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Abstract: Salicylic acid (SA), which is known as a signal molecule in the induction of defense mechanisms in plants, could be a promising compound for the reduction of stress sensitivity. The present study investigated the possible protective role of SA against simulated drought effects in Celosia argentea. Seedlings were raised from seeds and were grouped into four categories, each representing a treatment and replicated 10 times. Category 1 (W) which served as the control received 200 ml of water every 2 days throughout the experiment period; category 2 (SA) received 200 ml 500 µM salicylic acid every 2 days throughout the study period; category 3 (W+DT) received 200 ml of water every 2 days for 3 weeks before subjecting them to 10 days of simulated drought; while the 4th category (SA+DT) received 200 ml 500 µM salicylic acid every 2 days for 3 weeks before subjecting them to 10 days of simulated drought. Physiological and biochemical, as well as metabolic parameters representative of oxidative damage and antioxidant activity were evaluated after the treatments. The results showed that drought caused a decrease in plant biomass, chlorophyll, relative water content (RWC) and a significant increase in lipid peroxidation, and activities of catalase and ascorbate peroxidase in seedlings that were not pretreated with SA. The negative effects of drought were however alleviated by the exogenously applied SA thereby underscoring the beneficial role of this signal molecule in mediating defense response in plants under stress.  
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Introduction
In coming decades, the combination of the rising world population and climate change will place new demands on agriculture globally.  The emission of carbon iv oxide (CO2) and other greenhouse gases will result in the warming of the climate across the world, and this will have significant negative effects on agricultural productivity due to increase in incidence of extreme weather events, including heat waves and drought.


Drought is one of the most important abiotic stress factors that limit plant growth and ecosystem production around the world. Upon exposure to drought stress, plants exhibit a wide range of responses at the whole plant, cellular and molecular levels (Chaves et al. 2003). At the whole-plant level, the effect of drought stress is usually perceived as a decrease in photosynthesis and growth, which is associated with alterations in carbon and nitrogen metabolisms (Cornic and Massacci, 1996). The reduction in the photosynthetic activity is due to several coordinated events, such as stomatal closure and the reduced activity of photosynthetic enzymes (Chaves et al. 2003, Lawlor and Cornic, 2002). Stomatal closure is probably the most important factor controlling carbon metabolism, but the relative role of stomatal limitation on photosynthesis depends on the severity of water deficit. Under severe stress, photosynthesis may be controlled more by the chloroplast’s capacity to fix CO2 (such as Rubisco activity) than by the increased diffusive resistance (Bota et al. 2004). Osmotic adjustment has also been considered as one of the crucial processes in plant adaptation to drought stress. It involves the synthesis and accumulation of small compatible solutes (osmolytes), such as proline, glycine betaine, sugars and some inorganic ions (Bray, 1997, Chaves et al. 2003, Hare et al. 1998). These compounds help the cells to maintain their dehydrated state and the structural integrity of the membranes so as to provide resistance against drought and cellular dehydration (Ramanjulu and Bartels, 2002). 

 Under unperturbed conditions, light is absorbed by chlorophyll and used to drive a process of electron transport, which generates reducing power, in the form of NADPH, and ATP which are used to fix CO2 as sugar.  Under stress conditions, the fixation of CO2 is directly or indirectly inhibited, however the absorption of light is unaffected.  The energy absorbed can drive the production of harmful reactive oxygen species (ROS) such as hydrogen peroxide, which can cause leaf bleaching, membrane and DNA damage. If plants are to tolerate a given level of stress then it is essential that the production of ROS is regulated. The capability of scavenging ROS and reducing their damaging effects may correlate with the drought tolerance of plants (Tsugane et al. 1999).


Investigations of compounds capable of reducing the stress sensitivity of crops are of great importance from both theoretical and practical points of view. Plant hormones play an important role in developmental processes, and some of them have key roles in mechanisms leading to acclimation to changing environments. Salicylic acid (SA) has long been known as a signal molecule in the induction of defense mechanisms in plants (Raskin, 1992; Shah, 2003). Recent studies suggest that it also participates in signaling during abiotic stresses (Horváth et al. 2007).


