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Abstract 
 
To study the effects of application of salicylic acid (SA) on the antioxidant system and photosystem II (PS II) in wheat 
seedlings we used two different experiments. The first method was carried out by immersing roots in Hoagland’s 
nutrient solution containing 0, 0.25, or 2.5 mM SA, and the second method was performed by spraying two-week-old 
seedlings with the same SA concentrations. After 24 h, chlorophyll fluorescence, thylakoid membrane proteins, 
antioxidant enzyme activities, and reactive oxygen species were measured. The low concentration of SA caused a 
significant increase in the antioxidant enzyme activities. However, the treatment with 2.5 mM SA resulted in an 
increase in the non-photochemical quenching coefficient and a decrease in the antioxidant enzyme activities, the 
quantum yield of PS II photochemistry, and the photochemical quenching, especially in the first method of application. 
All these results indicate that the effects of SA on PS II and the antioxidative defense system were dependent on the 
concentration used and the method of application. 

Additional key words: ascorbate peroxidase, catalase, chlorophyll fluorescence, glutathione reductase, reactive oxygen species, 
superoxide dismutase. 
 
 
Introduction 
 
Salicylic acid (SA) is monohydroxybenzoic acid and a 
naturally occurring plant hormone that regulates various 
physiological and biochemical functions in plants (Janda 
and Ruelland 2014). It also plays an important role in 
tolerance to biotic and abiotic stresses as signaling 
molecule (Li et al. 2014). Detailed evidence implicates 
SA in pathogenesis-related gene expression, systemic 
acquired resistance, and hypersensitive response (Yuan 
and Lin 2008). In addition, SA is involved in activation 
of the stress-induced antioxidant system when plants are 
exposed to many abiotic stresses such as chilling, heat, 
heavy metals, osmotic stress, and salinity (Janda and 
Ruelland 2014). Khan et al. (2014) reported that SA 
application alleviates the adverse effects of salt stress in 
mungbean through the improvement of plant photo-
synthesis and also enhancing antioxidant system. 
Previous studies have indicated that SA treatment 
influences a wide variety of plant processes including 

plant growth and yield (Javaheri et al. 2012), induction of 
antioxidant enzymes (Ghasemzadeh and Jaafar 2013), 
and regulation of some photosynthetic reactions (Arfan  
et al. 2007, Li et al. 2014). However, the effects of SA on 
plant physiological and biochemical processes vary 
depending upon species, developmental stage, mode of 
application, SA concentration, and environmental 
conditions (Shraiy and Hegazi 2009). For instance, a high 
concentration of SA increases oxidative damage 
generated by NaCl in Arabidopsis (Borsani et al. 2001). 
On the other hand, when applying SA at appropriate 
concentrations, it enhances the efficiency of the 
antioxidant system (Alam et al. 2014). 
 Reactive oxygen species (ROS) are formed as natural 
byproduct of normal metabolism and play important roles 
in signaling (Bailey-Serres and Mittler 2006). However, 
excessive amounts of the ROS can cause membrane lipid 
peroxidation (Gunes et al. 2007), damage to chloroplasts, 
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inhibition of photochemical reactions, and decrease in 
photosynthesis (Li et al. 2014). For surviving, plants 
adopted several mechanisms to counteract the adverse 
effects of stress-induced ROS. To scavenge the ROS, 
plants develop enzymatic and non-enzymatic antioxidants 
(Gill and Tuteja 2010). Plant defence responses are 
activated by SA, and it can participate in regulating the 
content of ROS by changing antioxidant enzyme 
activities under different stress conditions (Klessig and 
Malamy 1994).  
 Previous studies have indicated that SA as signaling 
molecule is in a low concentration and the optimal range 
for the highest stress tolerance is usually from 0.1 to  
0.5 mM for most plants (Shi et al. 2006, Yuan and Lin 
2008). However, plants usually suffer from oxidative 
stress when exogenous SA is more than 1 mM. 
Previously, we investigated the effects of high SA 

concentrations on photosynthetic parameters and 
antioxidative enzymes (Yuan and Lin 2008). At present, 
the effect of the mode of SA application on physiological 
processes has been investigated. The first method used 
immersing roots in Hoagland’s nutrient solution 
containing different concentrations of SA according to 
Kang et al. (2013). The second method used spraying 
shoots with an SA solution (War et al. 2011, 
Ghasemzadeh and Jaafar 2013). However, there is no 
study on comparison of the antioxidant system and 
photosystem II (PS II) under two different methods of SA 
application yet. We compared differences of ROS 
production, chlorophyll fluorescence, PS II proteins, and 
antioxidant enzyme activities. The results could be 
helpful in understanding the physiological functions of 
SA in plants which cope with biotic and abiotic stresses. 

