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Abstract: Due to rapid changes in environment, plants are likely to face a plethora of environmental
stresses. Cold, salinity, drought and heavy metal stresses are the major constraints that adversely affect
the plant growth and development. In fact, these abiotic stresses represent the main cause of crop failure
worldwide, dipping average yields for major crops by more than 50%. Since the world population is
increasing at an alarming rate, therefore, strategies must be adopted by all the nations to face the
challenges of increasing demand for food. To cope with various abiotic stresses in tomato and wheat
plants, one way out is use of steroidal plant hormone. Brassinosteroids (BRs) is a polyhydroxysteroidal
phytohormone which plays a pivotal role in normal plant growth and development. Our studies have
revealed that exogenous application of BRs protected the photosynthetic machinery of the tomato and
wheat plants, enhanced antioxidants system and proline metabolism under various abiotic stresses.
Moreover, the proteomics study for BRs mediated response in wheat showed that 38 differentially
expressed proteins were identified under aluminium and/or salt stress, which might be functionally
relevant for many biological processes. Greater understanding of the BRs signalling and response
pathways conferring tolerance to various stresses in plants will provide a lead that could be applied for
the development of new, higher yielding varieties of crop species.
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INTRODUCTION

In the recent past, majority of research had focused on the single stress conditions for plants but unlike
animals, they are facing multiple stresses at a time due to sessile in nature. It has been well documented
by the various workers that the responses of plants under combination of stresses are different from the
response under single stresses (Suzuki et al., 2014). Improved agriculture is vital to address global food
demand, and stress-tolerant crops have provided promising solutions. This study was conducted with an
aim to establish the relationship between different abiotic stresses alone and in combination and
simultaneously examine the brassinosteroids mediated changes on the antioxidant and photosynthetic
efficiency through varied mode of application in tomato and wheat plants. Brassinosteroids (BRs) are
naturally occurring plant steroidal hormones that are present in plant kingdom with more than 70
different analogues (Fariduddin et al., 2014). It plays pivotal role in plant's life cycles and acts at cellular
levels, BRs regulate cell elongation, division, and differentiation (Zhipanova et al., 2013). At whole plant
levels, BRs are involved in diverse abiotic and biotic stress responses (Fariduddin et al., 2014). Most stable
analogue of BR, 24-epibrassinolide (EBL) has the ability to substantially enhance the stress tolerance by
inducing cellular changes that are related to stress tolerance, like stimulations of nucleic acid and protein
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synthesis (Dhaubhadel et al., 2002), activate ATPase pump (Khripach et al., 2003), increase antioxidant
enzyme activities and accumulation of osmoprotectants (Ozdemir et al., 2004), induce other hormone
responses (Vert et al., 2005), and regulate expression of stress responsive genes (Kagale et al., 2007).

Plants are exposed to numerous biotic and abiotic stresses that may affect their normal growth,
development and reproduction. In order to survive, they have evolved elaborate mechanisms to perceive
and respond to each type of stress. A complex and still obscure network of interactions between
hormones and genes expression allows the plant to fine tune the appropriate response. Each type of stress
has received a great deal of attention but studying each response in isolation is an oversimplification.
Indeed, plants are able to integrate multiple signals and respond to different stresses in a specific manner.
Moreover, evidence indicates that each stress/pathway interacts with each other. Recent progress in
transcriptome analysis and the construction of large databases centralizing microarray data from different
laboratories, allows researchers to carry out comparative approaches. These types of approaches, give us
the opportunity to understand the plant responses in a more comprehensive, integrative manner in the
presence of brassinosteroids.