Previous results suggest that SA could be a promising compound for the reduction of abiotic stress sensitivity in plants, since under certain conditions it has been found to mitigate the damaging effects of various stress factors in plants (Horváth et al. 2007). Several methods of application (soaking seeds in SA prior to sowing, adding SA to the hydroponic solution, irrigating or spraying with SA solution) have been shown to protect various plant species against abiotic stress factors, such as heavy metals (Krantev et al. 2008), high temperature (Dat et al. 1998), chilling (Janda et al. 1999; Szalai et al. 2000), or salinity (El-Tayeb, 2005; Szepesi et al. 2009) by inducing a wide range of processes involved in stress tolerance mechanisms. Analysis of these protective mechanisms will contribute to our knowledge of tolerance and resistance to stress.

The aim of the present work was to investigate the responses of young Celosia argentea seedlings to drought stress, and to know whether exogenous application of SA can induce tolerance to drought stress. Celosia argentea was chosen for this study due to its popularity as a leafy vegetable that is grown in domestic gardens and widely consumed in many parts of West Africa. 
1. Materials and methods
2.1 Plant growth and treatment


Seeds of C. argentea were purchased from a local market at Idi Araba in a single batch and enough for the study. Seeds were broadcasted on a nursery bed (1.5 m x 2.0 m) in the Botanic garden of University of Lagos. After germination, seedlings were nursed for 3 weeks and seedlings of relatively equal height (12 cm) were transplanted into nursery bags filled with loam soil to achieve plant stand of one seedling per bag. Plants were grouped into four categories, each representing a treatment and replicated 10 times. Category 1 (W) served as the control and received 200 ml of water every 2 days throughout the experiment period; category 2 (SA) received 200 ml 500 µM salicylic acid every 2 days throughout the study period; category 3 (W+DT) received 200 ml of water every 2 days for 2 weeks before subjecting them to 10 days of simulated drought; while the 4th category (SA+DT) received 200 ml 500 µM salicylic acid every 2 days for 2 weeks before subjecting them to 10 days of simulated drought. 
2.2 Dry weight determination


 Plants were uprooted carefully and washed thoroughly in a running tap water to remove soil particles. After rinsing with distilled water, they were placed in labeled paper bags and oven dried at 70 oC for 72 h. The dried samples were weighed using a digital top loading weighing balance (Mettler AE 100) to determine the dry weight. Plants were also partitioned into root and shoot and their dry weights determined to evaluate root/shoot weight ratio (Guo et al. 2010).
2.3 Leaf area measurement

The leaf area was determined by comparing the weight of leaf traces with a standard paper of known weight according to the method described by Eze (1965).

2.4 Relative water content of leaves


The fourth leaves were harvested for the determination of relative water content (RWC). The RWC of each leaf was determined according to the method of Turner (1981) by using the formula RWC (%) = [(fresh weight - dry weight)/(turgid weight - dry weight)] x 100.

 2.5 Determination of total chlorophyll


Plant leaves (0.5g) were ground in 10ml 80% acetone in the dark. After centrifugation at 4000 g for 5 min, the absorbance of the supernatant was read at 645 and 663 nm (Arnon 1949). The total chlorophyll content was calculated using the formula given by Machlachlan and Zalik (1963).

2.6 Lipid peroxidation


Lipid peroxidation was measured by estimation of the malondialdehyde (MDA) content following a modified procedure of Wang and Jin (2005). Fresh leaves (0.5 g) were homogenized in 5 ml 20% trichloroacetic acid (TCA). The homogenate was centrifuged at 10000g for 5 min. The supernatant (1ml) was mixed with equal volume of 0.6% (w/v) thiobarbituric acid solution comprising 10% TCA. The mixture was incubated for 30 min in a boiling water bath and cooled quickly on ice bath. The absorbance of the mixture was read at 450, 532 and 600 nm. The concentration of MDA was calculated as 6.45 (A532-A600)-0.56 A450.

2.7 Enzyme determination


For enzyme analysis, fresh samples of leaves (200 mg each) were ground in a ceramic mortar and extracted with 5 ml of 100 mM potassium phosphate buffer pH 7.5, with 1% (w/v) polyvinylpyrrolidone. The homogenate was centrifuged at 10,000 rpm for 5 min. The supernatant was used for the estimation of antioxidant enzyme activities. 