 
 
Materials and methods 
 
Plants, growth conditions, and treatments: The seeds 
of wheat (Triticum aestivum L. cv. Chuanmai 42) were 
obtained from the Crop Research Institute, the Sichuan 
Academy of Agricultural Science, Chengdu, China. They 
were sterilized with 5 % (m/v) sodium hypochlorite for 
10 min, thoroughly rinsed with distilled water, placed in 
Petri dishes with wetted filter paper, and germinated in 
the dark at 25 °C in a growth chamber. After 72 h, the 
uniformly germinated seeds were transferred into sand 
with with half strength Hoagland’s solution and the 
seedlings were grown at a temperature of 25 ± 1 °C, a 
relative humidity around 70 %, a 12-h photoperiod, and a 
photosynthetic photon flux density of 250 μmol m-2 s-1.  
 Salicylic acid was dissolved in absolute ethanol and 
then added drop-wise to water (ethanol:water, 1:1000, v/v) 
(Li et al. 2014). Two-week-old wheat plants were 
gathered, washed with tap water, and dried briefly with 
filter paper to remove surface water. Two different SA 
applications were conducted. The first method (I) was 
that the wheat seedlings were transferred into 350 cm3 
plastic beakers containing  half strength Hoagland’s 
solution supplemented with 0.25 or 2.5 mM SA (Kang  
et al. 2013). As control we used the plants grown in the 
half strength Hoagland’s solution. The second method (II) 
was that SA was sprayed on the shoots at concentrations 
of 0.25 or 2.5 mM with a hand sprayer. The control plants 
were sprayed with a similar solution without SA. The 
leaves were sprayed every 8 h and the measurements 
were done after 24 h. 
 In addition, some seedlings were transferred into a 16 % 
(v/v) polyethylene glycol 6 000 solution with an osmotic 
potential of -0.6 MPa for 72 h after the SA pretreatment 
for 24 h. Then relative water content (RWC) and 
malondialdehyde (MDA) content were measured. 
 
Chlorophyll content, RWC, electrolyte leakage, and 
malondialdehyde content: Chlorophyll (Chl) a and b 
content was measured according to Porra et al. (1989). 

Fresh leaves (0.5 g) were cut, homogenized and extracted 
with 80 % (v/v) acetone at room temperature. The extract 
was filtered through two layers of filter paper. After 
filtering, the absorbances of the solution were read at 645 
and 663 nm using a spectrophotometer U2000 (Hitachi, 
Tokyo, Japan). The RWC was measured according to Li 
et al. (2014). 
 Lipid peroxidation in leaves was estimated by 
measuring MDA content as described by Luo et al. (2009) 
with a minor modification. Fresh leaf tissue (0.5 g) was 
homogenized in 5 cm3 of 5 % (m/v) trichloroacetic acid 
(TCA). The homogenate was centrifuged at 5 000 g and 
4 °C for 10 min. To 2 cm3 of the supernatant, 2 cm3 of the 
5 % TCA containing 0.67 % (m/v) thiobarbituric acid 
was added. The assay mixture was heated at 95 °C for  
30 min and then quickly cooled in an ice bath. The 
mixture was centrifuged at 5 000 g and 4 °C for 10 min. 
The absorbance of the supernatant was read at 532 nm 
and corrected for non-specific turbidity by subtracting the 
absorbance of the same at 600 nm. Electrolyte leakage 
was determined according to Cao et al. (2009). After 
measuring conductivity, the samples were boiled for 
15 min to achieve a 100 % electrolyte leakage when the 
membrane structure was damaged completely.  
 