Tomato seedlings (prepared by nursery) and wheat grains were sown in pots containing sand and allowed
to grow under environmentally controlled conditions, these pots were irrigated with deionized water and
nutrient solution (Hewitt, 1966) on alternate days till the termination of the experiment under
randomized block design experiment. Tomato plants at 20 days stage of growth, exposed to day/night
temperature of 10/3, 12/7, 20/14, or 25/18 °C (control) for 24 h in a plant growth chamber with a 12-h
photoperiod, 750+50 pmol m™ s™2 of PAR from cool white fluorescent (CWF) and 400-W high-pressure
sodium (HPS) lamps (Philips Light Company, Lynn, MA) above plants and ambient carbon dioxide (CO,). At
30 DAS, plants were sprayed with 0 or 108 M of epibrassinolide (EBL). The plants were harvested at 60
days of growth stage for assessment of various growth, photosynthetic, and biochemical parameters. On
the other hand, wheat seedlings at 10 days stage of growth, treated with Al (10 mM) and/or NaCl (150
mM) for 3 days under pH < 5.5 of sand and allowed to grow till 21 days stage of growth. On the same day,
wheat plants were sprayed with 0 or 108 M of EBL for 5 days. The plants of all the sets were harvested at
45 days stage of growth to assess various growth biomarkers, physiological traits, antioxidants and
enzymes of proline metabolism.

Overview of the results revealed that tomato plants exposed to varied low temperatures resulted in
adaptive responses. BR tested against a range of low temperature stress in tomato plants, EBL emerged
as an effective anti-stressor, which elevated the antioxidant activity. Therefore, it is suggested that foliar
spray of EBL is more favorable for yield and quality improvement of tomato cultivars under low
temperature stress. In another experiment, aluminum and salt stress alone showed the similar deleterious
response in terms of growth biomarkers, and photosynthetic attributes whereas, in combination the
deleterious effect was more pronounced in wheat plants. However, EBL improved tolerance against
combination of Al and salt stress through modulation in enzymes related to proline metabolism and
enhanced antioxidants system.

METHODS

Growth biomarkers were measured by using meter scale after removing soil particles from roots with the
use of distilled water and then the plants were blotted and then placed in an oven, run at 70 °C for 72 h.
The samples were weighed after allowing them to cool at room temperature to record their dry mass. The
leaf water potential (LWP) was monitored with the Psypro water potential system (Wescor, Inc. 370 West
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1700 South Logan, Utah 84321, USA) in the third fully expanded leaves of the plant. Net photosynthetic
rate and stomatal conductance were determined on the third fully expanded leaves between 11:00 and
12:00 h by using an infra-red gas analyzer (IRGA) portable photosynthetic system (LI-COR 6400, LI-COR,
and Lincoln, NE, USA). Maximum quantum vyield i.e. chlorophyll fluorescence (Fv/Fm) was measured by
using a leaf chamber fluorometer (LI-COR 6400-40, LI-COR, Lincoln, NE, USA). Activities of catalase (CAT),
peroxidase (POX) and super-oxide dismutase (SOD) were analyzed as described in our previous study (Naz
et al., 2015). Accumulation of proline was analyzed as per the method followed by our previous study
(Yusuf et al., 2011).

The activity of Rubisco was determined by the method described by Usuda (1985) with slight
modifications in which oxidation of NADH at 30°C was observed spectrophotometrically at 340 nm. Leaf
samples were homogenized in a chilled mortar with ice-cold cocktail of extraction buffer (0.25 M Tris-HCl
(pH 7.8), 0.05 M MgCl;, 0.0025 M EDTA, and 37.5 mg dithiothreitol (DTT). The homogenate was
centrifuged at 10,000 xg at 4°C for 10 min. The supernatant was used for the enzyme assay. The reaction
mixture constitutes 100 mM Tris-HCI (pH 8.0), 40 mM NaHCOs, 10 mM MgCl,, 0.2 mM NADH, 4 mM ATP,
0.2 mM EDTA, 5 mM DTT, and 1 U of 3-phosphoglycerate kinase. The activity was estimated after the
addition of enzyme extract and 0.2 mM ribulose-1,5-bisphosphate (RuBP).