Catalase (CAT) activity was determined according to Aebi (1984). The assay mixture (3.0 ml) consisted of 100µl enzyme extract, 100µl H2O2 (300mM) and 2.8 ml 50mM phosphate buffer with 2mM EDTA (pH 7.0). CAT activity was assayed by monitoring the decrease in the absorbance at 240nm as a consequence of H2O2 disappearance. Ascorbate peroxidase (APX) activity was assayed according to the method of (Nakano and Asada 1981). The reaction mixture consisted of 100µl enzyme extract, 100µl ascorbate (7.5 mM), 100µl H2O2 (300mM) and 2.7 ml 25mM potassium phosphate buffer with 2mM EDTA (pH 7.0). The oxidation of ascorbate was determined by the change in absorbance at 290nm.
2.8 Statistical analysis


Data were analyzed using one way analysis of variance (ANOVA) with differences determined using Duncan’s multiple comparisons test. Differences were considered to be significant at a probability of 5% (p= 0.05).
2. Results


Generally, drought stress significantly reduced the whole plant dry weight of C. argentea. Under well watered control condition, a mean dry weight of 11.38±0.54 g was observed. This was significantly higher than 7.89±0.52 and 8.61±0.87 g observed for plants exposed to drought after pretreatments with water and salicylic acid respectively (Figure 1). It was however observed that C.argentea plants pretreated with 500 µM salicylic acid had a slightly higher dry weight value compared to plant pretreated with water before drought treatment.
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Figure 1. Whole plant dry weight of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.


The root/shoot weight ratio of C. argentea as affected by drought and salicylic acid treatments are presented in figure 2. It was observed that plants that continuously received salicylic acid and those pretreated with salicylic acid before drought treatment had significantly higher root/shoot weight ratio than plants that served as control.
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Figure 2. Root/shoot weight ratio of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.


Figure 3 showed the effects of drought and SA treatment on the relative water content in C. argentea leaves. The result indicated that SA boosted the RWC of the experimental plant. The RWC of plants pretreated with SA before drought treatment had a higher RWC values compared to plants that received water before drought treatment.
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Figure 3. Leaf relative water content of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.


Drought stress led to a significant reduction in leaf area of C. argentea. Plants treated with salicylic acid only, had increased leaf areas with mean value of 23.18 ± 2.68 cm2 while the control had mean value of 21.46 ±1.87 cm2. It was observed in this study that SA pretreatment did not prevent the drought effect on the leaf area. While plants that were pretreated with SA before drought had 12.50 ± 0.84 cm2, plants without SA pretreatment had 11.16 ± 1.76 cm2 (figure 4).
[image: image4.png]Leaf area (cm?)

N
o

N
o

-
o

-
o

N

W+DT SA+DT

Treatments




Figure 4. Leaf area of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.

In this study, it was observed that drought stress without SA pretreatment led to higher MDA in the leaves of C. argentea (figure 5). However, SA pretreatment had significant effect by reducing the concentration of MDA as result of drought treatment. Drought treatment led to the production of 2.56 ± 0.08 µmol/g f wt in plants without SA pretreatment, while 2.18 ± 0.08 µmol/g f wt was observed for SA pretreated plants.

Figure 6 showed the effects of drought and exogenous salicylic acid on the chlorophyll content of C. argentea. In the control plants, the total chlorophyll values recorded was 1.49 ± 0.08 mg/ g f wt. It was observed that plants that consistently received SA had a higher chlorophyll value of 1.60 ± 0.06 mg/g f wt. The level of chlorophyll was however reduced to 1.28 ± 0.06 mg/ g f wt when plants were exposed to drought without prior treatment with SA, while plants pretreated with SA before exposure to drought showed a significant increase in chlorophyll content.
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Figure 5. Malondialdehyde (MDA) in leaves of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.
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Figure 6. Chlorophyll content in leaves of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.


