pain relief during childbirth (Rainsford, 
1984; Weissman, 1991).  In modern times, aspirin (Figure 1), an acetylated 
derivative of SA, has been widely administered as an anti-inflammatory drug 
and for the reduction of threat of heart attacks and strokes in high risk 
patients.  The action of salicylates in mammals has been ascribed to their 
ability to modulate levels of prostaglandins and leukotrienes by disrupting 
eicosanoic acid metabolism (Mitchell et al., 1993).  In plants, salicylates 
affect processes as diverse as flowering, thermogenesis and plant response to 
stress (Raskin, 1992; Shah and Klessig, 1999).  During the last twenty years, 
significant progress has been made in understanding SA metabolism and 
signaling in plant defense and its interaction with other defense mechanisms.  
As much as these studies have provided insights into the functioning of SA 
in plant defense, they also underscore how much remains unknown on the 
complexities of SA signaling in plant defense against pathogens. 
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Figure 1. Salicylic acid and its derivatives, methyl salicylate and salicylic acid  glucoside, 
and its synthetic functional analogs, 2,6-dichloroisonicotinic acid (INA) and benzothiadiazole 
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2. PLANT-MICROBE INTERACTION 

Plants are constantly being challenged by potential pathogens; however, 
disease is a relatively rare event.  In part, this is because plants have evolved 
various mechanisms, both preformed and inducible, to protect themselves 
against pathogens.  The perception by the plant of pathogen-associated 
molecular patterns (PAMPs) and pathogen-delivered effectors results in 
strengthening of existing defenses and the elicitation of inducible defense 
mechanisms (Gomez-Gomez and Boller, 2002; Nürnberger  and Brunner, 
2002 ; Parker, 2003; Shah, 2005).  PAMPs, which are pathogen non-specific, 
elicit a general response from the host.  In contrast, effectors may activate 
race-specific resistance.  During the last two decades, several studies have 
characterized the interaction between effectors derived from a variety of 
pathogens and the host.  These studies have resulted in the proposition of a 
gene-for-gene mechanism, which involves the specific recognition of the 
pathogen-derived effector molecule by a specific R (Resistance) gene in the 
plant (Dangl and Jones, 2001; Jones, 2001; Pink, 2002; McDowell and 
Woffenden, 2003; Belkhadir et al., 2004).  Although, the exact mechanism 
of this interaction between the effector molecule and the R gene encoded 
protein is unclear, this interaction results in the timely activation of 
downstream signaling mechanisms leading to resistance.  In this type of 
incompatible interaction, which does not result in disease, the specific race 
of pathogen is called an avirulent pathogen and the corresponding plant 
cultivar, resistant.  In contrast, a compatible interaction that occurs in the 
absence of gene-for gene recognition, results in disease, and the pathogen is 
referred to as a virulent pathogen and the plant a susceptible host.   

During an incompatible interaction, local response to pathogens may 
include changes in ion fluxes, oxidative bursts, altered gene expression, and 
programmed death of host cells, often referred to as a hypersensitive 
response (HR) (Lam et al., 2001; Lam , 2004).  In addition to restricting 
growth and spread of pathogen, the cells undergoing programmed cell death 
(PCD) produce signals that activate defense responses in adjacent cells.  The 
initial stimulus can be subsequently amplified by secondary signal molecules 
produced in the plant. SA, ethylene and jasmonic acid (JA), and its 
derivatives, are signal molecules involved in the amplification of plant 
defense responses (Shah and Klessig, 1999; Feys et al., 2001; Pieterse et al.,
2001; Turner et al., 2002; Wang et al., 2002; Devoto and Turner, 2003; 
Shah, 2003).  Synergistic and antagonistic interactions between SA, ethylene 
and JA signaling fine-tune plant defense response (Feys et al., 2001; Pieterse 
et al., 2001; Kunkel and Brooks, 2002; Wang et al., 2002).  However, some 
of these antagonistic interactions may be exploited by certain pathogens to 
promote parasitism.   
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In several cases, the initial exposure to a pathogen can confer enhanced 
resistance in other parts of the plant to subsequent challenge by pathogens 
(Van Loon, 2000; Pieterse et al., 2002; Durrant and Dong, 2004).  Systemic 
acquired resistance (SAR) is one such inducible defense mechanism, which 
is induced systemically throughout the plant in response to the exposure of 
another part of the plant to a necrogenic pathogen (Ryals et al., 1996; Sticher 
et al., 1997; Durrant and Dong, 2004).  It is believed that a phloem mobile 
signal generated in the pathogen-inoculated organ traverses to the distal 
organs where it promotes the activation of SAR, conferring enhanced 
resistance against a broad-spectrum of pathogens (Ryals et al., 1996; Sticher 
et al., 1997; Durrant and Dong, 2004).  Associated with the manifestation of 
HR and SAR is the elevated expression of several pathogenesis-related (PR)
genes, some of which encode antimicrobial proteins.  Furthermore, the 
induced expression of PR genes correlates with the activation of defense 
responses; they serve as excellent molecular markers of plant defense 
(Gilbert et al., 1996; Glazebrook et al., 1996; Falk et al., 1999; Belfanti et 
al., 2004). 

3. SALICYLIC ACID - AN IMPORTANT SIGNAL 
MOLECULE IN PLANT DISEASE RESISTANCE 

The involvement of SA in defense signaling has been extensively 
characterized in dicotyledonous plants.  Nearly 25 years ago, White and 
colleagues reported that SA and aspirin application could induce resistance 
against tobacco mosaic virus (TMV) in tobacco (White 1979; Antoniw and 
White, 1980).  Since then, application of SA and its functional analogs, for 
example, 2,6-dichloroisonicotinic acid (INA) and benzothiadiazole S-methyl 
ester (BTH) have been found to induce expression of the PR genes and 
resistance against viral, bacterial, oomycete and fungal pathogens in a 
variety of dicotyledonous (Malamy and Klessig, 1992; Ryals et al., 1996; 
Shah and Klessig, 1999) and monocotyledonous plants (Wasternack et al.,
1994; Kogel et al., 1994; Gorlach et al., 1996; Morris et al., 1998; Pasquer et 
al., 2005; Makandar et al., 2006).  In case of viruses, SA promotes the 
inhibition of viral replication, cell-to-cell movement and also long-distance 
movement (Singh et al., 2004).  SA has been shown to modulate HR-
associated cell death, reactive oxygen species (ROS) level, activation of lipid 
peroxidation and generation of free radicals, all of which could potentially 
influence plant defense against pathogens (Dempsey et al., 1999; Shah and 
Klessig, 1999).  SA at low concentrations also promotes the faster and 
stronger activation of callose deposition and gene expression in response to 
pathogen or microbial elicitors, a process called 'priming', which contributes 
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to induced defense mechanisms (Kohler et al., 2002).  The first evidence that 
SA is an endogenous signal molecule in plant defense came from studies 
with pathogen challenged tobacco and cucumber plants.  SA levels increased 
20-50 fold in leaves of the TMV-resistant tobacco variety, Nicotiana 
tabaccum cv Xanthi nc,  upon challenge with TMV (Malamy et al., 1990); 
smaller increases in SA level were also found in the uninoculated leaves that 
exhibited SAR.  Similarly, 10-100 fold increases in SA levels were found in 
the phloem sap of cucumber plants infected with Colletotrichum lagenarium,
Pseudomonas syringae or Tobacco necrosis virus (Metraux et al., 1990; 
Rasmussen et al., 1991; Smith et al., 1991).  In these studies, the increases in 
endogenous levels of SA either paralleled or preceded the increase in 
expression of PR genes and development of SAR.  Since then, increases in 
SA level (500 – 2000 ng g-1 fresh weight) have been reported in pathogen 
challenged leaves of various other monocotyledonous and dicotyledonous 
plant species (Delaney et al., 1994, 1995; Summermatter et al., 1995; Shah 
et al., 1997; Vallelian-Binschedler et al., 1998).  An exception is rice, in 
which pathogen infection does not result in an increase in SA level 
(Silverman et al., 1995).  Furthermore, exogenously applied SA is not a 
good inducer of PR gene expression and disease resistance in rice.  
Interestingly, the basal level of SA in rice (5,000 – 30,000 ng g-1 fresh 
weight) is two orders of magnitudes higher than the basal level of SA in 
Arabidopsis, tobacco and wheat.  Furthermore, these levels in rice are higher 
than the level of SA found after pathogen infection in many other plant 
species (Silverman et al., 1995; Chen et al., 1997; Yang et al., 2004).  
However, Silverman et al. (1995) have reported a tight correlation between 
the level of resistance to rice blast caused by Magnaporthe grisea and the 
endogenous levels of SA amongst rice cultivars; those with the highest level 
of SA exhibited the highest level of resistance to the fungus, suggesting that 
SA does contribute to rice defense against the blast fungus.  The importance 
of SA in resistance to rice blast was further confirmed in transgenic plants 
that were unable to accumulate SA (Yang et al., 2004).  Like rice, SA levels 
are constitutively high in potato, and SA application does not enhance 
disease resistance in potato.  But like in rice, endogenous SA has an 
important role in defense against the potato late blight pathogen, 
Phytophthora infestans (Coquoz et al., 1995).  It has been suggested that in 
rice and potato the factor limiting activation of SA dependent responses is 
not SA accumulation, but rather a component of the signal transduction 
pathway downstream of SA (Yu et al., 1997).  This may explain why SA 
application does not induce defense responses in these plants.  Indeed 
constitutive expression of the NPR1 (NON-EXPRESSOR OF PR1) gene, 
which is a key component of SA signaling in Arabidopsis (see below), 
results in constitutive expression of SA-regulated defenses in transgenic rice 
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(Chern et al., 2001; Fitzgerald et al., 2004).  Elevated levels of SA and 
constitutive expression of the PR genes also correlated with elevated 
resistance to TMV in a Nicotiana glutinosa x N. debneyi hybrid (Yalpani et 
al., 1993), and resistance to bacterial and oomycete pathogens in the 
Arabidopsis thaliana cpr, ssi and acd mutants (Bowling et al., 1994, 1997; 
Rate et al., 1999; Shah et al., 1999, 2001; Clarke et al., 2000; Brodersen et 
al., 2002; Shirano et al., 2002).

Additional evidence for the involvement of SA in plant defense came 
from studies with transgenic tobacco and Arabidopsis plants that express a 
SA degrading enzyme, salicylate hydroxylase, encoded by the Pseudomonas 
putida nahG gene, which converts SA to catechol.  These plants were unable 
to accumulate high levels of SA when challenged by pathogen (Gaffney et 
al., 1993; Delaney et al., 1994).  In these transgenic NahG plants, pathogen 
induced expression of the PR genes and resistance to avirulent pathogens 
was compromised (Gaffney et al., 1993; Delaney et al., 1994).  Expression 
of salicylate hydroxylase also enhances disease in compatible interactions.  
nahG expression also reduced the basal level of SA in rice, resulting in 
enhanced susceptibility against avirulent races of M. grisea and a reduction 
in age dependent resistance against virulent strains of M. grisea (Yang et al.,
2004). The ability of INA and BTH to restore resistance in SA depleted 
transgenic NahG tobacco (Friedrich et al., 1996) and Arabidopsis (Lawton et 
al., 1996) plants further confirmed the importance of SA in disease 
resistance. However, recently some concerns have been raised on the use of 
the nahG gene in transgenic plants as an exclusive means to test the 
involvement of SA in plant defense.  Catechol, the product of salicylate 
hydroxylase catalyzed degradation of SA, has been shown to enhance 
growth of the bean pathogen Pseudomonas syringae pv phaseolicola in 
Arabidopsis, which is normally not a host for this pathogen (Van Wees and 
Glazebrook, 2003).  Catechol application causes production of reactive 
oxygen species (ROS) in animals (Schweigert et al., 2001).  Similarly, in 
plants, catechol could cause the production of ROS, which could affect plant 
defense response.  Indeed, the effect of catechol on growth of P. syringae pv 
phaseolicola could be reversed by the application of catalase, which 
degrades hydrogen peroxide, suggesting that catechol-induced production of 
hydrogen peroxide may be involved in the nahG transgene-conferred loss of 
non-host resistance against P. syringae pv phaseolicola in Arabidopsis (Van 
Wees and Glazebrook, 2003).   

Blocking SA synthesis is another approach that has been utilized to 
evaluate its role in plant defense.  For example, application of 2-aminoindan-
2-phosphonic acid, which is an inhibitor of phenylalanine ammonia-lyase 
(PAL) activity, prevented SA accumulation and simultaneously resulted in 
the conversion of an otherwise resistant Arabidopsis plant into a plant that is 
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susceptible to an avirulent race of the oomycete pathogen Peronospora 
parasitica (recently renamed as Hyaloperonospora parasitica) (Mauch-Mani 
and Slusarenko, 1996).  However, resistance could be restored by the 
application of SA to these 2-aminoindan-2-phosphonic acid treated plants.  
More recently, mutations in the Arabidopsis SID2 and EDS5 genes, which 
are required for SA synthesis (see below), were shown to enhance 
susceptibility to bacterial and oomycete pathogens (Nawrath et al., 1999, 
2002; Wildermuth et al., 2001).  SA application restored resistance in the 
sid2 and eds5 mutants thus confirming the importance of SA in plant 
defense. 

Although the exact mechanism by which SA confers enhanced resistance 
to pathogens is unclear, SA affects the activity of mitochondrial alternative 
oxidase.  Alternative oxidase is an enzyme that directly links the oxidation 
of the ubiquinol/ubiquinone pool in mitochondria to the reduction of oxygen 
to water, without the synthesis of ATP.  This ability of SA to affect 
alternative oxidase has been associated with SA mediated resistance to some 
viruses (Singh et al., 2004).  It has been suggested that SA action on the 
alternative oxidase capacity could affect ROS levels in the mitochondria, 
which in turn could activate antiviral defenses (Singh et al., 2004).  SA also 
binds enzymes like catalase, ascorbate peroxidase, aconitase and a carbonic 
anhydrase from tobacco (Chen et al., 1993; Durner and Klessig, 1995; 
Rüffer et al., 1999; Slaymaker et al., 2002).  Some of these enzymes are 
involved in the metabolism of reactive oxygen species (ROS) and in 
REDOX homeostasis.  REDOX changes are associated with plant defense 
responses (Mittler, 2002; Torres et al., 2002; Durrant and Dong, 2004).  SA 
binding affects the biochemical activity of catalase and ascorbate peroxidase 
(Chen et al., 1993; Durner and Klessig, 1995) and may have a role in the 
vicinity of the HR, where SA concentrations are high.  In addition, SA also 
affects lipid peroxidation, which may have a role in plant defense (Anderson 
et al., 1998). Indeed, genetic studies in Arabidopsis have demonstrated that 
genes associated with lipid metabolism and putative lipid transfer proteins 
are required for SAR (Maldonado et al., 2002; Nandi et al., 2004; Shah, 
2005).  

4. SALICYLIC ACID METABOLISM IN PLANT 
DEFENSE 

At least two routes for SA biosynthesis in plant defense against pathogen 
have been documented (Sticher et al., 1997; Verberne et al., 1999; Métraux, 
2002; Shah, 2003) (Figure 2).  In some bacteria, SA is synthesized from 
chorismate via isochorismate in two steps involving the enzymes 
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isochorismate synthase (ICS) and isochorismate pyruvate lyase (IPL).  
Overexpression of these two bacterial enzymes in transgenic plants enhances 
SA accumulation, suggesting that plants do have the ability to synthesize SA 
from chorismate (Serino et al., 1995; Mauch-Mani et al., 2001).  Indeed, a 
recent study of the SID2 (SALICYLIC ACID INDUCTION-DEFICIENT2)
gene (also referred to as ENHANCED DISEASE SUSCEPTIBILITY16
[EDS16]) has confirmed the presence of a similar SA biosynthesis 
mechanism in Arabidopsis.  SID2/EDS16 encodes a protein with homology 
to bacterial ICS (Wildermuth et al., 2001).  In response to pathogen 
infection, the sid2/eds16 mutant plants accumulate only 5-10% of wild type 
levels of SA.  Furthermore, these mutants exhibit enhanced susceptibility to 
pathogens and are compromised in their ability to activate SAR.  SA 
application complemented the enhanced disease susceptibility phenotype 
associated with the sid2/eds16 mutants. These experiments demonstrated 
that the isochorismate pathway in Arabidopsis is the main source of SA 
synthesis during plant-pathogen interaction. The presence of plastid transit 
peptide and cleavage site in the SID2 protein indicates that SA may be 
synthesized in the plastids and supports the notion that the SID2-dependent 
SA biosynthesis pathway may have been derived evolutionarily from 
prokaryotic endosymbionts.  The EDS5/SID1 protein, which is also required 
for SA synthesis in pathogen-infected Arabidopsis, is also predicted to 
localize to the chloroplast.  EDS5 has homology to animal multidrug and 
toxin extrusion (MATE) family of transporter proteins, which are involved 
in moving organic molecules across membranes (Nawrath et al., 2002). 
EDS5 may be involved in the transport of phenolic compound(s) involved in 
SA biosynthesis, across the chloroplastic membrane.  The chloroplast may 
also be the site for SA action; one of the SA binding proteins, SABP3, which 
is involved in he development of the HR, is localized in the chloroplast 
(Slaymaker et al., 2002).  Furthermore, mutations in several Arabidopsis 
genes that encode chloroplast localized proteins impact SA synthesis and 
signaling (Shah, 2003), suggesting that chloroplast has an important role in 
SA synthesis/signaling.   