Chlorophyll fluorescence visualization: Chlorophyll 
fluorescence images were obtained using a modulated 
imaging fluorometer (Imaging PAM M-Series, Heinz-
Walz Instruments, Effeltrich, Germany) according to the 
instructions provided by the manufacturer. The wheat 
samples were dark adapted for 30 min prior to 
fluorescence measurements. Values of minimum 
fluorescence and maximum fluorescence (Fm) were 
averaged to improve the signal-to-noise ratio. Image data 
acquired in each experiment were normalized to a false 
color scale. Maximum efficiency of PS II photochemistry 
in the dark-adapted state (Fv/Fm), photochemical 
quenching (qP), quantum yield of PS II photochemistry 
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(ΦPSII), and non-photochemical quenching (NPQ) were 
visualized (Maxwell and Johnson 2000). 

 
Histochemical detection of ROS: Superoxide and H2O2 
were detected with nitroblue tetrazolium (NBT) and  
3,3-diaminobenzidine (DAB), respectively, as described 
previously (Yang et al. 2004) with some modifications. 
The seedlings were excised at the base with a razor blade 
and immersed into 6 mM NBT in a 50 mM HEPES 
buffer (pH 7.5) for 2 h or into 5 mM DAB in a 10 mM 
MES buffer (pH 3.8) for 8 h in the dark. The leaves were 
then decolorized in boiling ethanol (90 %, v/v) for 0.5 - 2 h. 
At least five leaves were used for each treatment. 

 
Determination of H2O2 and O2¯ content: Content of 
H2O2 was determined by the method of Okuda et al. 
(1991). Approximately 0.5 g of fresh leaf tissue was cut 
into small pieces and homogenized in an ice bath with  
5 cm3 of 0.1 % (m/v) TCA. After centrifugation at  
12 000 g and 4 °C for 20 min, 0.5 cm3 of the supernatant 
was added to 0.5 cm3 of a 10 mM potassium phosphate 
buffer (pH 7.0) and 1 cm3 of 1 M KI. Absorbance was 
recorded at 390 nm. Finally, the content of H2O2 was 
calculated using a standard curve. Production of O2¯ was 
estimated according to Elstner and Heupel (1976) by 
monitoring nitrate formation from hydroxyl amine. 
 
Enzyme extraction and assays: For enzyme 
measurements, 0.5 g of fresh leaf tissue was homo-
genized with 5 cm3 of an ice-cold 25 mM HEPES buffer 
(pH 7.8) containing 0.2 mM Na2EDTA, 2 mM ascorbate 
and 2 % (m/v) polyvinylpyrrolidone using a chilled 
mortar and pestle. The homogenate was centrifuged at 
12 000 g and 4 ºC for 20 min. After centrifugation the 
supernatant obtained was used for determination of 
specific enzymatic activities. Peroxidase (POD), super-
oxide dismutase (SOD), catalase (CAT), ascorbate 
peroxidase (APX), glutathione peroxidase (GPX), and 
glutathione reductase (GR) were measured as described 
previously by Cao et al. (2009). One unit of specific POD 
activity was defined as the amount of the enzyme that 
caused an absorbance change of 0.01 unit per minute. 
One unit of specific SOD activity was defined as the 

amount of enzyme that caused a 50 % inhibition of the 
photochemical reduction of NBT per minute. One unit of 
CAT activity was defined as the amount of the enzyme 
that consumed 1 µmol of H2O2 per minute. One unit of 
APX activity was defined as the amount of the enzyme 
that catalyzed oxidation of 1 µmol of ascorbate per 
minute at 290 nm. One unit of GPX activity was defined 
as the amount of the enzyme that oxidized 1 µmol of 
NADPH per minute. One unit of GR activity was defined 
as the amount of the enzyme that consumed 1 mmol of 
NADPH per minute at 340 nm. All the activities were 
expressed as specific activities. The protein content was 
measured according to Lowry et al. (1951). 
 Content of ascorbate (AsA) and dehydroascorbate 
(DHA) were determined according to Kampfenkel et al. 
(1995). The assay is based on reduction of Fe3+ to Fe2+ by 
AsA. The Fe2+ then forms complexes with bipyridyl 
giving a pink color that absorbs at 525 nm. The content of 
AsA and AsA+DHA were estimated using L-ascorbate as 
standard. Then, the DHA content was obtained as 
AsA+DHA minus AsA.  
 