The activities of catalase (CAT) and ascorbate peroxidase (APX) were evaluated as representative enzymes involved in antioxidant metabolism. The activities of the two antioxidant enzymes followed the same trend when C. argentea were exposed to simulated drought. It was observed that drought treatment generally led to a significant increase in the activities of these enzymes, indicating drought- induced oxidative stress. Plants without SA pretreatment had the highest catalase activity of 32.09 ± 0.48 µmol/min/g f wt, while the control plants had the least value of 22.64 ± 0.28 µmol/min/g f wt. However, exogenous application of SA had some positive effect on the level of oxidative stress induced by drought (figure 7). In the same vein, plants exposed to drought without prior treatment with SA had the highest APX activity of 0.087 ±0.002 µmol ascorbate/mg protein/min. The control plants had 0.051±0.002 µmol ascorbate/mg protein/min, while plants that were pretreated with SA before drought treatment had 0.065 ± 0.002 µmol ascorbate/mg protein/min (figure 8).
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Figure 7. Catalase activity in leaves of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.
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Figure 8. Ascorbate peroxidase activity in the leaves of Celosia argentea under well watered (W), salicylic acid (SA), drought after water pretreatment (W+DT), and drought after salicylic acid pretreatment (SA+DT) conditions. Error bars represents standard error (n=3). Columns with different letters are significantly different at p<0.05.
3. Discussion

The present research was conducted to evaluate the beneficial role of SA on C. argentea exposed to simulated drought. Drought could affect plant growth and dry matter partitioning in plant parts differently (Spollen et al. 1993). Previous studies reported that the root growth and the root/shoot weight ratio were increased and that total dry biomass and shoot growth were reduced by drought stress (Alvarez et al. 2009). In this study, drought stress also increased the root/shoot weight ratio as a result of reducing shoot growth and promoting root growth (figures 1 and 2). The reason might be that plants grown under drought stress improved water use efficiency by increasing the proportion of water absorbing root biomass relatively to water-loosing shoot biomass (Lei et al. 2006). The reduction in whole plant dry weight could be attributed to drought effect on photosynthesis as it affects the gas exchange parameters such as CO2 assimilation rate and stomata conductance (Yin et al. 2005). The beneficial role of SA in drought stress was evident in this study as plants pretreated with SA showed some levels of tolerance to drought. Similar result was reported by Shakirova (2007) that application of SA improved the growth of wheat exposed to salinity stress.

It is known that changes in leaf water content is one of the responses of whole-plant to drought  stress, and has been used as an index for evaluating drought tolerance (Matin et al. 1989). The result of this study indicated reduction in RWC under drought stress. This agreed with the result earlier 
reported by Liu and Jiang (2010); Bidabadi et al. (2012). The drought effect on RWC was ameliorated with the exogenous application of SA. It was observed that RWC of SA pretreated plants was higher than those without SA pretreatment when both were exposed to drought. Similar results have been reported in maize (Levent Tuna et al. 2007), wheat (Agarwal et al. 2005) and banana (Bidabadi et al. 2012).

With respect to the damage caused by drought to plants, drought induced considerable damage on the cellular membrane of C. argentea, as assessed by lipid peroxidation. The capacity to avoid membrane damage during dehydration process is crucial for the maintenance of membrane integrity. Increase in cellular damage appeared to reflect impairments in the equilibrium between the ROS production and antioxidant defense systems, which also indicated that photoprotection and antioxidant substances were not sufficient enough to protect against cell membrane damage caused by ROS. In this study, the severity of cellular damage was significantly reduced in plants that were pretreated with SA. This was in conformity with the findings of Agarwal et al. (2005) who mentioned that SA treatment of wheat leaves under water stress conditions, resulted in reduced amount of MDA.

The beneficial role of SA in enhancing plant performance under drought stress in terms of improved chlorophyll content was observed in this study. Generally, drought stress led to a significant reduction in total chlorophyll content, but this effect was alleviated with the application of SA. This result confirmed previous observations by other researchers that application of SA led to increased chlorophyll levels in plants under stress conditions (Hayat et al. 2007; Radwan et al. 2008; Delavari et al. 2010). This result suggests that SA pretreatment may improve the gross rate of carbon assimilation during drought stress.

Antioxidant enzymes (CAT and APX) associated with ROS scavenging, accumulated under drought stress. It was observed that SA pretreatment resulted in low accumulation of these enzymes in C. argentea under drought stress condition. This suggests that SA may also play an important role in inducing tolerance to oxidative stress conditions in plants.
5. Conclusion

In conclusion, this study showed that the harmful effects of drought stress on the growth of Celosia argentea plants were alleviated by exogenous application of salicylic acid. Thus, the increase in incidence of extreme weather events such as drought that could result from global warming can be allayed through biotechnological approaches by producing crop plants with high levels of endogenous salicylic acid. 
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