SA is also synthesized by the phenylpropanoid pathway, which also feeds 
into the synthesis of phytoalexins, coumarins and lignins (Sticher et al.,
1997; Verberne et al., 1999; Métraux, 2002; Shah, 2003).  SA biosynthesis 
via this pathway begins with phenylalanine. PAL (phenylalanine ammonia 
lyase), which catalyzes the conversion of phenylalanine to trans-cinnamic 
acid (Sticher et al., 1997; Verberne et al., 1999). Subsequently, trans-
cinnamic acid is hydroxylated to form ortho-coumaric acid followed by 
oxidation of the side chain to yield SA.  Alternatively, the side chain of 
trans-cinnamic acid can be initially oxidized to give benzoic acid, which is 
then hydroxylated by benzoic acid-2-hydroxylase (BA2H) in the ortho-
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position to give SA.  In tobacco, the activity of a partially purified BA2H 
was strongly induced by BA application and in response to TMV infection, 
suggesting that this pathway may be involved in tobacco response to TMV 
(Léon et al., 1995b). The biochemical mechanism by which benzoic acid is 
generated from trans-cinnamic acid is poorly understood; it has been 
suggested that this may involve a mechanism analogous to -oxidation of 
fatty acids, involving benzaldehyde as an intermediate (Ribnicky et al., 
1998).  Besides tobacco, the synthesis of SA from trans-cinnamic acid has 
also been documented in cucumber, potato and rice (Sticher et al., 1997). 
Expression of PAL is rapidly induced during plant-pathogen interaction, and 
as mentioned above, the inhibition of PAL activity resulted in the breakdown 
of an incompatible interaction between Arabidopsis and Hyaloperonospora 
parasitica (Mauch-Mani and Slusarenko, 1996). SA application 
complemented the defense phenotype of these PAL-inhibited plants, 
suggesting an important role for PAL in localized defense against this 
oomycete pathogen.  In Arabidopsis, SA derived from isochorismate, the 
major SA biosynthesis mechanism, may be important for sustained SA 
synthesis during the manifestation of SAR (Wildermuth et al., 2001).  In 
contrast, the phenylpropanoid pathway may be responsible for the residual 
SA observed in the absence of ICS activity, in the Arabidopsis sid2 mutant, 
and for the rapid production of SA associated with the HR.  

In plants like tobacco and Arabidopsis, SA can also be found as its 
glucose derivative, salicylic acid- -glucoside (SAG).  Glucose derivatives of 
SA have also been reported in cucumber (Meuwly et al., 1995) and rice 
(Silverman et al., 1995).  Likewise, benzoic acid can also be found 
conjugated to glucose, for example as benzoyl-glucose. In tobacco SA can 
also be released from benzoyl-glucose during the elicitation of defense 
responses (Chong et al., 2001). The enzyme responsible for conjugating 
glucose with SA, and possibly benzoic acid, is UDP-glucose:SA 
glucosyltransferase (SAGT).  SAGT from oat and tobacco have high 
specificity for SA as a substrate (Yalpani et al., 1992; Lee et al., 1995).  In 
addition, SA induces their activities.  Furthermore, in tobacco, expression of 
the gene encoding this enzyme is induced during pathogen-infection (Enyedi 
and Raskin, 1993). Although, in tobacco SAG application can induce 
expression of the PR1 gene, it is believed that this induction was most likely 
mediated via SA, released from the hydrolysis of SAG by a cell wall 
associated -glucosidase (Hennig et al., 1993).  Similar to many other plant 
hormones, SAG may provide a storage form of SA or a means to remove 
free SA. 

Methyl-SA (MeSA), which is produced from SA, also accumulates 
during pathogen infection of plants (Sticher et al., 1997).  It was proposed 
that MeSA, which is volatile, may function as an airborne signal for 
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activating plant defense responses (Shulaev et al., 1997).  A gene, which 
encodes a methyltransferase that synthesizes MeSA was recently identified 
in Arabidopsis (Chen et al., 2003).  MeSA could be hydrolyzed by esterases 
to release SA.  Recently, the tobacco SA-binding protein 2 (SABP2), which 
exhibits homology to acyl-hydrolases, was shown to possess MeSA esterase 
activity.  SABP2 is required for basal resistance to TMV in a TMV-resistant 
tobacco variety (Kumar and Klessig, 2003).  Furthermore, SA binding 
stimulated the acyl-hydrolase activity of SABP2, suggesting that SABP2 is 
required subsequent to SA accumulation in plant defense.  SABP2 may be 
involved in the response of plant cells to exogenously perceived MeSA. 

4.1 Regulation of SA biosynthesis in plant defense  

SA biosynthesis associated with plant defense is tightly regulated. 
Expressions of the SID2, EDS5 and PAL genes that are involved in SA 
biosynthesis are induced when plants are challenged with pathogen.  
Similarly, the activity of tobacco BA2H is activated in response to TMV 
infection (Léon et al., 1995a). SA accumulation during gene-for-gene 
resistance conferred by several Arabidopsis R genes requires the EDS1 and 
PAD4 genes (Wiermer et al., 2005).  Expression of EDS1 and PAD4 are also 
induced during pathogen infection.   Interestingly, EDS1 and PAD4
expression can also be induced by SA application suggesting the 
involvement of the EDS1 and PAD4 proteins in positive feedback regulation 
of SA synthesis. The EDS1 and PAD4 proteins physically interact, 
suggesting that EDS1 in association with PAD4 amplifies SA synthesis 
(Wiermer et al., 2005).  EDS1 and PAD4 influence each other’s expression 
in pathogen-infected plants and also influence the stability of each other 
(Feys et al., 2005).  Although the mechanism by which EDS1 and PAD4 
influence SA synthesis is not known, the EDS1-PAD4 protein complex was 
found to co-localize to the nucleus, suggesting a role of this complex in the 
nucleus (Feys et al., 2005). ALD1 is another Arabidopsis gene that is 
potentially part of a feedback loop affecting SA synthesis (Song et al.,
2004).  Like the pad4 mutant plant, pathogen induced SA synthesis is 
blocked in the ald1 mutant. Furthermore, the ald1 mutant exhibits 
heightened susceptibility to virulent and avirulent pathogens.  ALD1 and 
PAD4 modulate the expression of each other.   SA is also known to induce 
the expression the R gene, RPW8, and some others that belong to the toll-
interleukin-2 receptor (TIR)-NBS-LRR type R genes (Xiao et al., 2003).   
Furthermore, SA also potentiates the expression of the PAL gene in response 
to pathogen derived elicitors (Kohler et al., 2002), suggesting that positive 
feedback regulation by SA may be exerted at multiple steps upstream of SA 
synthesis. 
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Figure 2.  Salicylic acid biosynthesis pathways in plants. The shikimate pathway provides 
chorismic acid, which can be converted into salicylic acid, via two mechanisms.  In the first 

mechanism, salicylic acid is synthesized from isochorismic acid.  The Arabidopsis SID2 gene 
encodes a predicted isochorismate synthase (ICS). The SID2-encoded ICS is proposed to 

catalyze the conversion of chorismic acid to isochorismic acid. By analogy to the mechanism 
of SA biosynthesis in bacteria, it is suggested that an isochorismate pyruvate lyase (IPL) 
catalyzes the conversion of isochorismic acid to salicylic acid.  In the second mechanism, 
phenylalanine, which is derived from chorismic acid, is first deaminated by phenylalanine 

ammonia lyase (PAL) to yield cinnamic acid.  Cinnamic acid is subsequently converted into 
benzoic acid.  Salicylic acid is then synthesized from benzoic acid by benzoic acid 2-

hydroxylase (BA2H).  In an alternative pathway, salicylic acid is synthesized from cinnamic 
acid via o-coumaric acid.  The enzyme salicylic acid methyl transferase (SAMT) synthesizes 

methyl salicylate from salicylic acid, while the enzyme salicylic acid glucosyl transferase 
(SAGT) catalyzes the glycosylation of salicylic acid to yield salicylic acid  glucoside. 
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Treatment of tobacco with high concentrations (>300 mM) of hydrogen 
peroxide resulted in a dose-dependent accumulation of SA (Leon et al.,
1995a; Neuenschwander et al., 1995).   In addition, high concentration of SA 
can potentially increase the accumulation of hydrogen peroxide as a result of 
inhibition of the H2O2-scavenging activities of catalase and ascorbate 
peroxidase by SA binding to these enzymes (Chen et al., 1993; Durner and 
Klessig,, 1995).   In soybean suspension cells, presence of SA potentiated 
the production of ROS and HR cell death in response to the bacterial 
pathogen, Pseudomonas syringae (Shirasu et al., 1997; Tenhaken et al.,
1997).  These observations suggest that SA synthesis may also be influenced 
by a signal amplification loop involving reactive oxygen species (ROS) 
(Shirasu et al., 1997). However, considering that very high concentrations of 
SA are required to inhibit catalase and ascorbate peroxidase activity, the 
biological significance of such a loop in cells distal to the HR is unclear.  
Positive feedback loops like the once described above may be important for 
amplifying plant defense responses and provide a point for integrating 
environmental and developmental signals that influence plant defense 
responses.  Indeed, plant age and environmental factors like light, humidity 
and ozone levels are known to influence the activation of SA-regulated 
mechanisms (Yoshioka et al., 2001; Genoud et al., 2002; Hua et al., 2001; 
Kus et al., 2002; Mateo et al., 2004). 

SA synthesis is also under negative feedback regulation.  SA levels and 
SID2 expression were higher in pathogen-inoculated Arabidopsis npr1
mutant plants than the wild type plant (Delaney et al., 1995; Shah et al.,
1997; Wildermuth et al., 2001).  As described below, NPR1 gene is required 
for SA signaling.  Likewise, the presence of the wild type NPR1 gene also 
influenced the constitutive high levels of SA in the Arabidopsis ssi1, ssi2
and cpr mutants; SA levels were higher in the npr1 mutant background than 
the NPR1 background (Shah et al., 1999, 2001; Clarke et al., 2000).  High 
levels of SA are known to compromise other signaling mechanisms that 
contribute to defense against other pathogens (Bostock, 2005).   
Furthermore, the accumulation of high level of SA in several Arabidopsis 
mutants is associated with adverse growth phenotypes, for example dwarfing 
and cell death.  These observations suggest that high level of SA 
accumulation and activation of downstream signaling results in the diversion 
of resources from plant growth and development.  Indeed, BTH application 
in field grown plants in the absence of pathogen results in lowered seed yield 
than in untreated plants (Heil et al., 2000), and the repeated spraying with 
BTH retards growth of wild type plants (Durrant and Dong, 2004). Hence, 
regulating SA synthesis may be critical for plant growth, development and 
fitness under stress.  A combination of positive and negative regulatory 
mechanisms allows for tighter regulation of SA synthesis and fine-tuning of 
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plant defense responses.  Moreover, such a feedback regulation will also 
allow for defense responses to be dampened once the threat of infection has 
subsided. 

5. SALICYLIC ACID SIGNAL TRANSDUCTION IN 
PLANT DEFENSE 

Biochemical screens set up to identify the SA receptor have identified 
several SA-binding proteins from tobacco.The hydrogen peroxide 
scavenging enzymes, catalase and ascorbate peroxidase were identified as 
SA-binding proteins in these screens (Chen et al., 1993; Durner and Klessig, 
1995).  It was proposed that SA exerts its effect by inhibiting these enzymes 
and thus increasing ROS levels. However, the affinity of these enzymes for 
SA is not high and the level of SA (0.5 – 10 M) found in the tissues 
exhibiting SAR is probably not sufficient to inhibit catalase and ascorbate 
peroxidase activities.  In addition, in several other studies SA application 
was not found to result in the accumulation of ROS (Neuenschwander et al., 
1995; Allan and Fluhr, 1997) and no decrease in catalase activity was 
observed in pathogen inoculated tobacco or SA-treated leaf discs (Bi et al.,
1995).  Furthermore, SA is capable of binding other iron containing enzymes 
of plant and non-plant origin (Rüffer et al., 1995).  Moeover, other studies 
have shown that ROS functions upstream of SA and not downstream of SA 
(Bi et al., 1995; Neuenschwander et al., 1995; Du and Klessig, 1997; 
Takahashi et al., 1997; Chamnongpol et al., 1998).  SA binding protein 3 
(SABP3), which encodes an enzyme with homology to carbonic anhydrase 
also binds SA (Kd = 3-4 M) (Slaymaker et al., 2002).  RNAi silencing of 
SABP3 expression compromised HR in tobacco.  However, since SA 
binding did not affect SABP3’s carbonic anhydrase activity it was suggested 
that SABP3’s carbonic anhydrase activity is not critical for its role in plant 
defense. SABP3 also has an antioxidant activity.  It remains to be 
determined if SABP3’s role in plant defense is associated with its 
antioxidant activity.  The only high affinity SA-binding protein known to 
date is SABP2 (Kd = 90 nM) (Du and Klessig, 1997; Kumar and Klessig., 
2003).  Suppression of SABP2 expression compromised gene-for-gene 
resistance against TMV (Kumar and Klessig, 2003).  Crystal structure and 
biochemical analysis revealed an acyl hydrolase activity for SABP2, with 
methyl salicylate as a substrate and SA as a product inhibitor (Forouhar et
al., 2005). The activity of SABP2 against artificial substrates was stimulated 
by SA binding (Kumar and Klessig, 2003).  SABP2’s involvement in plant 
defense may have to do with processing MeSA.  However, the presence of 
other lipid substrates of this enzyme that may also be involved in plant 
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defense cannot be ruled out.  Although the above studies have not uncovered 
a classical high affinity receptor for SA, they do underscore the complexities 
associated with these biochemical approaches. 

5.1 NPR1-dependent salicylic acid signaling 

Various genetic screens in Arabidopsis have identified genes that are 
potentially involved in SA signaling.  Mutations in the NPR1 gene, also 
known as NIM1 (NON-INDUCIBLE IMMUNITY 1) and SAI1 (SALICYLIC 
ACID-INSENSITIVE 1), were independently identified in several studies in 
screens for mutants that were non-responsive to SA and its analogs, or in 
screens for enhanced disease susceptibility mutants (Cao et al., 1994; 
Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997).  In 
comparison to the wild type plant, in the npr1 mutant, the PR1 gene is 
induced poorly after SA application and slowly after pathogen infection.  
Furthermore, basal resistance to virulent and some avirulent pathogens and 
SAR were compromised in npr1 plants (Durrant and Dong, 2004).  NPR1 
protein does not bind SA, indicating that it is not a receptor for SAR.  
Expression of the NPR1 gene is induced 2-3 fold after treatment with SA or 
pathogen infection (Cao et al., 1997; Ryals et al., 1997).  The NPR1 
promoter contains binding sites (W-boxes) for the WRKY family of DNA 
binding proteins.  Mutation in the W-box in the promoter of the NPR1 gene 
adversely affected expression of NPR1, suggesting that a WRKY 
transcription factor(s) is involved in the expression of NPR1 (Yu et al., 
2001).

SA and its functional analogs also stimulate the movement of NPR1 
protein from the cytosol to the nucleus.  Likewise, NPR1 protein also get 
localized into the nucleus in response to pathogen infection (Kinkema et al., 
2000).  Nuclear localization of the NPR1 protein is critical for the activation 
of SAR.  Recently, it was shown that the movement of the NPR1 protein into 
the nucleus may be sensitive to SA induced changes in cellular redox status.  
The positions of ten Cys residues, some of which may be prone to 
oxidation/reduction, are conserved amongst NPR1 proteins from different 
species.  Mou et al. (2003) showed that in extracts from untreated plants 
NPR1 protein was found as a large complex; the monomeric form was only 
detected when the plants were treated with INA, a functional analog of SA, 
or after pathogen infection. Replacement of one of the Cys with Ala caused 
the NPR1 monomer to accumulate constitutively and localize to the nucleus 
in uninduced plants.  Moreover, these plants constitutively expressed the 
PR1 gene.  Mou et al. (2003) further observed that the activation of SAR is 
associated with changes in redox state; following SAR induction with INA 
there was a rapid oxidative burst. The cellular redox status then recovered 
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and rebounded to a relatively reduced environment. The appearance of the 
NPR1 monomer was accompanied with this transition to the reduced 
condition.  These results demonstrate that the NPR1 monomer is the 
biologically active form and that the transition of oligomer to monomer 
controls NPR1 nuclear transport and the activation of PR genes.

NPR1 itself does not exhibit DNA binding activity.  However, NPR1 was 
found to interact with the TGA family of DNA binding proteins in yeast two 
hybrid assays and in immunoprecipitation assays (Durrant and Dong, 2004).  
The TGA factors bind to activator sequence-1 (as-1), which is present in the 
promoter of the PR1 gene.  PR1 promoter has two such elements, LS5 and 
LS7 (Lebel et al., 1998).  While LS7 is a positive regulatory element required 
for high level expression of PR-1, LS5 is a negative regulatory element.  
Using gel-mobility shift assays it was shown that TGA2 and TGA4 could 
bind the LS7 element, whereas only TGA2 could bind the LS5 element 
(Despres et al., 2000).  Furthermore, binding of TGA to LS7 was enhanced 
in the presence of NPR1.   These results suggest that NPR1 may enhance the 
DNA binding activity of some TGA proteins and thus affects expression of 
PR1 gene.  Chromatin immunoprecipitation studies confirmed that the 
TGA2 factor is recruited to the PR1 promoter only after being treated with 
SA but not in untreated plants or in SA treated npr1 mutant plants (Johnson 
et al., 2003).  Mutational analysis of TGA genes indicated redundancy in the 
function of these factors in SA signaling.  Mutations in the TGA2, TGA5 and 
TGA6 genes had no impact on SA signaling.  However, like the npr1 mutant, 
SAR was compromised in the tga2 tga5 tga6 triple mutant plant (Zhang et 
al., 2003).  However, unlike the npr1 mutant, basal resistance to P. syringae
remained unaffected in  tga2 tga5 tga6 triple mutant, suggesting additional 
redundancy amongst TGA factors, or alternatively, the involvement of other 
TGA factors in basal resistance.  Interestingly, like NPR1, activity of some 
TGA proteins is also regulated by the redox state of the cell.  Despres et al.
(2003) demonstrated that in leaves of untreated plants the TGA1 protein 
exists in both reduced and oxidized form.  However, only the reduced form 
was detected after SA treatment.  This reduction in TGA1 presumably 
increases its DNA binding activity by promoting its interaction with NPR1, 
as mutations in Cys residues in TGA1 enhanced its in vitro interaction with 
NPR1.  The question of how SA, which is known to induce an oxidative 
burst, promotes the reduced state is not clear.  Perhaps the oxidative burst 
induced in response to SA results in the activation of antioxidant 
mechanisms, which not only protect the cell from oxidative damage, but also 
result in an overall reduced state that leads to the activation of SAR.  Indeed, 
some of the genes (e.g. glutathione-S-transferase) expressed at elevated 
levels subsequent to the oxidative burst induced by SA are those involved in 
protecting the plant against oxidative stress (Uquillas et al., 2004).  It has 
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been suggested that glucose-6-phosphate-1-dehydrogenase is possibly 
involved in providing the reducing equivalents for the reduction of NPR1 
during the activation of SAR (Dong, 2004).  