The Pyrroline-5-carboxylate synthase (P5CS) activity was determined by monitoring the consumption of
NADPH and measuring the increase in absorbance at 340 nm. Reaction mixture constitutes 75 mM
Glutathione, 100 mM Tris-HCI (pH 7.2), 20 mM MgCl;, 5 mM ATP, 0.4 mM NADPH and 0.5 mL enzyme
extract was incubated at 37°C for 20 min and then the absorbance was read at 340 nm (Stines et al., 1999).
P5CS was expressed as unit per mg protein (one unit is defined as an increase in 0.001 A340 per min). The
activity of Delta-Ornithine Amino Transferase (6-OAT) was assayed according to Vogel and Kopac (1960).
The reaction mixture constitutes 0.1 mL enzyme extract and 100 mM potassium phosphate buffer (pH
8.0) containing 50 mM L-ornithine, 20 mM a-ketoglutarate and ImMpyridoxal-5'-phosphate. The reaction
medium was incubated at 37 °C for 30 min. The reaction was stopped by adding 10% TCA and the color
was developed by incubating the reaction mixture with 0.5% o-aminobenzaldehyde for 1 h. After
centrifugation at 12000xg for 10 min, the clear supernatant fraction was collected to measure the
absorbance at 440nm. Activity of 6-OAT was expressed as unit per mg protein (one unit is defined as an
increase in 0.001 A440 per min).

The activity of Proline dehydrogenase (ProDH) was assayed by directly measuring the NAD* reduction at
340 nm as described by Rena and Splittstosser (1975). Reaction mixture constitutes 100 mM Sodium
carbonate-bicarbonate buffer (pH 10.3) containing 20 mM L-proline, 10 mM NAD+ and 0.1 mL enzyme
extract was incubated at 25 °C for 5 min, and the absorbance was measured at 340 nm. ProDH was
expressed as unit per mg protein.

Data were statistically analyzed using SPSS, 17.0 for windows (SPSS, Chicago, IL, USA). Standard error was
calculated and analysis of variance (ANOVA) was performed on the data to determine the least
significance difference (LSD) between treatment means with the level of significance at P < 0.05.
RESULTS AND DISCUSSION

Growth biomarkers significantly decreased due to exposure of tomato plants to low temperatures.

Chilling caused tissue discoloration and increased water loss, which was the result of suppressed
expression of genes active at normal temperatures (Saltveit and Morris 1990). On the other hand, the
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damage caused by low temperature was significantly improved by EBL treatment, an active analogue. BRs
are recognized to mediate growth through the regulation of gene expression (Fellner 2003) and BRU1 and
TCHA4 genes encoding xyloglucan endotransglycosylase (XET) and expansins (Cosgrove 1997), respectively.
These enzymes are responsible for loosening of cell wall. Moreover, BRs also maintain a healthy metabolic
state in cell and organs (Ali et al. 2006), which fulfills the demand for additional structural material and
the energy needed for the growth of the cell wall as well as that of the plant as a whole.