Protein gel blotting analysis: Thylakoid membrane 
proteins were isolated, solubilized, and subjected to 
sodium dodecylsulphate polyacrylamide gel electro-
phoresis (6 %, m/v, acrylamide stacking gel + 15 %, m/v, 
separation acrylamide gel with 6 M urea) as described by 
Fristedt et al. (2011). Immunoblot analysis was 
performed as described previously (Chen et al. 2009). 
Antibodies used (all raised in rabbits) were anti-
Arabidopsis D1, CP43, LHCB1, LHCB2, LHCB3, 
LHCB4, LHCB5, and LHCB6. These antibodies were 
purchased from Agrisera (Umea, Sweden). Quantification 
of the immunoblots was done using the Quantity One 
software. 
 
Statistical analysis: All experiments were repeated three 
times, and mean values were presented with standard 
deviations (SDs; n = 3). Student’s t-test or Duncan’s 
multiplication range test were used for comparison 
between different treatments. A difference was 
considered to be statistically significant when P < 0.05. 

 
 
Results 
 
We found that all the physiological parameters were not 
significantly different between the two controls in the 
experiments I and II (data not shown). Therefore, only 
one control data are shown. Using the two different 
methods of application, both concentrations of SA caused 
a significant increase in total Chl content compared with 
the control (P < 0.05), especially in the first method of 
application (Fig. 1A). However, the higher concentration 
of SA (2.5 mM) resulted in a lower total Chl content 
compared with the lower SA concentration. In addition, 
the Chl a/b ratio remained almost unchanged at 0.25 mM 
SA, but 2.5 mM SA caused a significant decrease in Chl 

a/b ratio as compared to the control (Fig. 1A). 
Furthermore, we found that the soluble protein content 
slightly increased under 0.25 mM SA but slightly 
decreased under 2.5 mM SA (data not shown). 
 The maximum photochemical efficiency of PS II in 
the dark-adapted state (Fv/Fm) was not significantly 
different between the control and SA-treated plants 
(Fig. 2). The non-photochemical quenching (NPQ), 
quantum yield of PS II photochemistry (ΦPSII), and 
photochemical quenching (qP) were not significantly 
influenced by 0.25 mM SA, however, 2.5 mM SA caused 
a decrease in ΦPSII and qP whereas an increase in NPQ 
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Fig. 1. Effects of SA concentration and method of application
on total chlorophyll (Chl) content and Chl a/b ratio (A), MDA
content (B), and electrolyte leakage (C). Means  SDs, n = 3;
different letters indicate significant differences according to
Duncan's multiple range test at P < 0.05. I - the first method
(root immersion), II - the second method (leaf spraying). 
 
(Fig. 2) together with significant changes of leaf color 
compared with the control. At the same time, the results 
show that the root immersion was more effective in 
changing chlorophyll fluorescence than leaf spraying. 
 We also detected O2¯ and H2O2 produced under the 
different SA applications by histochemical staining the 
leaves using NBT and DAB, respectively. Slight staining 
was observed in the control leaves and intensive staining 
in the 2.5 mM SA-treated plants (Fig. 3A,B). To confirm 
these results, we measured the content of H2O2 and O2¯. 
Under both the methods of SA application, the 0.25 mM 
SA treatment resulted in a slight increase and 2.5 mM SA 