 Recently, it was shown that in addition to controlling the expression of 
the PR genes, NPR1 also controls the expression of genes that encode 
proteins associated with the protein secretory pathway.  The expression of 
these genes is induced in response to pathogen infection.  Mutations in some 
of these genes compromised resistance and were associated with the 
diminished secretion of PR proteins (e.g. PR1) into the apoplast (Wang et
al., 2005). 

5.2 NPR1-independent salicylic acid signaling 

Several studies have suggested that SA signaling is also mediated via an 
NPR1-independent mechanism.  Gene-for gene resistance to certain cultivars 
of P. syringae and H. parasitica biotypes was effectively compromised by 
the expression of the nahG encoded salicylate hydroxylase, but not in the 
npr1 mutant (Raridan and Delaney, 2000).  Similarly, gene-for-gene 
resistance in Arabidopsis, to Turnip crinkle virus (TCV) and Cucumber 
mosaic virus-Y (CMV-Y), conferred by the HRT and RCY1 genes, 
respectively, were suppressed by nahG, but not npr1 (Kachroo et al., 2001; 
Takahashi et al., 2002).  Presence of NPR1-independent SA signaling 
mechanism is also implicated by studies of the Arabidopsis ssi2 mutant.  In 
the ssi2 mutant, which constitutively accumulates elevated level of SA, the 
PR genes were constitutively expressed even in the absence of a functional 
NPR1 gene (Clarke et al., 2000; Shah et al., 2001).  Moreover, the ssi2 npr1
mutant plant retained some of the ssi2-conferred resistance against bacterial 
and oomycete pathogens.  Furthermore, the presence of ssi2 mutant allele 
enhanced resistance to CMV-Y (Sekine et al., 2004) and TCV (Chandra 
Shekara et al., 2004).  However, ssi2-conferred resistance against CMV-Y 
and P. syringae was compromised in the SA-deficient ssi2 nahG plant (Shah 
et al. 2001; Takahashi et al., 2002; Sekine et al. 2004), suggesting the 
involvement of an NPR1-independent SA-signaling mechanism in ssi2.
Similarly, NPR1-independent, SA-dependent defense mechanisms are also 
activated in the Arabidopsis cpr5, cpr6, ssi1 and hrl1 mutants (Shah et al., 
1999; Clarke et al., 2000; Devadas et al., 2002).  In case of the cpr5 and 
cpr6 mutants it was shown that ethylene and JA signaling are involved in the 
expression of the NPR1-independent resistance (Clarke et al., 2000).  
Ethylene signaling was also required for hrl1-conferred resistance (Devadas 
et al., 2002).  Similarly, ethylene and JA signaling have also been shown to 
be involved in local resistance during an incompatible interaction (Clarke et 
al., 2000).  Application of SA or BTH is not sufficient to activate PR1
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expression and resistance in the npr1 mutant plant.  This suggests that SA on 
the outside is perceived differently than being synthesized within a cell.  
Alternatively, in addition to SA, another pathogen-induced signal may be 
required for the activation of the NPR1-independent mechanism in the above 
mutants.  The ssi1, ssi2, cpr5 and hrl1 mutants also manifest a spontaneous 
cell death phenotype, which exhibits some similarity to the hypersensitive 
response (HR) that occurs in response to avirulent pathogens. It is possible 
that the HR-like cell death that is observed in the ssi1, ssi2, cpr5 and hrl1
mutants provides the second signal required for the activation of the NPR1-
independent SA signaling pathway. 

The activation of NPR1-independent, SA dependent defense mechanism 
was reported in the Arabidopsis sni1 mutant, which constitutively expresses 
PR1 gene and resistance against biotrophic and oomycete pathogens in the 
absence of NPR1 (Li et al., 1999).  It was suggested that SNI1 is a repressor 
of PR gene expression.  Indeed, when expressed in yeast as a fusion with the 
GAL4-DNA binding domain, SNI1 repressed transcription from a GAL4UAS

containing promoter (Durrant and Dong, 2004).  A SNI1-GFP fusion was 
shown to be localized to the nucleus (Li et al., 1999), consistent with a role 
for SNI1 in the nucleus, presumably as a repressor of transcription.  Since 
SNI1 does not contain a recognizable DNA binding domain it has been 
suggested that it represses transcription by interacting with other factors 
(Durrant and Dong, 2004).    

Another set of genes that may be involved in SA regulated, NPR1-
independent mechanism are the WHIRLY (WHY) genes, which encode 
putative DNA binding proteins.  The potato StWhy1 protein, which binds 
the promoter of the PR10a gene, specifically binds the single stranded form 
of the promoter DNA (Desveaux et al., 2002).  In Arabidopsis, which 
possesses three WHIRLY genes, SA treatment induces the single stranded 
DNA binding activity of the AtWHY1 protein in both wild type and also in 
npr1 mutant plants, suggesting that AtWHY1 activation is independent of 
NPR1 (Desveaux et al., 2004).  Missense mutations in the putative single 
stranded DNA-binding domain or the central -helical region reduced the 
DNA-binding activity of AtWHY1 protein and simultaneously compromised 
with SA induced PR1 gene transcript accumulation and resistance to 
oomycete pathogen.  These results suggest that AtWHY1 is important for the 
SA-dependent but NPR1-independent expression of the PR1 and resistance 
against pathogen. 
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6. THE SAR SIGNAL

Grafting and girdling experiments suggested that the development of 
SAR requires the movement of a signal via the phloem from the pathogen 
inoculated organ to the distal organs (Guedes et al., 1980; Ross, 1966).  
However, studies in Arabidopsis suggest that although the phloem may be 
the major conduit for the SAR signal(s), some signal may move via a 
different route (Kiefer and Slusarenko, 2003); the pattern of SAR induction 
did not completely match the phloem-transport of labeled sugars out of the 
infected leaf.  SA can be found in the phloem.  Furthermore, in cucumber 
and tobacco, SA levels in the phloem increased during the activation of SAR 
(Métraux et al., 1990; Rasmussen, 1991; Yalpani et al., 1991).  Studies with 
tobacco plants in which the TMV-inoculated leaves were enclosed in an 
18O2-enriched environment provided additional evidence that SA is 
transported from the infected to uninfected leaves (Shulaev et al., 1995).  In 
tobacco, the conversion of benzoic acid to SA by BA2H is O2-dependent, 
thus any 18O-labeled SA that appears in the distal leaves was expected to 
have originated in the TMV-inoculated leaf. Indeed, the radiolabel was 
found in approximately 70% of the SA, in uninfected leaves.   Similar 
studies with 14C-labled benzoic acid in cucumber cotyledons infected with 
Colletotrichum lagenarium showed the appearance of 14C-labeled SA in 
uninoculated leaves, suggesting that SA synthesized in the pathogen-
inoculated leaf was transported to the uninoculated portions of the plant 
(Mölders et al., 1996).  In these experiments, it is possible that the radio-
labeled SA found in the uninfected organs was derived form airborne radio-
labeled MeSA released form the pathogen-infected leaves.  It is equally 
likely that the radio-labeled SA was synthesized de novo in the uninfected 
organs from radio-labeled metabolites moving from the pathogen-infected to 
the uninfected leaves.   

Despite SA being capable of moving from the pathogen-infected organ to 
the uninfested organ, grafting experiments with NahG tobacco plants have 
suggested that SA is not the translocated signal required for SAR (Vernooij 
et al., 1994).  When non-transgenic tobacco scions were grafted onto NahG 
tobacco rootstocks, following TMV infection of the rootstock, SAR was 
activated in the distal organs.  Since the NahG rootstock, was unable to 
accumulate SA, the manifestation of SAR in these grafted plants indicates 
that SA is not the translocated signal required for the activation of SAR.  
Similar conclusions were derived with grafting experiments involving 
rootstocks from transgenic tobacco plants expressing a subunit of the cholera 
toxin (Beffa et al., 1995).  These transgenic plants accumulate very high 
levels of SA and exhibit enhanced resistance to pathogen.   However, SAR 
was not constitutively activated in the wild type scions that were grafted on 
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the transgenic rootstock.  Previous, studies in cucumber also suggested that 
SA may not be the phloem translocated signal in SAR; the translocated 
signal moved out of P. syringae-infected cucumber leaves before any 
detectable increase in SA level was observed in the phloem sap (Rasmussen 
et al., 1991). However, although SA is not the translocated signal, it is 
required for the establishment of SAR in the uninfected leaves. 

6.1 Involvement of lipids in systemic acquired resistance 

Mutations in Arabidopsis SFD1 (SUPPRESSOR OF FATTY ACID 
DESATURASE DEFICIENCY-1) gene compromised the activation of SAR-
conferred enhanced resistance. However, basal resistance to a bacterial 
pathogen was unaffected in sfd1 mutant plants, suggesting that SFD1 is not 
required for basal defenses. In comparison to the wild type plant, the SAR-
associated increase in SA level was compromised in sfd1 mutants. The SAR 
defect of sfd1 was restored by the application of BTH, suggesting that the 
block in the sfd1 mutant is upstream of SAR-associated SA accumulation. 
This suggests that SFD1 is more likely required for the synthesis and/or 
translocation of the mobile signal from the necrotizing pathogen-inoculated 
organ, or for the perception of the mobile signal or subsequent signal 
transduction, leading to SA accumulation in the distal organs (Nandi et al.,
2004).  SFD1 encodes a dihyroxyacetone phosphate (DHAP) reductase, 
which catalyzes the interconversion of DHAP and glycerol-3-phosphate. 
Glycerol-3-phosphate provides the glycerol backbone for glycerolipid 
synthesis.  Indeed glycerolipid composition was affected in the sfd1 mutant, 
especially composition of chloroplastic lipids (Nandi et al., 2003, 2004).  
SAR is compromised and chloroplastic glycerolipid composition altered in 
the Arabidopsis sfd2 and fad7 mutants (K. Krothapalli, A. Nandi, R. 
Chaturvedi and J. Shah, unpublished), providing further support to the 
participation of a glycerolipid-derived molecule in SAR.  Studies of the 
Arabidopsis defective in induced resistance1 (dir1) mutant provided 
additional support for the involvement of a lipid-derived factor in the 
activation of SAR (Maldonado et al., 2002; Suzuki et al., 2004).  DIR1 is a 
putative lipid transfer protein.  DIR1 is localizes to the phloem.  Phloem 
localization of DIR1 is activated during SAR.  Furthermore, like the sfd1 
mutant, SAR is compromised in the dir1 mutant (Maldonado et al., 2002; 
Suzuki et al., 2004).  Unlike petiole exudate, which is enriched in phloem 
sap, collected from avirulent pathogen-inoculated wild type leaves, similar 
exudates collected from petioles of leaves from the dir1 mutant were unable 
to activate PR1 expression when applied to the leaves of wild type plant 
(Maldonado et al., 2002). These results suggest that DIR1 may be involved 
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in the synthesis or transport of a lipid-derived factor to the distal tissues for 
the establishment of SAR.  

The SALICYLIC ACID-BINDING PROTEIN 2 (SABP2) of tobacco, 
which has lipase/esterase activity, is required for the SAR-conferred 
resistance to TMV (Kumar and Klessig, 2003).  MeSA is one of the 
substrates for SABP2 (Forouhar et al., 2005).  Similarly, the EDS1 and 
PAD4 genes, which encode proteins that have homology to acyl hydrolases, 
are also required for the activation of SAR (Wiermer et al., 2005).  In 
addition, to their involvement in SAR, SABP2, EDS1 and PAD4 are also 
required for local defenses, suggesting that lipids may affect SA-mediated 
plant defenses at multiple stages. 

7. CROSS TALK BETWEEN SALICYLIC ACID 
SIGNALING AND OTHER DEFENSE 
SIGNALING MECHANISMS 

In addition to SAR, NPR1 is also required for Induced Systemic 
Resistance (ISR), which is activated by root colonizing rhizobacteria 
(Pieterse et al., 2001; Pieterse and Van Loon, 2004).  ISR confers enhanced 
resistance in foliar tissues against a variety of pathogens.  In Arabidopsis, 
ISR and SAR have a combinatorial effect on controlling growth of P.
syringae.  Unlike SAR, SA is not required for the activation of ISR, which 
requires ethylene and JA signaling.  NPR1 function in the nucleus is 
required for the activation of SAR.  However, in case of ISR, NPR1 is 
required in the cytosol (Spoel et al., 2003).  These results suggest that NPR1 
may be a key component regulating cross talk between SA regulated SAR 
and ethylene/JA regulated ISR.  Several studies have suggested that SA and 
JA signaling antagonize each other.  For example, when co-applied to 
leaves, the presence of SA represses expression of JA-induced genes. In 
contrast, in comparison to the wild type plant, preventing SA accumulation 
during pathogen infection due to expression of the nahG resulting in the 
enhanced expression of several JA induced genes (Spoel et al., 2003).  
Furthermore, the antagonistic effect of SA on JA signaling was overcome in 
the npr1 mutant background, suggesting that SA signaling through NPR1 is 
required for repressing JA signaling (Spoel et al., 2003).   Previously, in 
tomato SA was also shown to inhibit the activity of enzymes involved in JA 
synthesis (Doares et al., 1995; Doherty et al., 1988), suggesting that the 
antagonistic effect of SA is exerted at the level of JA synthesis and 
signaling.
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Recently, the Arabidopsis WRKY70 gene encoded transcription factor 
was shown to be involved in modulating this cross talk between SA and JA 
signaling (Li et al., 2004).  While WRKY70 functions as a positive regulator 
of SA signaling, it also functions as a repressor of JA signaling.  Antisense-
suppression of WRKY70 expression compromised the expression of PR
genes but simultaneously allowed constitutive expression of JA-inducible 
genes in Arabidopsis.  The overexpression of WRKY70 conferred 
constitutive, SA- and NPR1-independent expression of PR genes.  In 
contrast, the JA-activated expression of PDF1.2 was compromised in these 
WRKY70-overexpressing Arabidopsis plants.  Whether NPR1 and WRKY70 
function is concert in repressing JA signaling and promoting SA signaling is 
not known.  Genetic studies with Arabidopsis eds4 and pad4 mutants, that 
are impaired in SA accumulation, and the cpr6 mutant, which accumulates 
elevated SA level and constitutively expresses SA dependent defense 
responses, provided  additional evidence for an antagonistic effect of SA on 
JA signaling (Clarke et al., 2000; Gupta et al., 2000).  Expression of JA-
inducible genes was hyperactivated in the eds4 and pad4 mutants.  
Furthermore, in contrast to the cpr6 mutant, blocking cpr6-conferred 
accumulation of high SA level in the cpr6 eds5 double mutant plants 
resulted in higher level of expression of JA-modulated genes (Clarke et al.,
2000).   However, in another study it was suggested that the EDS5 and 
PAD4 proteins could affect JA signaling independently of their involvement 
with SA signaling (Nandi et al., 2005).  SA signaling is also known to 
antagonize plant defense against insects.  For example, TMV infection, and 
SA and BTH application increased the vulnerability of plants to some insect 
herbivores (Stout et al., 1998, 1999; Preston et al., 1999; Thaler et al., 
1999).   In contrast, a heightened level of resistance to feeding by larvae of 
the tobacco hornworm, Manduca sexta was observed in PAL silenced 
tobacco and NahG tobacco plants (Felton  and Korth,  2000). 

Growing evidences also point to an antagonistic effect of JA on SA 
signaling.  In tobacco, studies with elicitors produced by Erwinia carotovora
have revealed that JA inhibits the expression of SA-dependent genes (Vidal 
et al., 1997; Niki et al., 1998; Norman-Setterblad et al., 2000).  Several 
studies in Arabidopsis have also suggested that JA antagonizes SA signaling.  
For example, a loss-of-function mutation in the Arabidopsis MPK4 gene, 
which encodes a mitogen-activated kinase, impaired JA signaling and 
simultaneously conferred enhanced resistance against bacterial and 
oomycete pathogens as a result of constitutive activation of SA signaling 
(Petersen et al., 2000).  However, expression of JA-mediated responses was 
also observed in the mpk4 nahG plant, suggesting that the impairment of JA 
signaling in the mpk4 mutants is not due to an inhibitory effect of elevated 
levels of SA.  Similarly, JA signaling is repressed in the Arabidopsis ssi2
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mutant, in which SA signaling is constitutively active (Kachroo et al., 2001; 
Shah et al., 2001).  The ssi2 mutant is not impaired in its ability to 
accumulate JA (Kachroo et al., 2003).  Furthermore, the ssi2-conferred 
repression of JA signaling was retained in the SA-deficient ssi2 nahG plants, 
suggesting that the ssi2-conferred repression is exerted at the level of JA 
signaling and not JA accumulation. In addition, the above observations also 
suggest that the ssi2-conferred impairment of JA signaling is not due to the 
constitutive activation of SA signaling in the ssi2 mutant (Kachroo et al., 
2001).   Kunkel and Brooks (2002) have suggested that the constitutive SA 
signaling in the mpk4 and ssi2 mutants is likely due to loss of an antagonistic 
effect of JA signaling on the SA pathway.   Some pathogens have evolved to 
co-opt the plant hosts JA signaling pathway to repress SA signaling, thereby 
allowing pathogen growth.  Coronatine, which is produced by some P.
syringae pathovars, mimics JA.  Activation of JA signaling by coronatine 
results in the repression of SA signaling.  This explains why mutations like 
coi1, which compromise JA signaling, confer enhanced resistance to P.
syringae (Kunkel and Brooks, 2002).  Indeed, the enhanced resistance of the 
coi1 mutant correlated with the faster activation of SA-induced defense 
genes in the mutant plant (Kloek et al., 2001).  Furthermore, SA was 
required for the coi1-conferred enhanced resistance.    