Net photosynthetic rate (PN) and their related parameters as well as chlorophyll content decreased
significantly in the low temperature-stressed plants. The reduction in the net photosynthetic rate under
low temperature stress might be largely due to disruption of all major components of photosynthesis,
including thylakoid electron transport, carbon reduction cycle, and stomatal control of CO; supply (Allen
and Ort 2001). Chilling stress has been shown to induce changes in the ultrastructure of chloroplast, and
the chloroplast may lose its capacity to capture light energy after a long chilling period (Yang et al. 2005).
Maximum quantum vyield of PSII (Fv/Fm), chlorophyll level (SPAD value), and carbonic anhydrase (CA)
activity decreased with the increasing level of low temperature. The activity of the enzyme CA, that
catalyzes the interconversion of CO; and HCOs, is regulated by photonflux density, CO, concentration,
the availability of Zn (Tiwari et al. 2005), and the expression of genes encoding CA protein. Better CA
activity can also be accomplished by the application of BRs to plants as shown in Cucumis sativus under
chilling stress (Fariduddin et al. 2011). It is reported that tomato plants grown under stress conditions
that also received BRs exhibited higher CA activity which could be an expression of the impact of BRs on
translation and/or transcription (Khripach et al. 2003). The most likely reason for supporting the increase
in chlorophyll content is that BRs might directly or indirectly encourage chlorophyll biosynthesis (Hayat et
al. 2011). Plants exposed to low temperatures showed higher level of antioxidant enzymes i.e., catalase
(CAT), peroxidase (POX), and superoxide dismutase (SOD) as well as proline accumulation in tomato
plants. The common consequence of most stresses is that they result, at some stage of stress exposure,
in an increased production of reactive oxygen species (ROS), that could oxidize proteins, lipids, and nucleic
acids resulting in abnormalities at the level of the cell (Sanita di Toppi and Gabbrielli 1999). In order to
counter excess ROS, plants stimulate the synthesis of antioxidant enzymes (CAT, POX, and SOD) and
osmoprotectant (proline) that scavenge excess ROS. However, low temperature stress showed enhanced
production of ROS and malondialdehyde (MDA) content, used as an indicator of lipid peroxidation (Liu et
al. 2013). Application of BRs resulted in a significant decline in O,™ production rate (Liu et al. 2009) and
the MDA content related to the chilling-stressed plants (Fariduddin et al. 2011). Treatment of plants with
BRs both in the absence and presence of stress enhanced the activities of antioxidant enzymes. Therefore,
maximum values were noted in the plants exposed to lowest temperature, followed by the application of
BRs. The elevation in antioxidant enzymes by BRs was the consequence of enhanced expression of DET2
gene, which enhanced the tolerance to oxidative stress in Arabidopsis (Cao et al. 2005). The application
of EBL increased activities of SOD and POX and decreased lipid peroxidation of the membrane in rice
(Chen et al. 2007).

We have reported that BR had ability to confer tolerance against individual aluminum and salt stress
(Fariduddin et al., 2014). Moreover, we have found that both aluminum and salt stress alone decreased
the growth traits (shoot and root length and dry mass of plant) in similar trend whereas, their
combinatorial stress showed adverse toxicity and generated maximum damage to the growth biomarkers.
Contrary to this, treatment of EBL to the stressed or non-stressed plants significantly increased the growth
traits in comparison to control plants. Excess salt in soil leads to various physiological and metabolic
dysfunction and ultimately inhibits crop growth and development (James et al., 2011). Depending on the
severity and duration of the salt stress, initially it is believed that salinity represses growth in the form of
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osmotic stress (physiological drought) which is then followed by ion toxicity (James et al., 2011). This is
because of acidic nature of soil due to drought conditions (Joris et al., 2013). The relationship between
excess salt stress and Al toxicity further strengthened our findings in which combinatorial stress of both
salt and Al stress lowered the leaf water potential. The loss of plants growth under stress was recovered
by BR treatment and genome-wide transcriptional profiling and microarray analysis revealed multiple
effects of BRs, including the coordinated growth and development as well as interaction with other
hormones and environment (Gudesblat and Russinova, 2011). In addition to this, findings of Catterou et
al. (2001) revealed involvement of EBL in cell elongation, regulation of genes encoding enzymes
responsible for the activity of cell wall modification and enlargements, cellulose synthase under stress as
well as stress free conditions.