in a significant increase in content of H2O2 and O2¯ as 
compared with the control plants (Fig. 3C,D). The 
content of MDA and electrolyte leakage under the 
0.25 mM SA concentration was lower than in the control. 
However, the 2.5 mM SA treatment resulted in a 
significant increase in MDA content and electrolyte 
leakage as compared with the control (Fig. 1B,C). The 
first method of SA application induced more obvious 
changes in MDA content and electrolyte leakage than the 
second one. Under the PEG-induced water stress, the 
0.25 mM SA pretreatment increased the RWC and 
decreased MDA as compared with the non-pretreated 
seedlings, and the effect was more pronounced under the 
root immersion than leaf spraying (Fig. 4). However, 
compared to the non-pretreated seedlings, the 2.5 mM SA 
pretreatment decreased the RWC and increased MDA 
more using first than second method of application  
(Fig. 4).  
 The effects of different SA concentrations and 
applications on specific activities of antioxidant enzymes 
and on non-enzymatic antioxidants in wheat are presented 
in Fig. 5. Compared with the control plants, the 0.25 mM 
SA-treated plants showed a significant increase in 
specific activities of POD, SOD, CAT, APX, GPX, and 
GR. However, the application of 2.5 mM SA resulted in 
an increase in specific activity of GR and a decrease in 
specific activities of SOD, CAT, and APX using both the 
methods of application. However, the root immersion 
caused usually more obvious changes in specific 
activities of antioxidant enzymes than leaf spraying. 
 We also measured AsA and DHA content because 
they are important antioxidants. Compared with the 
control, 0.25 mM SA increased the leaf AsA content only 
when applied to roots whereas 2.5 mM SA decreased the 
AsA content when using both methods of application  
(Fig. 5G). By contrast, the SA treatment decreased the 
content of DHA in comparison to the control and the two 
different methods did not show any significant 
differences (Fig. 5H). 
 To observe the effects of SA treatment on PS II 
proteins, immunoblotting of several thylakoid membrane 
proteins and quantitative analysis of these proteins were 
performed. We found that the 0.25 mM SA treatment 
mostly did not change the content of thylakoid proteins 
and only the 2.5 mM SA application increased the 
content of D1, Lhcb3, Lhcb5, and Lhcb6 proteins using 
the second method of SA application as compared with 
the control. However, using the first method, both the 
0.25 mM SA application and especially the 2.5 mM SA 
application induced an increase in the content of D1, 
Lhcb3, and Lhcb6 proteins (Fig. 6). The most striking 
increase was in content of Lhcb6 (P < 0.01) after the 
2.5 mM SA treatment.  
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Fig. 2. Effects of SA concentration and method of application on chlorophyll fluorescence parameters (Fv/Fm - maximum 
photochemical efficiency of PS II in the dark-adapted state, qP - photochemical quenching, NPQ - non-photochemical quenching,
ΦPSII - quantum yield of PS II photochemistry). Quantitative values ± SDs are shown below each fluorescence image. Other is the
same as in Fig. 1. 
 
 
Discussion 
 
Salicylic acid has been shown to work in plants through 
different pathways. It enhances activity of the antioxidant 
system by inducing antioxidative enzymes or altering 
expression of their genes (Kang et al. 2013, Janda and 
Ruelland 2014). In addition, it is now becoming clear that 
SA interacts both negatively and positively with other 
major signaling pathways including those regulated by 
jasmonic acid and ethylene (Singh and Gautam 2013, 
Janda and Ruelland 2014). In the present study, we 
investigated the effects of two different methods of SA 
application on PS II and the antioxidant system. The 
results show that the total Chl content significantly 
increased by the SA application. In agreement with our 
results, treatment with SA increases photosynthetic 
pigment content in some plants under normal or stress 
conditions (Singh and Usha 2003, Javaheri et al. 2012). 
We suggest that the SA application increased protection 
of the photosynthetic apparatus also by an enhanced 
antioxidant capacity, especially in the lower SA 
concentration, and the root immersion was more effective 

than leaf spraying. It seems that the wheat seedlings 
absorbed SA more rapidly through the root system than 
through the leaves with wax and trichomes on the surface. 
Also under the water stress, the SA pretreatment by the 
first method had more obvious effects on MDA and 
RWC than by the second method. 
 Previous studies suggested that SA treatment can 
protect the function of PS II and also increase the ΦPSII 
and Fv/Fm under environmental stresses (Shi et al. 2006, 
Habibi 2012). In the present study, we did not find any 
significant difference in Fv/Fm between the control and 
SA-treated plants. The decreased ΦPSII and qP, and 
increased NPQ suggest that the high concentration of SA 
induced a damage to photosynthesis to some extent. In 
addition, we also found that the decrease of ΦPSII and qP 
values was more obvious using the first method than the 
second one, which can be interpreted as a rapid response 
to SA in the rooting medium. This is in accordance with 
the effect of SA on photosynthetic activity of tomato and 
wheat under salt stress (Arfan et al. 2007, Poor et al. 2011). 
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 Salicylic acid content and ROS production are closely 
connected, and SA inhibits ROS signaling in trans-
criptional activation of defense related genes (Xu and 
Brosche 2014). However, several experiments indicated 
that SA treatment results in an accumulation of O2¯ and 
H2O2 (Rao et al. 1997, Agarwal et al. 2005, Harfouche  
et al. 2008). Also, the present study shows that 2.5 mM 
SA induced the accumulation of O2¯ and H2O2 in the 
wheat leaves (Fig. 3) accompanied with the accumulation 
of MDA and with the electrolyte leakage which are often 
used as measure of damage to cell membranes (Halliwel 
and Gutteridge 1984). Therefore, our results indicate that 
SA at the high concentration resulted in the oxidative 
damage of cell membranes. 
 