Despite the strong evidence of mutual antagonism between SA and JA 
signaling pathways, SA and JA are also known to function synergistically in 
plant defense.  For example, the co-application of SA and JA was found to 
synergistically activate PR1b expression in tobacco (Xu et al., 1994).  In 
addition, significant overlap exists in the expression pattern of genes induced 
by SA and JA; the same genes being induced by both SA and JA (Schenk et 
al., 2000).  Microarray studies have shown that in addition to the SA 
mediated genes, expression of a large set of JA and ethylene inducible genes 
was also affected in the Arabidopsis npr1-1 mutant (Glazebrook et al.,
2003).   JA/ethylene and SA also have an additive effect in the rhizobacteria-
induced resistance of Arabidopsis to the bacterial pathogen P. syringae pv
tomato (Van Wees et al., 2000).  Rhizobacteria mediated protection, which 
is dependent on JA-/ET-signaling, was greater in the cpr1 mutant, in which 
SA signaling is hyperactive, than the wild type plant.  In tomato seedlings, 
the simultaneous application of BTH and ISR-inducing PGPR resulted in the 
reduced incidence of bacterial wilt caused by Ralstonia solanacearum
(Anith et al., 2004).  In the Arabidopsis ssi1, cpr5, cpr6 and hrl1 mutants, 
SA and JA-regulated defenses are constitutively expressed (Shah et al., 
1999; Clarke et al., 2000; Devadas et al., 2002).  Furthermore, ethylene and 
JA signaling were required for crp5 and crp6-conferred resistance to 
bacterial and oomycete pathogens (Clarke et al., 2000), and ethylene 
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signaling was also required for the enhanced resistance conferred by hrl1
(Devadas et al., 2002). 

8. TARGETING SALICYLIC ACID SIGNALING 
FOR ENHANCING PLANT RESISTANCE 
AGAINST PATHOGEN 

Besides Arabidopsis and tobacco, SA and its functional analogs, INA and 
BTH, also induce defense responses in agronomically important plants.  For 
example, BTH protects rice from the blast fungus M. grisea and maize from 
downy mildew (Gorlach et al., 1996: Morris et al., 1998), while INA 
activates defense gene expression as well as resistance to powdery mildew in 
barley (Kogel et al., 1994; Wasternack et al., 1994).  Likewise, these two 
chemicals also protect wheat from leaf rust caused by Puccinia recondita,
septorial leaf spot, and powdery mildew caused by Erysiphe graminis f sp. 
tritici (Gorlach et al., 1996).  In rice SA is required for limiting the growth 
of the rice blast pathogen (Yang et al., 2004).  Homologues of NPR1 have 
been identified in rice, tobacco, tomato, apple, wheat and orange (Chern et 
al., 2001; Durrant and Dong, 2004; Makandar and Shah, unpublished), 
suggesting conservation of SA mediated defense signaling between dicots 
and monocots. 

Attempts have been made to target induced resistance mechanisms for 
enhancing disease resistance in plants (Kogel and Langen, 2005).   
Previously, overexpression of the NPR1 gene was shown to confer enhanced 
resistance in Arabidopsis (Cao et al., 1998; Friedrich et al., 2001) under 
controlled conditions.   In rice constitutive expression of the Arabidopsis
NPR1 gene conferred enhanced resistance to bacterial blight, caused by 
Xanthomonas oryzae (Chern et al., 2001), while in tomato, overexpression 
of Arabidopsis NPR1 conferred enhanced resistance against bacterial and 
fungal pathogens (Lin et al., 2004).  Similarly in wheat, constitutive 
expression of Arabidopsis NPR1 under green house conditions conferred 
enhanced resistance against scab disease caused by Fusarium graminearum
(Makandar et al., 2006).  In Arabidopsis, rice and wheat it was shown that 
constitutive expression of Arabidopsis NPR1 confers faster and stronger 
activation of SA-mediated defense responses.   Thus the SA signaling 
pathway is amenable for engineering disease resistance in plants. 
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8.1 Fitness costs associated with the activation of 
salicylic acid signaling  

Although, under conditions of high pathogen pressure, the ability to 
induce SAR is expected to have a positive effect on plant fitness, 
constitutive expression of SA signaling may carry a fitness cost due to the 
allocation of resources and energy away from growth and reproduction to 
the expression of defense responses (Heil and Baldwin, 2002; Heil, 2002).  
For example, SA treatment decreased seed yield in Arabidopsis (Cipollini, 
2002).  Furthermore, several Arabidopsis mutants in which SA signaling is 
constitutively active exhibit reduced plant size, loss of apical dominance, 
curly leaves and decreased fertility (Heil and Bostock, 2002).  In wheat, a 
study carried out to observe the effect of BTH application on plant fitness in 
the absence of pathogen pressure, showed reduction in biomass and number 
of ears and grain (Heil et al., 2000).  These adverse effects of BTH treatment 
on plant fitness were more severe under conditions of N-limitation.  
Similarly, N-limitation was shown to adversely affect the induction of SA 
mediated responses in Nicotiana attenuata (Lou and Baldwin, 2004).  In 
rice, overexpression of either the Arabidopsis NPR1 or the rice NPR1 gene 
was associated with the spontaneous development of chlorotic lesions 
containing dead cells and the accumulation of hydrogen peroxide under 
certain growth conditions (Fitzgerald et al., 2004; Chern et al., 2005).  
Furthermore, these detrimental phenotypes were more pronounced when the 
plants were treated with BTH (Fitzgerald et al., 2004; Chern et al., 2005), 
further suggesting the cost association with the inappropriate activation of 
plant defenses.  Hence, future efforts to target plant defense mechanisms will 
have to consider this fine line between cost and benefit and will have to 
circumvent the negative impacts associated with the activation of defense 
responses. 

9. CONCLUSIONS

Our understanding of the role of SA in plant defense against pathogens 
has increased considerably over the recent years.   SA biosynthesis 
mechanisms have been elucidated.  Furthermore, genetic studies in 
Arabidopsis thaliana have greatly contributed towards understanding the 
signaling mechanisms underlying the involvement of SA in plant defense.  
The NPR1 gene, which is conserved amongst plants, is a key regulator of SA 
signaling.  There is evidence for negative and positive feedback regulation of 
SA synthesis, signaling and cross-talk between SA and other defense 
signaling pathways.  Important challenges for the future, include 
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identification of the mobile signal for SAR.  Recent studies suggest that a 
lipid-derived molecule may have a role in the translocation of SAR signal.  
SAR provides an excellent target for controlling losses due to plant diseases.  
NPR1 overexpression has been successfully demonstrated to enhance 
disease resistance in tomato, wheat and rice, conferring resistance against a 
variety of pathogens.  The ability to target this pathway offers promise in 
reducing our dependence on toxic chemicals to protect plants without 
endangering our environment and health. 
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Chapter 13 

TRANSCRIPTOMIC ANALYSIS OF SALICYLIC 
ACID-RESPONSIVE GENES IN TOBACCO BY-2 
CELLS 

I. GALIS and K. MATSUOKA 
RIKEN Plant Science Center, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama, JAPAN. 

Abstract: Tobacco has played historically important role in the discovery and functional 
analysis of salicylic acid (SA) as a plant hormone. Using this model, it was 
demonstrated for the first time that tobacco mosaic virus (TMV) infection 
results in the accumulation of SA in infected tissues that is to activate local 
and systemic expression of pathogenesis-related proteins in the cells. 
Furthermore, SA has been shown to function as a major factor in the 
development of systemic acquired resistance (SAR) in plants. To promote the 
importance of tobacco as a model plant, we generated and sequenced cDNA 
libraries from tobacco BY-2 cells, depositing about 20,000 EST sequence 
information in the public databases. Selected cDNA clones were then used to 
prepare the first large-scale 16K microarray of tobacco. In this chapter, we 
describe our results of a large scale gene expression analysis, using the 
tobacco BY-2 cells, treated with a 40 M salicylic acid. In total, 376 genes 
(corresponding to individual ESTs) were at least 2-fold upregulated by SA, 
relative to their expression levels in control cells. Amid, a large number of 
genes overlapped with known defense-related genes in plants, whilst the others 
represented novel targets of SA in plants. The kinetic analysis of the SA-
responsive genes, together with functional analysis of these genes in the plant 
defense, is presented in this chapter. 

Key words: Global gene expression; microarray analysis; plant defense; salicylic acid; 
tobacco BY-2 cells. 

371 

 

S. Hayat and A. Ahmad (eds.), Salicylic Acid – A Plant Hormone, 371–396. 
©  2007 Springer. 



372 I. Galis and K. Matsuoka

1. INTRODUCTION 

Tobacco is one of the widely used models in plant biology. In modern era 
of plant molecular biology, tobacco species gained importance especially 
because of the high success rate in Agrobacterium-based plant 
transformation systems, allowing easy generation of transgenic tobacco 
plants in early 90’s. For example, tobacco was the first system to investigate 
the plant morphogenesis in plants harboring cytokinin synthesising gene, 
isopentenyltransferase (Smart et al., 1991; Smigocki, 1991). In plant-
pathogen interactions, tobacco mosaic virus (TMV) and tobacco are one of 
the most preferred models to investigate virus action in plants (Scholthof, 
2004). It is not surprising that this model system was at the discovery of 
salicylic acid as new plant pathogenesis-related hormone (Malamy et al.,
1990). In the following years, a number of papers using tobacco as model 
system in plant-pathogen field have been published. However, the 
knowledge of genome-wide information of tobacco has been lacking for a 
long time, thus delaying further extension of the rich tobacco knowledgebase 
in comparison to other plant models, including Arabidopsis and rice.  

In our laboratory, we started the contribution to improvement of tobacco 
transcriptomic information by sequencing large numbers of expressed 
sequence tags (EST) from normally grown tobacco Bright Yellow-2 (BY-2) 
cells as well as from the cells treated with various plant hormones, including 
SA. This cell culture, like that of the role of tobacco plants in plant-pathogen 
interactions, is an invaluable tool in the cell cycle-related research in plants 
(Section I in Nagata et al., 2004). This work was initiated as a Transcriptome 
Analysis of BY-2 cells (TAB; http://mrg.psc.riken.go.jp/strc/index.htm) 
project with an aim to find and characterize novel and/or useful genes using 
tobacco BY-2 information.  

At the same time, we initialized microarray-based screening of hormone 
responsive genes in tobacco cells. The first two reports included full 
description of tobacco methyl jasmonate transcriptome (Galis et al., 2006) 
and partial descriptions of ABA and SA transcriptomes in the earlier paper 
(Matsuoka et al., 2004). In this chapter, we present more detailed data 
describing SA-induced/repressed genes as a prerequisite for understanding 
the action of SA in tobacco.  
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2. MICROARRAY ANALYSIS 

2.1 Microarrays as tool to understand plant gene 
expression networks 

Since the beginning of this century, the progress by adopting sequencing 
technologies, together with development of high density printing tools which 
gave rise to high density DNA microarrays is satisfactory. DNA microarrays 
rapidly became the most powerful tool in (near) genome-wide transcriptome 
analysis of biological samples. Using microarray technology, the expression 
of (tens of) thousands of genes can be monitored simultaneously, envisaging 
global changes in transcription activity of the cells and most importantly, 
close interactions between the individual transcripts. This is critically 
important, for example, in the case of plant hormones that work in closely 
interacting networks, providing plasticity in response of the plants to 
environment as well as directing plant growth and development.  

2.2 Microarrays in plant-pathogen interactions 

The plants have usually no avoidance mechanisms to prevent injuries 
caused by insects, larger herbivores or other pathogens. Plants have, 
therefore, evolved competence, at the level of each cell, to activate defense 
responses, which largely depend on transcriptional activation of specific 
genes (Leon et al., 2001).  

Reflecting the above facts, substantial attention has been recently paid to 
the use of microarrays in plant-pathogen interactions. For example, De Vos 
et al., (2005) used several pathogens with different modes of attack to 
monitor the dynamics of pathogen signaling and crosstalk between these 
signals in Arabidopsis. In first place, the response to attacker showed 
pathogen specific kinetics of SA, jasmonic acid and ethylene production, 
suggesting that plants respond differentially to these challenges. The 
conclusions of this comprehensive analysis suggest that, indeed, these 
hormones play a primary role in the orchestration of plant’s defense 
response. In addition, the authors concluded that apart from general 
response, other regulatory mechanisms such as pathway crosstalk or 
additional attacker-induced signals, eventually shape the highly complex 
attacker specific defense response. It was shown that even the pathogens 
with very different modes of attack induce large number of overlapping 
genes that may be considered as universal response to stress in plants. 
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2.3 Microarrays in plant hormone action 

In the previous example, natural pathogens were used, triggering 
production of at least three stress hormones, SA, jasmonic acid and ethylene. 
This approach typically brings highly complex responses that do not allow 
assignment of individual roles of plant hormones in the process. 
Alternatively, exogenous application of the hormone in the absence of 
pathogen can be used to identify genes that are under direct transcriptional 
control of the specific hormone, free from complex crosstalk interactions. 

Currently, various plant hormones, as major regulators and housekeeping 
chemicals, have been centered by researchers and microarray analyses of 
hormone-treated plant tissues have been widely reported in the literature. A 
large scale Arabidopsis transcriptomic information is now available for 
development-specific hormones, cytokinins (Rashotte et al., 2003), auxin 
(Goda et al., 2004), brassinosteroids (Goda et al., 2002; Goda et al., 2004), 
gibberellins (Ogawa et al., 2003) and stress/developmental signals in 
abscisic acid (Takahashi et al., 2004), ethylene (Van Zhong et al., 2003; De 
Paepe et al., 2004), salicylic acid and methyl jasmonate (Schenk et al. 2000), 
ozone (Tamaoki et al., 2003; Ludwikow et al., 2004) and nitric oxide (Parani 
et al., 2004). At the same time, information covering other model species is 
rapidly emerging, including microarray profiling of Sorghum bicolor plants 
(SA, methyl jasmonate and ethylene; Salzman et al., 2005; abscisic acid, 
Buchanan et al., 2005), Medicago truncatula (methyl jasmonate, Suzuki et
al., 2005), rice (abscisic acid, Yazaki et al., 2004) and tobacco cells (methyl 
jasmonate, Galis et al., 2006). The new results of SA-regulated gene 
expression in tobacco cells are presented as the main topic throughout the 
rest of this chapter.  

3. MICROARRAY ANALYSIS OF SALICYLIC ACID 
ACTION IN TOBACCO CELLS 

3.1 Hormone concentrations 

While designing a microarray experiment, the concentration of hormone 
used in exogenous application must be considered carefully. Only 
physiologically relevant concentrations of hormone should be used to avoid 
non-specific adverse effects from overloading of the cells by the hormone.  

In the case of SA, it also has to be considered that plant species contain 
highly variable levels of SA: for example the levels of free SA in mock-
inoculated tobacco leaves are about 100 ng/g fresh weight and increase to as 
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much as 20 g/g fresh weight locally and 1.5 g/g fresh weight in systemic 
leaves after hypersensitive response (HR) induced by TMV (Enyedi et al.,
1992). Amounts of SA reported in cucumber phloem exudates after infection 
with tobacco necrosis virus (TNV) reached up to 7 M concentrations 
(Metraux et al., 1990), suggesting that 40 M concentration of SA used to 
treat tobacco BY-2 cells may be within the expected physiological range of 
concentrations that function in plants, during stress response. Furthermore, 
SA is rapidly metabolized to O- -D-glucosyl-SA and other minor conjugates 
in tobacco (Enyedi et al., 1992). It is then expected that exogenously applied 
SA to BY-2 cells can be rapidly metabolized, resulting in transient character 
of response of the cells at the gene expression level.  

3.2 Transient character of SA response in BY-2 cells 

This expectation was confirmed experimentally as described in Figure 1. 
It shows that 48 hours after the application of SA, the treated and control 
cells have very similar expression levels of the vast majority of examined 
transcripts. In contrary and despite to comparable concentrations of the 
hormones, our previous results suggest that methyl jasmonate-induced 
changes in tobacco are substantially more profound, resulting in highly 
diversified cell expression profiles at 48 hours (Galis et al., 2006).  

This may suggest that SA mounts defense mainly by the activation of 
genes with immediate protective function, while JA regulates more complex 
changes in the cells, including cessation of cell division (Swiatek et al.,
2002) and mounting of physical barriers, including repair of damaged tissues 
that prevent the spread of pathogen (Goossens et al., 2003; Galis et al.,
2006).  

Figure 1. Scatter plots of HF (control) and SA-treated cells. On the most left, the cells after 
washing are plotted against stationary cells at the beginning of the experiment. Next, the raw 

expression data for each gene in control (x-axes) and SA-treated samples (y-axes) at 
individual time points are plotted against each other. This analysis shows that the cells at 

48hours have very similar gene expression in both control and treated samples.  Also, at 3h 
and 6h, the upregulated genes by SA clearly prevail over the downregulated transcripts. 
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3.3 Numbers of SA-regulated genes  

We compared the number of genes with 2-fold induction (repression) by 
SA in three independent experiments using tobacco cells, Sorghum (Salzman 
et al., 2005) and Arabidopsis (Schenk et al., 2000) plants (Table 1). 
However, these results do not allow a simple alignment due to substantial 
differences in experimental approaches and concentrations of exogenous SA. 
Nevertheless, it can be estimated that there are at least several hundreds of 
genes that can respond to SA in plants. This induction occurs at as low as 40 

M SA (tobacco cells) and can be manifested through root uptake 
(Sorghum) as well as by direct spray and diffusion of SA in the leaves of 
Arabidopsis. It suggests that gene regulation by SA occurs in dicotyledonous 
as well as in monocotyledons species. Furthermore, the functional groups of 
genes that were represented in all the three experiments show significant 
overlaping, allowing partial generalization of the results. 

Table 1. Comparison of genes that show at least 2-fold induction (repression) in three 
independent experiments with tobacco (this chapter), monocot grass Sorghum bicolor 
(Salzman et al., 2005) and Arabidopsis thaliana (Schenk et al., 2000). Table shows the 

differences in experimental designs between the individual experiments. 

Plant species Nicotiana 
tabacum 

Sorghum bicolor Arabidopsis 
thaliana 

Application Suspension 
culture 

Hydroponic through roots Spray on the 
leaves

Concentration 40 M 1 mM 4 mM 

Size of array 16,224 12,982 2,375 

Redundancy yes no no 

Biased selection no no Defense genes 

Tissue Cell culture Roots Shoots Leaves 

Regulated up down up down up down up down

3 hours 249 46 569 60 1141 452  

6 hours 181 29      

24-27 hours 156 33 988 19 674 377 263 144

48 hours 11 12      

3.4 Kinetic properties of tobacco SA-induced genes  

In our experiments, we mostly collected the expression data from several 
independent time points to assess the behavior of individual transcripts in 
response to hormone treatments. Although the BY-2 cells are cytokinin-
autonomous, they still require auxin for successful proliferation in the 
culture. As we prefer to use rather non-dividing cells in the analyses, the 
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cells are usually kept in auxin-free media during the experiment. A typical 
experimental setup then includes (i) washing of stationary phase (S; 7-day-
old) cells in the medium devoid of auxin, 2,4D (see details in Galis et al., 
2006), (ii) transfer of washed (W) cells into fresh auxin-free medium 
supplied with hormone in test and (iii) cultivation of the cells for another 
48h with samplings at 3h, 6h, 24h and 48h time points. Simultaneously, 
samples from untreated cells (hormone-free; HF) were collected and used for 
comparison.  

We use the kinetic properties of the gene expression as one important 
parameter during functional analysis of the transcripts. This approach, for 
example, helps to identify genes with immediate response to the hormone 
and the genes with indirect (late) regulation.  It can also help to identify 
possible key regulators of hormone action; in the previous work, we 
identified a novel methyl jasmonate-controlled MYB transcription regulator 
of phenylpropanoid genes because it was apparently co-expressed with its 
target genes (Galis et al., 2006). 

In the recent microarray experiment, we used a 2-fold induction 
(suppression) threshold for SA-upregulated (downregulated) genes. In our 
analysis, we only included data points that showed increase (decrease) in 
two independent replicates of the experiment, applying the strictest criteria 
on the selection of genes. Under these criteria, out of 16,224 cDNA spots, 
we found 376 spots that were induced by SA at one or more time points of 
the experiment and 85 spots with suppressed signals, relative to the signals 
in control samples.  

We then classified the upregulated genes, using Self Organizing Maps 
(GeneSpring software, Silicon Genetics) to seven groups with specific 
expression profiles (Fig. 2). In general, SA-induced genes were divided into 
constitutively induced group A (14 ESTs), transcripts with transient 
induction (groups B, 82; C, 135; D, 56 ESTs) and genes that were highly 
expressed in stationary cells but rapidly suppressed after being transfered to 
a fresh, nutrient-rich medium (group E, 24 ESTs). In contrast, the salicylate-
treated cells in the group E showed rather slower suppression than control 
cells. Similar pattern was also typical for genes in group F (54 ESTs) which 
showed transient decrease in expression in control cells but remained rather 
constituvely expressed in SA-treated cells. The last group G contained 11 
mostly redundant transcripts (five ESTs belonging to the expressed unknown 
homologue of the Arabidopsis protein, At3g49570) with peak of expression 
at 3h in both SA and control cells. 

Considering the stress-related character of SA signal, the transient 
profiles in groups B, C and D suit the best to this established function. 
Expectedly, many of the genes involved in defense response were expressed 
with these profiles (Table 2). 
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The profiles in group E and F evoke speculation that the stationary BY-2 
cells may contain certain level of SA, imposed on the cells as a result of 
culture/nutritional stress in fully grown, 7-day-old culture. Soon after 
transfer to fresh medium, the stress level may have got alleviated, resulting 
in decrease of active SA and simultaneous drop in expression of SA (stress)-
responsive genes. A close-to-identical gene for tobacco UDP-glucose: 
salicylic acid glucosyltransferase (BP535220) was expressed with F group 
profile, suggesting that, indeed, the stationary cells may produce free SA. On 
the other hand, these genes may be under a dual control of SA and some 
other stress-related signals, including ROS and NO. 

The most peculiar constitutive expression profile in group A was of the 
BP533512, a TID771 tumor-related protein of hybrid Nicotiana glauca x 
Nicotiana langsdorffii tobacco plants (Fujita et al., 1994). This gene showed 
remarkable, an overall highest induction of all genes on the tobacco array. 
The expression of this gene is associated with late stages of genetic tumor 
development in the interspecific tobacco hybrids (Fujita et al., 1994). In fact, 
another SA-induced clone (BP533071) is identical to expansin-like TID301 
that was also preferentially expressed in tobacco genetic tumors, together 
with other pathogen response-related transcripts (glucan endo-1,3- -
glucosidase, proteinase inhibitor, PR1-like proteins and osmotin), suggesting 
that SA and/or other stress signals may be actively involved in the 
development and/or maintenance of genetic tumors in tobacco. 

3.5 SA-induced metabolic genes 

3.5.1 Non-redundant gene list of induced genes 

The non-redundant list of genes induced by SA in BY-2 cells is summarized 
in tables 2 and 3. Table 2 includes 156 metabolic genes or genes with 
unknown function and table 3 contains 45 genes with putative regulatory 
function in SA action. Remaining 143 EST sequences showed no homology 
to known genes. These transcripts represent a pool of novel genes with 
unknown function that could be involved in yet uncharacterized cellular 
processes. Because of the space limitations of this chapter, we excluded 
these ESTs, and additional redundant EST clones from the current analysis 
and data presented in Tables 2 and 3.  
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Figure 2. SA-induced transcripts were classified into SOM groups depending on their 
expression profile in the time course of the experiment. The graphs show average expression 
in the group and numbers in brackets indicate number of individual ESTs, classified in the 

group.

Where possible, we divided tobacco and Arabidopsis genes into groups 
similar to Sorghum data (Salzman et al., 2005) and compared the functional 
classes of SA-inducible genes in these species. In agreement with 
demonstrated role of SA in plant defense, the genes involved in response to 
oxidative stress and pathogen defense represented the most abundant groups 
of SA-upregulated transcripts.  

3.5.2 Redox potential of the SA-treated cells 

Pathogen attack is often accompanied by induction of oxidative burst in 
plant cells. This burst involves formation of reactive oxygen intermediates 
(ROI) that have detrimental effect on the pathogen as well as on plant cells. 
Because ROI also participate in signaling events, the cells must use various 
antioxidant systems to control the level of free radicals in the cells (Foyer 
and Noctor, 2005; De Gara et al., 2003). Major ROI scavenging mechanisms 
in plants include superoxide dismutase (SOD), ascorbate peroxidase (APX) 
and catalase (CAT) (reviewed by Mittler 2002).  

In rice, which naturally contains high levels of free SA, this hormone is 
required for natural protection from oxidative damage. It was shown that 
SA-deficient rice plants contain elevated levels of superoxide and hydrogen 
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peroxide (H2O2), and exhibit spontaneous lesion formation in an age- and 
light-dependent manner (Yang et al., 2004). In contrary, some literature data 
suggest that SA increases the levels of intracellular H2O2 through inhibition 
of CAT activity, although different CAT isoenzymes showed marked 
differences in SA sensitivity (De Gara et al., 2003). These data suggest that 
SA actively contributes to regulate redox homeostasis in plant cells but the 
exact role of SA needs to be carefully considered. Here, a global expression 
data may help to elucidate the role of SA in this process. 

The maintenance of high reduced/oxidized ratio of ascorbate and 
glutathione is essential for proper scavenging of ROI in the cells (Mittler 
2002). Among others, this ratio is maintained by glutathione reductase which 
is induced in response to SA in tobacco cells. In addition, glutaredoxin, 
thioredoxin H, protein disulphide isomerase (PDI) and several anionic 
peroxidases were among tobacco SA-induced genes. Furthermore, Cu-Zn 
SOD, catalase, glutathione peroxidase and glutathione disulphide reductase 
were induced by SA in Sorghum, suggesting that SA controls variety of 
genes, involved in the regulation of redox status of the cells. However, the 
most abundant group of redox/detoxification-related genes in both plant 
species is represented by various isoforms of glutathione-S-transferase 
proteins (GSTs). Stress-inducible GSTs catalyze the formation of 
glutathione-xenobiotic conjugates, a key step in their metabolic 
detoxification. In Arabidopsis, specific members of GST family respond to 
SA with differences in terms of magnitude, timing and dose response (Sappl 
et al., 2004). The first phase of GST conjugation involves oxidative 
activation of xenobiotic substrate that is mainly catalyzed by cytochrome 
P450 system (Frova 2003). A number of cytochrome P450-related proteins 
can be found among SA-induced genes in all three species, i.e. tobacco, 
Sorghum and Arabidopsis. In addition, some GSTs posses glutathione-
dependent peroxidase activity thus playing direct role in prevention of 
oxidative damage (Frova 2003). 

3.5.3 Phenylpropanoid pathway 

The main source for building physical barriers is associated with 
secondary metabolism of plants, mainly phenylpropanoid pathway-derived 
components of cell walls, lignins. Other phenylpropanoid-derived substrates 
include flavonoids, tannins and hydroxycinnamate esters. These compounds 
have broad biological activities in stress responses, acting as chemical 
deterrents to herbivores and pathogens, antifungal compounds and screening 
filters against harmful ultraviolet (UV) radiation (Bieza and Lois 2001; Ryan 
et al., 2001). They also act as likely scavengers of free radicals and other 
oxidative species through their hydrogen donating (antioxidant) potential 
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(Grace and Logan 2000). For example, chlorogenate and caffeate were more 
effective antioxidants in the ABTS+ radical scavenging test than the 
“classical” antioxidant ascorbate (Grace and Logan 2000).  

In this context, the activation of phenylpropanoid metabolism by SA 
plays important role in defense response of the plant cells. As mentioned 
previously, the activation of phenylpropanoid metabolism in methyl 
jasmonate-treated BY-2 cells was much more profound than in SA-treated 
cells (Galis et al., 2006 and this chapter). This may be related to the fact that 
while methyl jasmonate functions as main coordinator in wound response 
and repair of damaged tissues, SA may have more specific role in the 
synthesis of specialized phytoalexins with antibacterial and antifungal 
properties in the cells. It is well known, that TMV infection and SA-
dependent development of HR in tobacco are closely associated with 
accumulation of highly fluorescent coumarins around the lesions, suggesting 
that these phenolic compounds play important role in development of HR 
(Gachon et al., 2004; Goy et al., 1993). 

The main transcripts induced by SA in Sorghum included chalcon 
synthase and metabolic enzymes in flavonoid synthesis, and cinnamyl-
alcohol dehydrogenase for lignin biosynthesis. However, the levels of 
induction of the key input-controlling phenylpropanoid gene, phenylalanine 
ammonia-lyase (PAL), were within 1.6-2.2-fold range, showing that even 
the 1mM concentration of SA is not able to promote the expression of this 
gene at substantial level. In Phaseolus vulgaris plants, the PAL gene was 
also marginally induced in the leaves by 1 mM SA which was wick-fed 
through the vasculature of the plants (Galis et al., 2004). In tobacco cells, 
PAL and other backbone phenylpropanoid genes 4-coumarate:CoA ligase 
(4CL) and caffeic acid 3-O-methyltransferase (COMT) were all upregulated 
by SA, showing rather mild induction over the time course of the 
experiment. In contrast, two phenylpropanoid:glucosyltransferase-related 
genes from tobacco (BP136191; BP526618; Fraissinet-Tachet et al., 1998) 
were induced with strong transient peak at 3h. 

A number of cytochrome P450 enzymes with unknown function can be 
found in all three species, among SA-inducible genes. Some of these P450’s 
are very strongly induced, especially in Sorghum roots (3 h and 27 h) and 
shoots at 3 h. The monooxygenase activity of these enzymes is often 
required for phenolic biosynthesis and some of these genes then may 
represent novel genes from this pathway (Dixon and Paiva, 1995). 

3.5.4 Alkaloid biosynthesis 

A clear difference in alkaloid accumulation exists between SA and 
methyl jasmonate-hormone generated signals. While jasmonates strongly 
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induced alkaloid biosynthetic pathway in tobacco (Goossens et al., 2003; 
Galis et al., 2006), this was not observed with SA. It suggests that the role of 
tobacco alkaloids in defense response differs significantly, attributing the 
main defense function of tobacco nicotine derivates to jasmonate-mediated 
resistance against mechanical wounding-associated pathogens, insects and 
larger herbivores. 

3.5.5 Pathogenesis-related genes 

Various defense-related transcripts, outline one of the most abundant 
groups of SA-induced genes. These transcripts include canonical 
pathogenesis-related (PR) proteins, heat shock proteins (chaperones), 
protease inhibitors, proteases and various pathogen-inducible transcripts 
with putative function in plant defense.  

The PR proteins, produced by the host plant, under stress conditions, 
have been classified into 14 families, denoted as PR-1 to PR-14. Many of 
these proteins have been characterized and shown to posses specific 
enzymatic activities (PR-2, -1,3-glucanases; PR-3, PR-4, PR-8 and PR11, 
chitinases; PR-9, peroxidase; Gozzo, 2003; Veronese et al., 2003). 
Surprisingly, the molecular function of molecular markers of SAR, acidic 
PR-1 type proteins, has not yet been clearly established (Uknes et al, 1993). 
Microarray results show expected induction of various PR proteins in all 
three studied species, namely PR-1 proteins (tobacco, Sorghum and 
Arabidopsis), various chitinases (Sorghum), -1,3-glucanases (tobacco and 
Sorghum) and thaumatins (PR-5; Sorghum and Arabidopsis).

Another type of SA-induced defense-related genes found in tobacco and 
Sorghum are broad substrate specific, ATP-binding cassette (ABC) 
transporters. In the plant cells, the transport of alkaloids and vacuolar 
sequestration of various glucosides of endogenous secondary metabolites 
and xenobiotics, glucuronides and glutathione conjugates are mediated by 
multidrug resistance-associated protein (MRP)-type ABC transporters 
(Yazaki, 2005). 

3.5.6  Interactions with other hormones 

In plant-pathogen interactions, it is often observed that one hormone 
influences its own synthesis or that of other hormones in the cells. For 
example, exogenous application of jasmonic acid induces self amplification 
loop of JA biosynthesis (Goossens et al., 2003; Kubigsteltig and Weiler, 
2003; Galis et al., 2006). In the case of SA biosynthesis, both routes using (i) 
phenylalanine, cinnamic and benzoic acids or (ii) isochorismic acid 
intermediates have been proposed (Metraux, 2002). The current microarray 
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results do not allow exact tracking of SA-induced SA biosynthesis in 
tobacco or Sorghum, however, both these data suggest an active crosstalk of 
jasmonic acid and ethylene with SA. In both species, the expression of the 
rate limiting allene oxide synthase gene in JA biosynthesis (Kubigsteltig and 
Weiler, 2003) was induced by SA, together with another enzyme, 12-
oxophytodienoate reductase. Moreover, the Lox1 lipoxygenase implied in 
JA biosynthesis was induced in Arabidopsis microarray. Furthermore, 
several genes for sensing the ethylene signal were induced by SA in all three 
species, under study.  

The induction of UDP-glucose:salicylic acid glucosyltransferase gene in 
tobacco and upregulation of  S-adenosyl-L-methionine:salicylic acid 
carboxyl methyltransferase  in  Sorghum suggest that the exogenously 
applied SA is rapidly metabolized in these species (Seskar et al., 1998). 

3.5.7  Miscellaneous metabolism 

In tobacco and Sorghum, induction of a number of glucosyltransferases 
(GTs) by SA could represent the response of the cells to the presence of 
various free GT substrates, including SA and phenylpropanoids within the 
cells. As mentioned earlier, glucosylation and sequestration of cytotoxic 
substrates represent one of the major defense mechanisms in the cells 
(Bowles et al., 2005; Yazaki, 2005). In Sorghum, majority of GTs belonged 
to flavonol glucosyltransferases, thus being related to phenylpropanoid 
metabolism. Simultaneously, several -glucosidases were remarkably 
induced by SA, suggesting for the occurrence of active metabolic transitions 
in SA-treated Sorghum cells. 

In summary, all these independent experiments denote large variety of 
metabolic genes that change their expression in response to exogenous SA, 
suggesting that SA has pleiotropic effect on various cellular processes, 
including ion transport, photosynthesis, amino acid metabolism, nucleic acid 
metabolism and others. 

3.6 SA-induced regulatory genes 

3.6.1 Overview of regulators 

Many plant defense genes, under transcriptional regulation of SA, 
jasmonic acid and ethylene, have already been identified (Thatcher et al., 
2005). However, we still lack knowledge about the intrinsic regulatory 
elements, involved in coordination of expression of these genes. Reflecting 
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the importance of these genes, we present all SA-induced transcripts with 
potential regulatory function as a separate section of this chapter. 