 
Fig. 3. Effects of SA concentration and method of application
on O2¯ (A,C) and H2O2 (B,D). Histochemical detection (A,B) 
and content (C,D). Other is the same as in Fig. 1. 

 

 
Fig. 4. Effects of SA pretreatment for 24 h and of water stress 
for 72 h on relative water content (RWC) (A) and 
malondialdehyde (B). Two SA concentrations and two methods 
of application were used. CK - seedlings without SA 
pretreatment but under a water stress for 72 h. Other is the same 
as in Fig. 1. 
 
 There are data supporting that SA increases activities 
of antioxidant enzymes and in turn protects plants against 
ROS generation and lipid peroxidation (Li et al. 2014). In 
contrast, it was also reported that SA treatment induces 
accumulation of ROS by inhibiting activity of some 
antioxidant enzymes such as SOD, APX, and CAT 
(Klessig et al. 2000, Horvath et al. 2007). In this work, 
we show that the low concentration of SA increased the 
specific activities of POD, SOD, CAT, GPX, APX, and 
GR (Fig. 5A-F). However, the high SA concentration 
decreased the specific activities of SOD, CAT, and APX. 
Therefore, the effect of SA on antioxidant enzyme 
activities depended on the concentration of SA, the mode 
of application, and plant species. Ascorbic acid is a 
soluble compound and ubiquitous in photosynthetic 
organisms, acting as important antioxidant in plants 
(Noctor and Foyer 1998). The enhanced AsA content 
under the low concentration of SA also indicates that the 
low SA concentration was favorable for promoting 
oxidative protection. 
 Previous studies have shown that SA pretreatment can 
significantly alleviate damages by environmental stresses 
on the D1 protein (Luo et al. 2009, Zhao et al. 2011). In 
the present study, 2.5 mM SA increased the content of 
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not only D1 but also Lhcb3, Lhcb5, and Lhcb6. Moreover, 
0.25 mM SA increased the content of D1, Lhcb3, and 
Lhcb6. It has been shown that CP29, CP26, and CP24 are 
involved in the NPQ in Arabidopsis (Andersson et al. 
2001, Kovacs et al. 2006). Here, our results suggest that 
the rise of NPQ under the high concentration of SA was 
mainly due to the increase in the content of Lhcb4, Lhcb5, 
and Lhcb6. Therefore, these results indicate that the SA 
play important role in regulating the thylakoid membrane 
proteins under different environmental stresses. However,  

the detailed mechanism needs to be further investigated. 
 In conclusion, the low concentration of SA applied by 
the two different methods improved the antioxidative 
capacity in the wheat seedlings. The SA application by 
the root immersion was more effective than leaf spraying. 
In addition, SA probably affected PS II function by 
regulation of some thylakoid membrane proteins. All the 
effects of SA depended on the SA concentration and the 
method of SA application. 
 
 

 
Fig. 5. Effects of SA concentration and method of application on the specific activities of peroxidase (POD) (A), superoxide 
dismutase (SOD) (B), catalase (CAT) (C), ascorbate peroxidase (APX) (D), glutathione peroxidase (GPX) (E), glutathione reductase 
(GR) (F), and on the content of ascorbate (AsA) (G) and dehydroascorbate (DHA) (H). Other is the same as in Fig. 1. 
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Fig. 6. Effects of SA concentration and method of application on thylakoid membrane proteins. A - Immunoblotting was performed 
with antibodies against D1, CP43, Lhcb1, Lhcb2, Lhcb3, Lhcb4, Lhcb5, and Lhcb6. Loading was according to an equal amount of 
chlorophyll. Results by SDS PAGE after Coomassie blue staining (CBS) are shown in the bottom panel. B - The quantification of 
immunoblot data. Results are relative to the amount in the control (100 %). *, ** indicate statistically significant differences at 
P < 0.05 and P < 0.01, respectively, determined using Student’s t-test. Other is the same as in Fig. 1. 
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