Table 2. Functionally classified non-redundant metabolic genes induced by 2-fold in the 
presence of 40 M SA in tobacco cells. Clone ID as well as database accession number and 
closest gene homologue for each EST found by Basic Local Alignment Search Tool (blastx) 
are shown. Letters a-g indicate the SOM expression profile group shown in Fig. 2. Average 

expression data from two independent replicate experiments are displayed. Organism 
abbreviations: Arabidopsis thaliana, At; Atropa belladonna, Ab; Capsicum annuum, Ca; 
Catharanthus roseus, Cr; Daucus carota, Dc; Dorotheanthus bellidiformis, Db; Gentiana 

triflora, Gt; Glycine max, Gm; Helianthus tuberosus, Ht; Lycopersicon esculentum, Le; Malus 
x domestica, Md; Medicago truncatula, Mt; Musa acuminate, Ma; Nicotiana glauca x 
Nicotiana langsdorffii, Nh; Nicotiana glutinosa, Ng; Nicotiana plumbaginifolia, Np; 

Nicotiana tabacum, Nt; Oryza sativa, Os; Petunia x hybrida, Ph; Phaseolus lunatus, Pl; Pisum 
sativum, Ps; Quercus suber, Qs; Rauvolfia serpentine, Rs; Ribes nigrum, Rn; Ricinus 

communis, Rc; Securigera parviflora, Sp; Solanum demissum, Sd; Solanum tuberosum, St; 
Sorghum bicolor, Sb; Spinacia oleracea, So; Vitis vinifera, Vv; Zea mays, Zm. (* 

denominates genes with multiple ESTs) 

DB No. Clone ID E-value Grp Annotation Org S W HF HF HF HF SA SA SA SA 
PR proteins    -1h 0h 3h 6h 24h 48h 3h 6h 24h 48h 
BP530600 BY22237* 5.00E-17 f NtPRp27 Nt 0.8 1.0 1.1 0.9 0.4 1.0 1.2 1.1 1.0 1.7 
X12737 BY39235 cloned f PR1a, acidic  Nt 0.7 1.6 1.5 0.5 0.7 1.3 1.3 1.0 3.0 1.3 
BP534685 BY33270* 2.00E-56 b endo-1,3;1,4-beta-D-glucanase 

precursor  
At 1.3 1.0 0.9 0.6 0.4 0.8 5.5 2.3 1.2 1.2 

Protease/Inhibitors               
BP533679 BY30377 9.00E-17 c Der1-like family protein / degradation 

in the ER-like family protein 
At 0.7 0.5 1.9 0.8 0.9 1.3 5.4 2.4 0.9 1.2 

BP534893 BY34102 3.00E-52 c insulin degrading enzyme - protease Le 0.5 0.6 1.1 0.7 0.6 1.0 1.6 1.3 1.2 1.2 
BP534385 BY32345* 5.00E-10 c Lon protease homolog 1, 

mitochondrial precursor 
So 0.8 0.9 0.8 0.9 0.8 1.2 4.0 4.3 2.7 1.3 

BP133450 BY5721* 4.00E-30 c neutral leucine aminopeptidase 
preprotein; preLAP-N 

Le 0.8 0.8 0.7 1.0 0.7 1.4 1.8 1.9 0.8 1.2 

Oxidative/redox               
J02979 BY39255 cloned d anionic peroxidase  Nt 0.8 1.3 0.9 0.5 0.6 2.0 1.0 0.7 1.4 3.3 
BP530563 BY22199 5.00E-65 c cytochrome P450  Ht 0.7 0.8 1.0 1.1 0.7 0.7 2.7 1.8 1.3 1.2 
BP130312 BY2263 7.00E-99 d cytochrome P450  St 0.7 1.5 0.5 0.4 0.8 2.9 1.6 0.6 1.3 3.6 
BP131703 BY3773 3.00E-45 d cytochrome p450 family  At 0.9 1.1 0.5 0.5 0.7 1.4 1.1 1.7 5.1 1.5 
BP128350 BY128 1.00E-37 b cytochrome P450, putative  At 0.8 2.1 1.2 0.4 0.2 0.7 5.0 2.7 0.8 1.6 
BP530318 BY21328 8.00E-29 b etephon regulated ert1 gene  Nt 0.7 1.3 0.7 0.2 0.4 1.4 4.6 1.4 1.7 2.9 
BP533020 BY29071 2.00E-28 f etephon regulated ert1 gene  Nt 0.7 1.4 0.8 0.4 0.5 0.9 2.6 1.1 1.0 1.1 
BP531655 BY25178 1.00E-13 b glutaredoxin protein family  At 0.7 3.0 1.3 0.6 0.2 0.7 2.6 2.3 1.8 0.8 
BP535078 BY34289 2.00E-35 b glutaredoxin protein family At 1.6 1.6 1.0 0.8 0.4 0.8 1.9 2.6 1.5 0.9 
BP534015 BY31348 1.00E-27 c glutathione reductase, cytosolic 

(GOR2)  
Ps 0.8 0.7 0.8 1.0 0.8 1.3 2.3 1.7 0.9 1.5 

BP535164 BY34379 6.00E-18 b glutathione S-transferase  Ps 0.9 1.0 1.6 0.9 0.5 0.8 15.6 4.7 1.5 1.3 
BP137435 BY10131* 2.00E-21 b glutathione S-transferase APIC (GST 

CLASS-PHI)  
Nt 1.1 2.5 1.9 0.6 0.2 0.8 6.2 2.5 0.7 1.0 

BP530802 BY23063 4.00E-11 b glutathione S-transferase GST 17 Gm 1.6 1.1 0.8 0.7 0.5 0.9 2.7 2.3 0.9 1.0 
BP526838 BY11587 1.00E-56 b glutathione S-transferase PARA, 

probable  (Auxin-regulated) 
Nt 0.9 2.4 0.9 0.1 0.2 1.4 11.2 1.6 0.6 2.2 

BP531275 BY24169 1.00E-97 b glutathione S-transferase PARB 
(GST CLASS-PHI)  

Nt 1.0 1.7 2.0 0.6 0.2 0.7 4.6 2.4 0.6 1.0 

BP533624 BY30318* 2.00E-101 b glutathione S-transferase PARC, 
probable (Auxin-regulated)  

Nt 0.8 0.9 1.0 0.9 0.6 1.0 2.8 2.0 0.6 1.2 

BP129615 BY1487 1.00E-33 b glutathione S-transferase T2, 
putative 

Le 0.7 1.9 0.7 0.2 0.3 0.8 3.6 1.4 1.8 1.7 

BP532119 BY26285 2.00E-27 b glutathione S-transferase T3, 
putative 

Le 1.5 1.2 1.1 0.7 0.5 0.9 3.1 2.9 0.9 0.9 

BP128958 BY774 2.00E-15 b glutathione S-transferase PGNT1/ 
PCNT110, probable  (Aux-ind)  

Nt 1.1 3.8 0.8 0.3 0.3 0.7 4.5 2.0 1.1 1.0 

BP532911 BY28344 1.00E-30 b glutathione S-transferase, probable 
(Auxin-induced PCNT107)  

Nt 1.0 1.0 1.2 1.1 0.5 0.7 3.4 2.1 0.6 1.2 

BP136940 BY9578 1.00E-23 c glutathione transferase, putative  At 0.9 1.4 1.2 0.4 1.0 0.8 1.9 0.9 1.1 0.7 
BP532829 BY28260* 4.00E-70 e hemoglobin  St 7.7 10.6 1.8 0.3 0.1 0.8 3.2 0.7 0.3 0.7 
BP136519 BY9122 2.00E-08 c In2-1 protein  At 0.7 0.7 0.8 1.0 0.6 0.9 3.8 1.9 1.1 1.3 
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BP532868 BY28300 1.00E-07 c monooxygenase 1 (MO1), putative At 0.8 1.1 2.0 0.8 0.8 0.8 3.4 2.4 1.4 0.9 
BP131969 BY4085 1.00E-06 c protein disulfide isomerase (PDI)-like 

protein  
Qs 0.5 0.7 1.2 0.7 0.5 1.0 4.1 3.9 1.8 1.6 

BP533467 BY30157 3.00E-11 f suberization-associated anionic 
peroxidase 2 precursor  

Le 1.2 2.3 1.6 0.4 0.1 0.6 1.5 1.2 0.3 0.9 

BP534423 BY33001* 8.00E-18 d suberization-associated anionic 
peroxidase 2 precursor  

Le 0.2 0.6 1.8 0.8 0.5 3.2 1.1 1.0 1.4 3.2 

BP534859 BY34066* 2.00E-67 c thioredoxin H-type 1 (TRX-H1)  Nt 0.5 0.7 1.0 0.7 0.4 1.1 2.8 2.6 1.4 1.2 
HSP/chaperone               
BP535041 BY34252 3.00E-15 c heat shock protein 110, probable  At 0.3 0.3 1.2 1.2 0.8 1.0 2.5 1.5 0.9 1.0 
Ubiquitin               
BP529056 BY13937 4.00E-28 c ubiquitin-associated (UBA)/TS-N 

domain-containing protein  
At 0.9 0.8 0.9 0.7 0.7 0.9 1.9 1.9 1.6 1.3 

Misc pathogenesis-related              
BP533233 BY29297 6.00E-31 c avr9/Cf-9 rapidly elicited protein 126 Nt 0.6 0.8 1.1 0.4 0.9 1.6 2.1 0.9 1.4 1.6 
BP134967 BY7429* 3.00E-37 d avr9/Cf-9 rapidly elicited protein 275 Nt 0.5 0.3 0.5 0.4 1.0 3.7 2.6 1.1 1.4 3.9 
BP134386 BY6763 6.00E-28 d disease resistance protein D  Le 0.7 0.4 0.5 0.5 1.0 3.1 2.5 1.2 1.4 3.1 
BP535377 BY35217* 2.00E-35 b disease resistance response protein-

related  
At 1.3 3.4 1.6 0.5 0.4 0.9 2.2 1.2 0.5 1.0 

BP136261 BY8847 8.00E-10 d disease resistance-like protein  Os 0.5 0.5 0.7 0.6 0.7 1.8 1.1 1.9 4.8 3.0 
BP530328 BY21339 3.00E-31 d elicitor inducible gene product EIG-

I24  
Nt 0.2 0.3 0.7 0.3 0.6 1.7 2.3 1.2 1.5 3.1 

BP532824 BY28255* 3.00E-100 d elicitor inducible gene product EIG-
I24  

Nt 0.4 0.4 0.7 0.3 0.7 1.5 1.8 1.7 2.0 2.5 

BP130704 BY2701 3.00E-70 d epoxide hydrolase  Nt 0.3 0.4 1.5 0.6 0.9 8.1 3.2 1.5 0.6 7.4 
BP535097 BY34308 4.00E-23 d germin-like protein  Ps 1.0 1.1 1.0 0.8 0.9 1.0 1.1 0.7 1.5 2.9 
BP129495 BY1361 3.00E-34 d germin-like protein, putative  At 1.1 0.9 0.6 0.7 1.1 1.3 0.7 0.9 3.3 3.0 
BP528702 BY13563 2.00E-50 d hin1 protein  Nt 0.9 2.3 0.4 0.2 0.9 3.8 1.4 0.4 1.3 5.6 
BP526050 BY10752 7.00E-76 d hsr203J  Nt 0.5 0.4 0.7 0.3 0.9 4.5 8.8 1.5 2.0 4.4 
BP134382 BY6758 1.00E-09 c late blight resistance protein  Sd 0.7 0.7 0.8 0.7 0.8 1.3 1.9 1.7 1.8 1.8 
BP530350 BY21365* 3.00E-27 d miraculin, putative  Ab 0.8 1.2 0.9 0.5 4.9 10.6 1.0 0.7 8.4 45.1
BP130689 BY2680 4.00E-23 c nematode resistance protein St 0.9 0.9 0.7 0.7 0.7 0.9 2.1 1.3 1.3 1.1 
BP129365 BY1220 2.00E-22 b putative nonsense-mediated mRNA 

decay protein  
At 1.4 3.2 1.8 0.6 0.7 0.7 10.2 2.4 0.7 0.7 

BP529807 BY14738 2.00E-73 a RNA-directed RNA polymerase   Nt 0.3 0.3 1.0 0.6 0.6 1.2 6.8 6.3 3.5 1.9 
BP529210 BY14096 8.00E-36 b similar to SLL2-S9-protein  Os 1.0 0.8 0.7 0.4 0.5 1.3 5.2 1.0 0.6 2.0 
BP535425 BY35265 3.00E-16 d thionin like protein  Nt 0.7 0.7 0.5 0.4 1.4 2.9 1.4 0.9 2.0 2.3 
BP129146 BY978 1.00E-31 c TMV resistance protein N  Ng 1.1 0.8 0.7 0.6 0.6 0.9 1.4 1.3 2.2 1.6 
BP529448 BY14346 6.00E-12 f tospovirus resistance protein E  Le 1.1 1.8 0.7 0.4 0.5 1.1 1.3 1.0 1.3 1.2 
BP533444 BY30133 4.00E-15 c tumor susceptibility gene 101 

(TSG101) family protein 
At 1.1 1.0 0.8 0.9 0.7 0.9 2.6 1.4 1.1 1.0 

BP533071 BY29123 5.00E-74 e tumor-related protein D26459.1 Nh 12.4 16.5 2.0 0.8 0.1 0.1 5.6 1.5 0.2 0.1 
BP533512 BY30203 3.00E-14 a tumor-related protein D26465.1 Nh 0.4 0.5 0.4 0.7 0.7 1.1 16.7 137 465 251 
BP535398 BY35238 3.00E-46 f universal stress protein (USP) family 

protein 
At 1.1 1.4 0.3 0.3 0.9 1.2 0.7 0.4 1.1 1.2 

BP527887 BY12708 2.00E-17 d xyloglucan endotransglycosylase  Md 1.2 0.3 0.4 0.3 1.5 7.0 1.8 0.3 1.4 5.4 
BP530403 BY22038 8.00E-94 b xyloglucanase inhibitor putative  St 1.2 3.3 0.5 0.2 0.3 1.7 10.3 1.7 0.9 3.0 
Membrane/transport              
BP137133 BY9793 3.00E-61 a AAA-type ATPase family At 0.1 0.3 0.3 0.1 0.3 4.3 9.0 4.3 4.0 4.2 
BP134718 BY7147 1.00E-48 b ABC transporter family protein At 0.9 3.5 1.7 0.7 0.3 0.6 3.9 3.1 1.0 0.9 
BP530068 BY21050* 1.00E-85 b ABC transporter-like protein At 1.2 0.9 0.9 0.9 0.7 0.9 4.4 1.8 0.9 1.2 
BP531897 BY26054 2.00E-21 b ABC transporter-like protein, 

multidrug resistance p-glycoprotein  
At 0.9 2.0 1.5 0.6 0.3 0.5 4.6 2.6 1.3 0.6 

BP530856 BY23120 2.00E-49 b ABC-transporter-like protein putative Sb 1.1 1.1 1.2 0.7 0.8 0.8 4.0 1.2 0.9 0.9 
BP131058 BY3080 1.00E-37 d aquaglyceroporin; tonoplast intrinsic 

protein (TIPa)  
Nt 0.6 0.7 1.2 0.5 2.1 3.2 0.8 0.7 5.1 3.4 

BP528645 BY13505 7.00E-28 c auxin efflux carrier protein family At 0.6 0.8 1.0 0.6 0.4 0.9 6.6 3.6 2.2 1.2 
BP136642 BY9251 3.00E-90 b canalicular multispecific organic 

anion transporter 2-like protein 
Os 1.5 1.1 1.1 1.2 0.6 0.6 2.8 2.2 0.7 0.7 

BP132415 BY4575 4.00E-49 f GRAM domain-containing protein  At 0.8 1.1 1.0 0.6 0.7 1.4 1.0 1.6 1.0 2.1 
BP528859 BY13729 3.00E-20 c hexose carrier protein HEX6  Rc 1.6 0.9 1.4 0.7 0.9 0.9 1.5 1.1 2.0 1.9 
BP530397 BY22032 2.00E-15 d integral membrane family protein . At 0.5 0.8 0.6 0.4 0.7 2.8 1.3 1.4 2.7 3.5 
BP133137 BY5370 1.00E-08 c integral membrane protein, putative  At 0.6 1.1 1.2 0.4 0.5 1.2 1.8 1.0 1.5 0.9 
BP128912 BY725 7.00E-10 c major intrinsic protein putative At 0.5 0.8 1.7 0.6 0.7 2.1 3.9 2.7 0.9 3.0 
BP135680 BY8218 7.00E-64 e mannitol transporter, putative At 2.4 7.8 1.5 0.7 0.3 0.3 1.9 1.7 0.3 0.3 
BP535468 BY35311 1.00E-52 b MATE efflux family protein putative  Os 1.4 1.9 1.0 1.2 0.6 0.5 3.5 2.0 0.5 0.4 
BP534864 BY34071 8.00E-05 b MATE efflux protein family At 0.8 1.2 1.1 0.7 0.7 0.8 2.9 1.2 1.1 0.9 
BP133305 BY5555 2.00E-34 c oligosaccharide transporter 

OST3/OST6 family protein  
At 0.6 1.3 0.7 0.7 1.0 1.0 2.7 1.2 1.8 1.1 

Phenylpropanoid pathway              
U50846 BY39256 cloned d 4-coumarate:CoA ligase  Nt 0.4 0.4 0.7 0.3 1.0 2.8 1.3 1.5 3.0 2.7 
BP130453 BY2420 7.00E-85 b acyl-CoA synthetase putative (4CL?) Ca 1.5 2.0 1.2 0.7 0.2 0.8 3.7 1.4 0.3 1.0 
BP528774 BY13639 4.00E-14 f anthocyanin 5-aromatic 

acyltransferase  
Gt 1.5 1.6 0.6 0.6 0.7 1.0 1.4 0.8 1.2 1.1 

BP134533 BY6939 2.00E-06 b betanidin-5-O-glucosyltransferase  Db 0.8 1.2 0.8 0.5 0.7 2.1 3.0 0.8 0.9 4.3 
BP532243 BY27031 4.00E-14 d caffeic acid 3-O-methyltransferase Ca 0.9 1.2 0.6 0.4 0.6 1.6 1.2 0.8 1.6 2.4 
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    (COMT) (CAOMT)             
BP533570 BY30261 1.00E-73 d catechol O-methyltransferase (EC 

2.1.1.6)  
Nt 1.1 1.6 0.7 0.4 0.7 2.2 1.0 0.9 1.9 3.0 

BP136955 BY9596 1.00E-18 c desacetoxyvindoline 4-hydroxylase Cr 1.4 1.6 1.1 0.8 1.2 0.8 2.8 1.3 1.3 0.9 
BP531299 BY24193 2.00E-72 d hydroquinone glucosyltransferase 

(Arbutin synthase)  
Rs 0.7 1.4 0.8 0.5 0.8 2.5 2.3 0.9 1.5 2.6 

BP130201 BY2144 3.00E-09 d hydroxycinnamoyl 
benzoyltransferase-related 

At 0.5 0.7 0.6 0.3 1.0 5.3 6.6 0.8 2.0 4.1 

BP133607 BY5890 2.00E-40 d phenylalanine ammonia-lyase  Nt 0.3 0.3 1.1 0.5 0.6 1.2 1.3 1.3 1.0 1.1 
BP136191 BY8771 4.00E-45 b phenylpropanoid:glucosyltransferase 1  Nt 1.1 1.3 0.7 0.4 0.6 2.5 3.5 0.8 0.9 5.0 
BP526618 BY11355 8.00E-54 b phenylpropanoid:glucosyltransferase 2  Nt 1.1 3.9 0.6 0.2 0.2 0.9 9.6 1.1 0.9 1.1 
Hormone-related               
BP531249 BY24142 8.00E-60 b 12-oxophytodienoate reductase  Le 0.9 1.4 1.4 0.8 0.4 0.8 3.6 1.2 0.5 0.9 
BP527495 BY12289 1.00E-10 c 2-oxoglutarate-dependent dioxygenase, 

putative (ethylene metabolism?) 
At 0.5 0.9 1.2 0.6 0.7 0.7 1.8 1.5 1.5 1.2 

BP131753 BY3830 6.00E-19 b allene oxide synthase  St 0.3 1.8 1.9 0.3 0.3 1.4 5.4 1.1 0.5 1.7 
BP130171 BY2112 7.00E-45 d ethylene response element binding 

protein 1  
Nt 0.8 1.0 0.4 0.5 0.7 3.9 1.4 1.0 1.6 4.2 

BP535220 BY35054 5.00E-70 f UDP-glucose:salicylic acid 
glucosyltransferase 

Nt 1.1 1.6 0.6 0.4 0.6 1.2 2.2 0.8 0.9 1.3 

Photosynthesis               
BP132750 BY4945 0.00051 f carboxylase/oxygenase RBP Nt 1.3 1.1 0.6 0.8 1.1 1.1 1.4 0.8 1.0 0.9 
Misc metabolism               
BP129466 BY1331 0.12335 c acetyltransferase, putative  At 0.5 0.8 2.1 1.0 0.7 1.0 1.9 1.3 1.5 0.9 
BP129599 BY1470 1.00E-19 d acetyltransferase, putative  Os 0.5 1.0 0.7 0.3 0.7 2.6 2.2 0.7 1.7 3.2 
BP131256 BY3288 0.73435 b acyl-CoA synthetase, putative  Ca 1.6 2.2 1.1 0.8 0.4 0.5 4.0 1.3 0.7 0.6 
BP532845 BY28276 9.00E-09 b acyl-CoA synthetase-like protein  At 1.6 2.0 1.1 0.7 0.8 1.1 4.7 1.2 0.9 1.4 
BP129074 BY904 1.00E-11 c acyl-CoA:1-acylglycerol-3-phosphate 

acyltransferase, putative  
Os 1.0 1.1 0.6 0.6 1.2 1.1 1.4 1.1 1.1 1.3 

BP532218 BY27004 5.00E-64 e alcohol dehydrogenase 2  Ph 15.9 16.8 0.7 0.1 0.3 4.0 3.4 0.2 0.7 3.8 
BP534355 BY32312 4.00E-99 c allyl alcohol dehydrogenase  Nt 1.0 0.9 0.7 0.8 0.9 1.1 2.1 1.8 1.0 1.1 
BP532809 BY28239* 2.00E-78 b aspartate aminotransferase  Sp 1.0 1.2 1.1 0.9 0.6 0.7 4.1 3.1 1.2 0.7 
BP530922 BY23187* 1.00E-46 b aspartate aminotransferase 1 Ma 1.1 1.3 1.3 1.0 0.7 1.0 5.7 3.2 0.9 0.9 
BP133610 BY5894 2.00E-49 c esterase/lipase/thioesterase family  At 0.6 0.6 1.5 1.2 0.8 0.9 1.7 3.6 1.6 1.2 
BP132889 BY5095 3.00E-21 c esterase-like protein  Os 0.9 1.3 0.9 0.7 0.8 1.7 3.9 0.9 1.3 1.5 
BP531697 BY25223 3.00E-20 f fasciclin-like arabinogalactan-protein 

(FLA7) 
At 1.2 1.3 0.4 0.4 1.1 1.5 1.0 0.5 1.0 1.3 

BP530055 BY21033 1.00E-122 c gamma-aminobutyrate transaminase 
subunit precursor isozyme 1 

Le 1.0 0.8 1.0 1.3 0.8 0.7 2.1 1.3 0.9 1.3 

BP129058 BY883 1.00E-32 d GCN5-related N-acetyltransferase 
(GNAT) family  

At 0.9 1.7 0.4 0.3 0.7 1.3 0.9 0.9 2.0 1.7 

BP528122 BY12951 2.00E-25 f glucosyl transferase, jasmonate-
induced 

Nt 1.2 0.9 0.5 0.4 0.9 1.1 1.5 0.9 1.3 1.2 

BP134394 BY6771* 8.00E-88 b glucosyltransferase  Nt 1.1 1.5 1.1 0.5 0.4 1.1 9.0 2.4 0.8 1.1 
BP532961 BY29011 8.00E-17 b glucosyltransferase NTGT3 Nt 1.6 1.6 1.0 0.4 0.6 0.7 5.3 1.8 1.2 0.6 
BP132151 BY4291 2.00E-09 b glucosyltransferase -related At 0.9 1.8 0.7 0.3 0.4 2.5 6.2 0.7 0.8 4.9 
BP130007 BY1924 3.00E-24 e glucosyltransferase, putative  Gm 1.1 4.0 1.0 0.5 0.7 0.6 4.3 1.3 1.0 0.6 
BP526262 BY10975 4.00E-29 e glucosyltransferase, putative  Pl 1.7 3.8 1.1 0.4 0.5 0.6 2.7 1.4 0.9 0.6 
BP535477 BY35320 5.00E-92 c glutamate dehydrogenase A (GDH A) Np 0.9 0.9 0.5 0.7 1.2 1.0 1.1 1.0 1.2 1.0 
BP134682 BY7106 3.00E-98 f glutamate synthase [NADH], 

chloroplast, putative  
At 1.4 1.3 0.5 0.7 0.6 1.3 1.4 1.1 0.7 1.2 

BP129943 BY1853 2.00E-06 f glutamine synthetase I  Mt 0.9 0.9 0.6 0.6 0.8 1.2 0.9 0.9 2.4 1.0 
BP134587 BY7002 2.00E-36 e glyoxalase family protein  At 5.0 8.2 0.7 0.7 1.1 1.0 1.6 0.8 1.1 0.8 
BP135012 BY7476 3.00E-14 c hexose carrier protein, putative  Os 0.8 0.8 1.0 0.6 0.8 1.1 2.9 3.1 1.8 1.7 
BP533190 BY29246 6.00E-19 f hydrolase, alpha/beta fold family  At 1.7 2.4 0.8 0.6 0.6 1.0 1.2 0.9 1.5 1.3 
BP534486 BY33065 4.00E-69 c microtubule-associated protein 

MAP65-1b 
Nt 0.8 1.1 0.8 0.9 1.0 1.0 2.2 1.3 1.2 0.9 

BP131324 BY3361 1.00E-66 e proline dehydrogenase/oxygenase 
CIG1  

Nt 3.5 7.4 0.7 0.7 0.8 1.0 2.0 0.9 0.8 1.1 

BP129401 BY1256 2.00E-94 e pyruvate decarboxylase isozyme 2 
(PDC)

Nt 7.5 6.6 0.6 0.3 0.3 2.0 1.6 0.6 0.7 1.6 

Nucleic acid-related              
BP529119 BY14005 2.00E-18 c 3'-5' exonuclease domain-containing 

protein 
At 0.8 0.9 0.9 0.7 0.8 0.9 1.9 1.5 1.4 1.4 

BP530443 BY22078 0.00027 g adenosine 5'-phosphosulfate 
reductase  

Gm 0.8 0.7 2.1 0.6 0.4 1.0 3.4 0.8 0.9 1.3 

BP532706 BY28133* 4.00E-64 c cytidine deaminase putative  Zm 1.4 2.0 0.7 0.7 0.9 0.9 2.7 1.0 1.0 1.1 
BP133199 BY5438 3.00E-21 d tRNA intron endonuclease - like 

protein  
At 0.2 0.4 0.6 0.5 0.9 1.6 1.3 1.1 1.4 1.6 

BP136487 BY9085 2.00E-24 b uracil phosphoribosyl transferase -
related 

At 1.0 1.0 1.1 1.0 1.0 0.8 2.7 2.0 1.0 0.9 

Transposon-related              
BP530195 BY21188 3.00E-24 d gag-pol polyprotein  Vv 0.1 0.2 0.7 0.3 1.2 2.2 1.3 0.9 1.5 2.2 
BP534728 BY33314 3.00E-05 a mutator-like transposase  At 0.5 0.6 0.4 0.4 0.4 1.3 12.1 10.1 7.8 2.5 
BP531713 BY25244* 6.00E-58 c polyprotein putative Os 0.8 1.0 0.8 0.8 0.6 1.3 6.0 3.3 1.2 1.1 
Unknown function              
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BP130185 BY2126 2.00E-29 a expressed protein At1g14870 At 0.2 0.8 0.2 0.1 0.2 1.5 1.8 1.2 1.5 1.4 
BP135896 BY8447 3.00E-17 f expressed protein At1g23710  At 0.8 1.3 0.6 0.5 0.9 1.0 1.4 1.1 1.2 0.9 
BP134497 BY6896 3.00E-09 d expressed protein At3g21710 At 0.8 1.0 0.5 0.5 0.9 1.8 1.1 0.9 1.7 2.8 
BP534005 BY31337* 7.00E-11 g expressed protein At3g49570 At 0.2 0.3 3.8 0.9 0.4 0.9 3.0 0.7 1.4 1.3 
BP535405 BY35245 3.00E-10 b expressed protein At4g29330  At 0.8 0.7 2.0 1.0 0.7 1.2 5.3 1.7 0.7 1.0 
BP136757 BY9375 3.00E-51 c expressed protein At5g13210 At 0.9 1.4 1.7 0.3 1.1 0.5 2.5 0.7 1.1 0.9 
BP531586 BY25106 2.00E-10 g expressed protein At5g24660  At 0.3 0.4 4.8 1.1 0.4 0.9 3.7 0.7 1.4 1.3 
BP529218 BY14108 3.00E-06 c hypothetical protein At1g11220 At 0.9 1.2 0.9 1.1 0.7 0.8 1.7 1.1 3.0 1.1 
BP135114 BY7587 0.00013 c hypothetical protein At3g13130 At 0.8 1.0 0.7 0.4 0.5 1.2 2.9 3.6 2.0 1.1 
BP134919 BY7371 2.00E-19 f hypothetical protein At4g02880  At 1.9 1.7 1.1 0.7 0.8 1.0 1.3 1.6 0.9 0.9 
BP529343 BY14237 2.00E-28 g hypothetical protein At5g42610  At 0.8 1.3 2.4 1.0 0.7 0.7 2.9 1.1 2.0 0.9 
BP131163 BY3190 5.00E-28 c hypothetical protein At5g43390  At 0.6 1.7 2.4 0.3 1.0 0.5 5.5 0.7 1.4 0.6 
BP135927 BY8478 1.00E-09 f hypothetical protein 

OSJNBa0040E01.12 
Os 1.2 1.4 0.8 0.5 0.7 0.7 1.5 1.2 1.1 1.0 

BP133583 BY5864 3.00E-05 f hypothetical protein 
OSJNBa0070N04.16  

Os 1.5 1.4 0.4 0.6 0.9 1.3 0.6 0.9 2.0 1.6 

BP135438 BY7949 4.00E-06 c hypothetical protein 
OSJNBa0086P08.14 

Os 0.9 1.5 0.8 1.0 0.9 1.1 2.5 1.5 1.1 1.2 

BP133572 BY5852 5.00E-08 c hypothetical protein 
OSJNBa0093P23.15 

Os 0.4 0.4 1.0 0.7 0.6 1.3 5.8 2.5 0.9 1.6 

BP133665 BY5955 2.00E-06 c hypothetical protein T32O22.13 At 0.8 1.4 0.8 0.8 1.4 0.9 2.3 1.4 2.0 1.0 
BP532574 BY27380 1.00E-23 c unknown B2 protein  Dc 0.9 1.1 0.9 0.4 0.6 1.3 1.8 1.2 0.5 1.6 
BP531994 BY26154 8.00E-07 f unknown Pi starvation induced 

protein  
Nt 1.6 1.8 1.1 0.7 0.6 0.7 1.7 1.7 0.6 1.2 

BP530034 BY21011 4.00E-68 d unknown pRIB5 protein [imported]  Rn 0.4 0.4 0.5 0.7 1.0 2.9 1.9 1.1 1.4 2.9 

The overall examination of regulators, induced by SA application in 
tobacco shows that the most abundant regulatory class are protein 
kinases/phosphatases, followed by various transcription factors (Fig. 3; Tab. 
3). Analysis of Sorghum and Arabidopsis transcriptomes shows virtually 
same spectrum of SA-induced regulators in these plant species. In addition, a 
significant number of GTP-binding proteins were induced by 1 mM 
application of SA in Sorghum.

3.6.2 Protein kinases  

One of the most important regulatory mechanisms in living organism 
involves phosphorylation of target proteins by protein kinases. The mitogen-
activated protein (MAP) kinases have been implicated in stress response 
signal transduction as well as in the regulation of mitotic activities of the 
cells. The activation of SA-dependent tobacco protein kinase (SIPK) was 
shown to be required for activation of tobacco defense genes and induction 
of hypersensitive response (Zhang and Klessig, 1997; Zhang and Liu, 2001). 
The activation of SIPK by SA occurs at posttranslational level by 
phosphorylation with MAP kinase kinase, NtMEK2 (Yang et al., 2001). The 
identity of MAPKK kinase, required for phosphorylation of NtMEK2 is still 
unknown (reviewed by Pedley and Martin, 2005). Even though the 
phosphorylation cascade by MAP kinases is independent of transcription, 
several MAP kinase-like genes in Sorghum, Arabidopsis AtMPK3 and 
tobacco MAP kinase kinase (BP530009) were induced by SA at 
transcription level, suggesting that these genes may also be under 
transcriptional control of SA. 



388 I. Galis and K. Matsuoka

Figure 3. Schematic representation of SA-induced regulatory genes in tobacco BY-2 cells. A 
list of 45 SA-induced regulators in tobacco was divided into 10 classes based on functional 

analysis of the nearest database homologues of the transcripts. 

Other classes of SA-transcriptionally-induced protein kinases in tobacco, 
Sorghum and Arabidopsis involve receptor-like protein kinases and 
serine/threonine protein kinases, suggesting that phosphorylation process is 
dynamically involved in SA-regulated stress signal transduction. 

3.6.3 Transcription factors 

Transcription factors mediate a variety of cellular signals to endogenous 
gene expression. The major classes of transcription factors involved in 
defense response have been reviewed, for example, by Singh et al. (2002) 
and Thatcher et al. (2005). Among others, it has been shown that many of 
the pathogen- and/or SA-responsive genes are regulated by WRKY-type 
transcription factors that interact with W-box sequences in the promoters of 
target genes (Eulgem et al., 2000; Dong et al., 2003). For example, the 
promoter of an important regulator of PR genes, NPR1, contains several W-
box motifs and when these are mutated, promoter activity is abolished in 
response to SA (Thatcher et al., 2005). 

In microarray-examined species, the transcripts of large variety of 
transcription factors accumulated in the presence of SA. These include 
several WRKY proteins, zinc finger proteins and other classes of 
transcription factors. Further, functional analysis of these proteins is required 
to reveal their function in SA-signal transduction and regulation of target 
(defense) genes expression. 
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Table 3. Functionally classified non-redundant regulatory genes induced by 2-fold in the 
presence of 40 M SA in tobacco cells. Brassica napus, Bn; Nicotiana benthamiana, Nb. The 

other organism abbreviations and legends are as in table 2. 

DB No. Clone ID E-value Grp Annotation Or S W HF HF HF HF SA SA SA SA 
Protein kinases -1h 0h 3h 6h 24h 48h 3h 6h 24h 48h 

BP132044 BY4173 2.00E-14 leucine rich repeat protein kinase family At 0.9 3.1 0.8 0.7 0.6 1.2 1.1 1.8 1.5 1.1 
BP530293 BY21300 8.00E-31 leucine rich repeat protein kinase family At 0.6 1.4 0.6 0.4 0.6 1.4 1.0 1.2 1.3 1.4 
BP529388 BY14282 3.00E-66 leucine-rich repeat protein (kinase) Ca 1.1 1.1 1.6 1.1 0.3 0.6 1.1 1.2 0.7 2.1 
BP129806 BY1704 3.00E-26 leucine-rich repeat transmembrane 

protein kinase, putative 
At 1.0 0.8 0.9 0.7 1.0 1.2 2.2 1.1 1.2 2.0 

BP530009 BY14982 6.00E-16 MAP kinase kinase  Nt 0.9 0.7 1.0 0.6 0.8 1.2 1.5 1.3 1.8 1.6 
BP132541 BY4721 0.0686 protein kinase family At 1.2 0.9 1.0 0.8 0.9 0.9 2.5 1.6 1.0 1.1 
BP527554 BY12352 4.00E-26 protein kinase family  At 1.2 1.5 0.9 0.3 0.6 1.0 2.0 0.7 1.0 1.4 
BP525596  BY10278 6.00E-14 Putative wall-associated kinase 2  Os 0.5 0.6 1.3 0.6 0.5 1.6 2.7 2.0 1.2 2.7 
BP131632 BY3695 4.00E-29 receptor lectin kinase -related protein At 1.5 2.5 0.9 0.4 0.5 1.2 2.6 0.9 0.9 1.2 
BP135850 BY8401 5.00E-08 receptor-like protein kinase-like protein Os 0.7 0.7 0.9 0.9 1.0 1.0 2.2 2.4 1.3 1.1 
BP129606 BY1477 7.00E-27 receptor-like protein kinase-like protein  Os 0.5 0.6 1.0 0.7 0.8 1.1 2.1 2.8 1.8 0.8 
BP135539 BY8067 6.00E-40 receptor-related protein kinase - like At 0.9 1.4 0.9 0.4 0.3 1.2 1.4 1.2 0.8 1.6 
BP134562 BY6970 1.00E-22 serine/threonine protein kinase family At 0.8 0.9 1.2 0.6 0.7 1.2 2.0 1.5 1.3 1.2 
BP530011 BY14984 1.00E-07 serine/threonine protein kinase, putative At 1.3 1.0 0.9 0.4 0.7 1.0 1.0 0.7 1.7 1.6 

Protein phosphatases 

BP128559 BY315 2.00E-37 protein phosphatase 2C Nt 3.6 2.4 1.7 1.4 1.5 0.6 3.2 2.9 3.7 0.7 
BP528842 BY13712 7.00E-08 protein phosphatase 2C (P2C-HA)  At 1.5 1.3 0.9 0.5 0.6 0.7 1.6 1.0 1.9 0.9 
BP133215 BY5454 3.00E-09 putative histidine acid phosphatase 

(EC 3.1.3.-) 
At 0.6 0.8 0.7 0.9 0.9 1.1 1.6 1.3 1.0 0.9 

Calcium/calmodulin-binding protein            
BP533785 BY31105 1.00E-30 calcium-binding EF-hand family protein  At 0.5 0.4 0.8 0.4 1.2 3.5 3.5 0.7 1.2 3.0 
BP532850 BY28281 5.00E-20 calcium-binding sodium-inducible protein At 0.7 1.5 1.6 0.8 0.6 0.7 4.4 2.2 1.2 0.8 
BP531460 BY24359 2.00E-22 calmodulin-binding family protein  At 0.8 1.3 1.6 0.8 0.3 0.5 2.3 3.3 1.0 0.6 
BP133099 BY5330 3.00E-21 EF-hand Ca2+-binding protein CCD1 At 0.5 0.3 0.8 0.3 1.2 3.5 4.0 0.6 1.2 3.0 
BP131679 BY3747 6.00E-60 probable calreticulin Ca-binding protein Bn 0.6 0.6 1.2 1.2 0.6 0.8 1.7 1.8 1.4 0.8 

Zinc-binding proteins 

BP129153 BY985 1.00E-11 CHP-rich zinc finger protein, putative At 0.6 10.9 7.5 0.4 0.1 1.0 6.0 3.0 0.5 0.7 
BP533264 BY29331 8.00E-15 CHP-rich zinc finger protein, putative At 0.7 9.0 4.9 0.3 0.2 0.9 4.8 2.3 0.4 0.8 
BP532090 BY26256 3.00E-13 zinc finger (C3HC4-type RING finger) 

protein family  
At 1.3 0.9 0.9 0.6 0.7 0.7 1.4 1.3 1.8 1.1 

MYB transcription factors 

BP129626 BY1502 3.00E-40 myb protein  Os 1.2 3.8 0.3 0.3 0.7 1.7 0.9 0.6 1.0 1.9 
  WRKY transcription factors

BP130933 BY2946 2.00E-06 DNA-binding protein NtWRKY3 Nt 0.7 5.2 0.8 0.5 0.7 1.3 1.8 0.9 1.0 1.2 
BP528536 BY13387 4.00E-29 DNA-binding protein WRKY2 [imported] Nt 1.3 1.3 1.6 0.8 0.7 0.7 5.3 1.4 0.9 0.8 
BP135983 BY8541 1.00E-05 WIZZ protein Nt 1.0 5.5 0.8 0.4 0.7 1.4 3.4 0.6 1.0 1.5 
BP136084 BY8655 3.00E-44 WRKY family transcription factor At 1.0 7.9 1.2 0.4 0.8 1.1 2.2 1.0 1.0 0.9 

NAM-like transcription factors 

BP533316 BY29384 4.00E-49 nam-like protein 10  Ph 1.4 3.9 0.5 0.2 0.3 1.0 3.1 0.9 0.8 1.6 
bHLH transcription factors 

BP131678 BY3746 3.00E-49 bHLH transcriptional regulator  Le 0.4 1.6 1.0 0.9 0.5 0.8 2.0 1.4 1.5 1.0 
  Other transcription factors

BP136118 BY8692 3.00E-24 AUX/IAA family protein At 6.1 5.6 0.6 1.7 0.5 0.2 1.4 1.7 0.3 0.3 
BP130171 BY2112 7.00E-45 ethylene response element binding 

protein 1 
Nt 0.8 1.0 0.4 0.5 0.7 3.9 1.4 1.0 1.6 4.2 

BP525847 BY10541 7.00E-12 putative AT-hook DNA-binding protein  Os 0.7 1.0 0.9 0.6 0.9 1.0 2.6 1.1 2.2 1.2 
Other regulators

BP128826 BY630 2.00E-33 ankyrin-repeat-containing protein-related At 0.8 0.9 0.6 0.8 1.1 1.7 3.2 0.9 1.1 1.8 
BP527932 BY12753 2.00E-06 auxin (indole-3-acetic acid)-induced 

protein family  
At 1.2 1.3 1.2 1.1 0.6 0.8 1.3 0.9 1.7 1.3 

BP530651 BY22290 2.00E-28 auxin-regulated protein -related At 5.2 7.9 0.8 0.7 0.5 0.9 4.6 2.2 0.9 0.8 
BP532089 BY26255 1.00E-72 deffective embryo (dem)-related protein At 1.2 1.3 1.0 0.8 0.8 0.8 1.2 1.7 1.0 1.1 
BP533827 BY31147 2.00E-44 EDS1-like protein  Nb 0.5 0.7 0.7 0.4 0.6 1.4 2.5 1.2 1.2 1.5 
BP133145 BY5378 4.00E-39 male sterility MS5 family  At 1.4 1.3 4.2 0.7 0.4 0.8 2.6 0.8 1.1 1.1 
BP525572 BY10254 9.00E-07 male sterility MS5 family-like protein Os 0.7 0.7 2.0 0.6 0.5 1.3 1.8 0.5 1.2 1.6 
BP136458 BY9056 2.00E-14 seven transmembrane MLO protein 

family (MLO1)  
At 1.0 0.7 0.9 0.6 0.9 1.1 1.1 1.8 1.3 1.4 

BP529467 BY14365 9.00E-48 WD-40 repeat protein family  At 1.3 1.2 1.0 1.0 0.4 0.5 2.3 1.6 1.2 0.7 
BP527412 BY12206 5.00E-47 WD-40 repeat protein-like  Os 1.5 1.4 0.9 0.9 0.5 0.5 2.0 1.7 1.3 0.8 
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3.6.4 Other regulatory elements 

A number of regulations in the cells occur via specific protein-protein 
interactions. For example, it has been shown that SA activation of PR 
protein expression depends on ankyrin repeat type protein NPR1, which 
binds to bZIP-type TGA transcription factors. The NPR1-TGA protein 
complex then binds to SA-responsive elements in the PR genes and activates 
their expression (Pieterse and Van Loon, 2004; Eulgem, 2005). Protein 
interaction domains can be found in some of the tobacco, Sorghum and 
Arabidopsis SA-induced genes, suggesting that these proteins may be 
involved in the regulation of SA action by interacting with other proteins, 
including transcription factors.  

 In addition, calcium binding proteins also belong to SA-induced class of 
genes, showing that calcium fluxes may also be directly involved in SA 
action.  

The group of the genes with emerged regulatory role is the ubiquitin/26S 
proteasome-related group of genes. It appears that number of processes in 
plant growth and development are controlled by the selective removal of 
short lived regulatory proteins (e.g. cell division, DNA repair, light and 
phytohormone signaling) through ubiquitin/26S proteasome-mediated 
degradation. In this system, specific transcription factors/repressor proteins 
are recognized by the interacting F-box proteins, ubiquitylated and 
subsequently degraded by the 26S proteasome (Thomann et al., 2005). 
Among plant hormones, ubiquitin controlled degradation was found in 
signaling pathways of auxin, jasmonic acid, gibberellin and ethylene 
(Thomann et al., 2005). In addition, TIR1 F-box protein has been found to 
encode an auxin receptor in Arabidopsis (Dharmasiri et al., 2005; Kepinski 
and Leyser, 2005). In SA action, it has been shown that a specific F-box 
protein SON1 acts as negative regulator of defense responses in Arabidopsis
(Kim and Delaney, 2002). 

 In Sorghum and Arabidopsis microarrays, there are several SA-activated 
ubiquitin-protein ligases, RING zinc finger proteins and genes encoding 
polyubiquitin, suggesting that at least some of the components of the 
ubiquitylation machinery are required for SA action. However, in all the 
three array results, there were virtually no upregulated typical F-box 
proteins, which function as important recognition determinants in the 
ubiquitin/proteasome system, targeting specific proteins for degradation. 

An important regulator EDS1 was induced in tobacco and Sorghum
(shoots/3 h). This protein with homology to lipase is an interactor of PAD4 
that cooperates in defense signaling (Wiermer et al., 2005). Furthermore, 
another important regulator of defense response, putative seven trans-
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membrane protein MLO has  been induced  by SA  in  both  tobacco and 
Arabidopsis (Stein and Somerville, 2002). 

Table 4. List of non-redundant ESTs repressed by 2-fold in the presence of 40 M SA in 
tobacco cells. Casuarina glauca, Cg; Cicer arietinum, Ci; Fragaria x ananassa, Fa; Ricinus 
communis, Rc; Theobroma cacao, Tc.  Other organism abbreviations and legends are as in 

Fig.2. 

DB No. Clone ID E-value Annotation Org S W HF HF HF HF SA SA SA SA 
     -1h 0h 3h 6h 24h 48h 3h 6h 24h 48h 
BP130073 BY1993 1.00E-27 ABC transporter family protein  At 1.3 1.1 0.5 0.8 2.3 1.9 0.3 0.2 1.8 1.1 
BP132409 BY4568 5.00E-17 bHLH protein family At 1.8 1.9 0.6 1.0 1.2 1.2 0.3 0.4 1.1 0.9 
BP531049 BY23322 1.00E-67 carboxypeptidase type III  Tc 0.8 0.4 1.0 0.9 1.1 1.9 0.8 0.4 0.6 2.0 
BP131098 BY3125 1.00E-18 chromomethylase, putative  Os 0.6 0.6 0.7 1.6 1.9 1.6 0.3 0.9 1.4 1.1 
BP534878 BY34086 4.00E-52 coclaurine N-methyltransferase At 1.0 1.3 0.9 1.5 1.8 1.0 0.8 0.7 1.1 0.8 
BP534073 BY32028 6.00E-66 deoxyuridine 5'-triphosphate 

 nucleotidohydrolase  
Le 0.5 0.3 1.2 2.9 1.1 1.0 0.4 1.8 1.2 0.9 

BP133852 BY6159 7.00E-39 disease resistance protein family (LRR)  At 1.7 3.9 2.0 2.7 0.2 0.2 0.8 2.3 0.2 0.1 
BP136389 BY8983 1.00E-24 GDSL-motif lipase/hydrolase protein Os 0.7 0.8 0.6 0.7 6.4 9.0 1.1 0.6 2.8 4.0 
BP137109 BY9766 2.00E-09 glucan 1,3-beta-glucosidase (EC 3.2.1.58)  Nt 1.1 0.7 0.8 0.9 1.9 2.0 0.4 0.8 2.1 1.9 
BP532469 BY27267 2.00E-35 glycine-rich protein Nt 1.0 1.5 1.2 0.8 1.7 3.3 0.5 0.5 1.0 2.5 
BP529899 BY14854 6.00E-18 glyoxalase family protein At 0.7 0.9 0.8 1.5 6.2 7.8 0.6 0.4 5.0 7.5 
BP532099 BY26265 3.00E-46 Histone H2A At 0.7 0.9 1.0 2.2 1.6 1.0 0.4 1.2 1.4 0.7 
BP534222 BY32179 4.00E-11 histone H2A Ci 0.6 0.5 0.9 2.0 1.4 1.1 0.4 1.0 1.2 0.9 
BP531564 BY25084 4.00E-20 histone H2A  Nt 0.7 0.8 0.8 1.7 1.5 1.1 0.4 1.0 1.2 0.9 
BP532655 BY28081 3.00E-18 histone H2B, putative  At 0.7 0.6 0.8 1.6 1.7 1.0 0.4 0.7 1.2 0.9 
BP531276 BY24170 8.00E-54 histone H3  At 0.8 0.8 1.0 1.8 1.6 1.1 0.4 1.1 1.4 0.9 
BP535284 BY35121 0.09998 histone H3, family 3A, similar to  Os 0.6 0.6 0.9 2.1 1.9 1.1 0.4 1.0 1.4 0.9 
BP533166 BY29221 2.00E-39 histone H4  Te 0.6 0.8 1.1 2.2 1.8 1.0 0.5 1.2 1.8 0.8 
BP135179 BY7661 3.00E-40 homeodomain protein, putative   Os 0.3 0.3 1.1 1.7 1.4 1.0 0.5 1.5 0.9 1.0 
BP133904 BY6219 2.00E-46 hydrolase, alpha/beta fold family  At 1.4 1.5 1.1 0.9 0.5 1.0 0.4 0.6 0.4 1.8 
BP128798 BY602 3.00E-25 jasmonic acid 1 DNA binding protein  Le 0.9 0.4 1.1 0.8 1.0 1.1 0.4 0.6 0.8 1.2 
BP527114 BY11880 2.00E-42 mitosis-specific cyclin CYM, B-type  Nt 1.1 0.7 0.9 0.8 1.7 1.3 0.4 0.8 2.7 1.2 
BP129959 BY1869 1.00E-20 myb family transcription factor  At 2.5 2.7 1.4 1.5 0.9 0.7 0.5 0.8 0.9 0.4 
BP133611 BY5895 2.00E-23 nonspecific lipid-transfer protein A  

(NS-LTP A) 
Rc 2.3 2.0 1.5 1.1 2.7 1.5 1.1 0.9 0.9 0.5 

BP533452 BY30141 2.00E-40 nucleoid DNA-binding - like protein At 1.6 1.1 0.4 0.8 2.5 1.7 0.2 0.3 1.5 1.1 
BP131169 BY3201 3.00E-12 pectinesterase - related  At 2.5 1.4 1.7 2.2 1.0 0.7 0.6 1.2 0.6 0.5 
BP527758 BY12568 3.00E-49 pectinesterase (pectin methylesterase), 

putative  
At 1.0 0.8 0.9 1.0 2.5 5.0 0.4 0.5 1.5 4.1 

BP129342 BY1191 1.00E-61 P-glycoprotein St 0.7 1.8 1.3 1.0 0.8 1.1 0.6 0.9 1.0 1.0 
BP137098 BY9753 5.00E-19 Phosphoethanolamine 

N-methyltransferase -related  
At 0.9 0.4 0.6 2.5 3.4 1.1 0.4 0.9 2.4 1.1 

BP530189 BY21182 4.00E-30 polygalacturonase  Ps 1.3 1.9 0.2 0.5 1.7 1.8 0.1 0.1 1.0 1.3 
BP532276 BY27069 5.00E-34 polygalacturonase-like protein Fa 2.1 2.6 0.8 0.7 2.3 1.2 0.8 0.3 0.8 0.8 
BP131465 BY3516 7.00E-67 PQ-loop repeat family protein / 

 transmemb. family protein  
At 1.7 1.1 0.9 1.0 1.9 1.3 0.9 0.7 0.8 0.9 

BP530277 BY21282 3.00E-30 protease inhibitor/seed storage/lipid 
transfer protein family 

At 2.2 1.3 0.4 0.5 4.2 3.1 0.2 0.1 1.4 1.7 

BP530866 BY23130 2.00E-15 protease inhibitor/seed storage/lipid 
transfer protein family 

At 2.4 3.0 0.9 0.5 1.8 1.8 0.6 0.4 0.4 1.0 

BP534045 BY31383 6.00E-13 protease inhibitor/seed storage/lipid 
transfer protein family 

At 1.7 1.9 0.8 0.7 2.8 3.1 0.9 0.9 0.7 1.6 

BP532100 BY26266 6.00E-14 protease inhibitor/seed storage/lipid 
transfer protein family 

At 1.4 2.0 1.0 0.7 2.3 2.6 0.8 0.7 0.7 1.3 

BP532914 BY28347 6.00E-17 protease inhibitor/seed storage/lipid 
transfer protein family 

At 6.3 2.7 0.4 0.9 7.1 1.6 0.4 0.2 1.0 0.7 

BP531292 BY24186 2.00E-37 root cap protein 2-related protein At 1.4 1.2 1.9 1.4 1.3 0.4 0.7 1.1 0.8 0.4 
BP133361 BY5623 2.00E-72 subtilase  Cg 1.0 0.7 0.4 1.1 4.8 4.5 0.2 0.3 1.5 3.1 
BP136050 BY8619 1.00E-18 expressed protein At1g18740  At 2.0 2.1 1.0 1.0 0.8 1.6 0.7 0.7 0.4 1.9 
BP133819 BY6125 3.00E-08 expressed protein At1g68500  At 0.9 0.5 1.0 1.4 1.8 2.9 0.7 0.6 1.2 2.3 
BP531975 BY26134 6.00E-44 expressed protein At2g41800  At 1.7 1.5 1.5 1.2 0.9 0.8 1.0 1.1 0.4 0.5 
BP531819 BY25357 3.00E-53 expressed protein At2g41810 At 1.5 1.5 1.6 1.5 0.9 0.8 1.0 1.3 0.4 0.6 
BP136380 BY8974 1.00E-34 expressed protein At3g21190  At 1.7 1.9 1.0 1.4 1.1 0.9 0.4 1.0 0.8 0.7 
BP531830 BY25369 2.00E-50 hypothetical protein At2g47010 At 1.5 1.3 1.1 1.5 0.8 1.0 0.6 1.0 0.4 0.8 
BP132633 BY4820 4.00E-07 hypothetical protein At3g51230 At 1.1 0.8 1.2 0.8 2.4 1.6 0.5 0.6 3.0 1.2 
BP135693 BY8231 8.00E-05 unknown protein At5g38300 At 0.9 0.8 0.8 0.6 1.3 1.5 0.4 0.6 2.1 1.6 
BP137021 BY9669 4.00E-13 unknown protein OSJNBb0033J23.7 Os 1.5 0.7 1.9 1.7 1.0 0.7 0.9 1.4 0.9 0.7 
BP130472 BY2439 9.00E-05 unknown protein P0481E12.36 Os 15.5 16.5 1.1 2.7 1.3 0.8 0.7 0.9 0.8 0.5 
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3.7 Suppressed genes 

Interestingly, Sorghum roots and tobacco BY-2 cells showed relatively 
low number of SA-suppressed genes. In contrast, green and 
photosynthetically active tissues of Sorghum and Arabidopsis contained 
substantially higher numbers of SA-downregulated transcripts (Table 1), 
suggesting that these tissues may respond differentially to SA signal. 

Functional classification of SA-suppressed genes, particularly in the 
green tissues, shows that SA negatively affects the process of cell 
proliferation. Number of proteins involved in DNA replication and 
proteosynthesis, including histones, tubulins, elongation factors, RNA 
helicases and ribosomal proteins were downregulated by SA in Sorghum
and, to a lower extent, also in tobacco cells (Table 4).  

Furthermore, a number of regulatory proteins have been downregulated 2 
to 5-fold in Sorghum and Arabidopsis green tissues. Further analysis of these 
transcripts will be required to gain full understanding of their role in SA-
mediated plant defense. 

4. CONCLUSIONS 

We have used a moderate concentration of salicylic acid to examine the 
response of tobacco cells to this plant hormone. In comparison to two other 
large scale expression analyses of SA-regulated genes, tobacco produced 
significantly similar lists of functionally classified genes as the other two 
objects, classical plant model Arabidospsis thaliana and monocot grass 
Sorghum bicolor. In particular, the cells showed enhanced expression of 
defense-related genes as well as activation of a number of regulatory 
proteins that are under transcriptional control of SA. Future detailed analysis 
of these proteins will contribute to elucidation of complex mechanisms that 
provide plant protection against variable environmental stress, including 
plant pathogens. In conclusion, this work has proven the useful potential of 
microarray analysis in understanding SA action and also supported the role 
of salicylic acid as one of the classical hormones in plants. 
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