Presence of excess Al and salt individually and in combination significantly decreased the rate of net
photosynthesis and maximum quantum vyield of PS Il (Fv/Fm) along with the activities of Rubisco. It is
reported by Pereira et al. (2000) that the Al-induced decrease in CO; assimilation was associated with
structural damage to the thylakoids, as shown by a decrease in the ratio of variable fluorescence (Fv) to
initial fluorescence (Fo). Moreover, Moustakas et al. (1995) revealed that Al caused a decline in
photosynthesis as a result of the closure of PSll reaction centers and a reduction in PSIl electron transport
rate. Excess salt limits photosynthesis through induction of stomatal closure leading to a reduction in
intercellular CO, concentration (Brugnoli and Lauteri, 1991) and inhibition of non-stomatal factors such
as chlorophyll synthesis, photosynthetic electron transport reactions, quenching ability of excessive
energy through chlorophyll fluorescence (Lee et al., 2004), efficiency of ribulose-1,5-bisphosphate
carboxylase/oxygenase for carbon fixation (Megdiche et al., 2008). However, the treatment of EBL
significantly countered the damage caused by the combined stress of Al and salt through enhanced
photosynthesis rate, maximum quantum yield of PS Il (Fv/Fm) and activity of Rubisco. Xia et al. (2009)
reported that BRs had potential to positively activate the Rubisco by increasing Rubisco carboxylation rate
(Vc, max), total Rubisco activity and, to a greater extent, initial Rubisco activity induced by an enhanced
expression of genes encoding other calvin cycle genes. The BRs treatment might have also played a
positive role in RuBP regeneration (Jmax), thereby increasing maximum carboxylation rate of Rubisco
(Vc,max). Therefore, BRs promote photosynthesis by positively regulating synthesis and activation of a
variety of photosynthetic enzymes including Rubisco (Xia et al., 2009). In addition to this, increase in net
photosynthetic rate by BRs might be the result of the activation of Rubisco activity.

Unlike animals, plants are exposed to different stress factors in combination or in alone at a single time.
Plants exposed to Al or salt stress causes oxidative stress (Sharma et al., 2012) due to the overproduction
of reactive oxygen species (ROS), hydrogen peroxide (Sharma et al., 2012). It is believed that excess ROS
accumulation leads to lipid peroxidation and therefore causes the damage of cell membrane stability,
photosynthetic apparatus and chlorophyll biosynthesis (Smirnoff, 1993). To maintain the homeostatic of
ROS accumulation under abiotic stresses, plants possess effective and systematic scavenging systems for
reactive oxygen species that strengthened the plants to counter the destructive oxidative reactions (Arora
et al., 2002). In the present study, the presence of excess Al and/or salt showed significant increase in
antioxidant systems (CAT, POX and SOD) and this increase was further boost up by the treatment of EBL
but the maximum activities of CAT, POX and SODwere reported in the plants exposed to Al and salt stress
in combination and subsequently treated with EBL. Findings of various workers revealed that gene
expression analysis demonstrated that Al-induced stress activatedseveral genes responsible for increased
activities of POX, SOD and GSH S-transferase (Ezaki et al., 2000). Darko et al. (2004) showed that Al
treatment significantly increased SOD, POX and APX activities in Triticum aestivum. Similar to our results,
Ma et al. (2012) showed that two maize and rice cultivars with different tolerance capacity to Al,
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respectively, showed that the improvement in protection against Al toxicity was obtained by an increase
in the activity of the antioxidant system. It is believed that higher antioxidant enzymes could be
interpreted as marker of oxidative stress or damage and at the same time also provide tolerance to
oxidative stress (Abogadallah, 2010). Our findings further supported by the reports of Fariduddin et al.
(2014). In plants, it is believed that proline metabolism could be exploited to provide stress tolerance by
maintaining NADPH/NADP* balance, GSH levels, and during pathogen infection, drive the oxidative burst
of the hyper sensitive response (Ben Rejeb et al., 2014). In addition to this, Szabados and Savoure (2010)
reported that proline acts as a signaling molecule to moderate mitochondrial functions, and triggers
pacific gene expression that could be essential for plant to recover under various abiotic stresses. In
agreement with these reports, present study revealed that combination of Al and salt stress in the
presence of EBL significantly increased the proline accumulation and activity of P5CS (Pyrroline-5-
Carboxylase Synthetase) which catalyzes the synthesis of proline from glutamate. Analysis of OAT
enzymatic activity in extracts of salt stressed Arabidopsis showed that OAT activity doubled in the first 24
h of salt stress and continued to increase up to 72 h after the start of salt treatment (Verslues and Sharma,
2010). Moreover, overexpression of OAT resulted in enhanced proline accumulation (Verslues and
Sharma, 2010). Overall, proline metabolism modulates various developmental and stress responses and
its accumulation plays pivotal role for conferring tolerance against various abiotic stresses (Szabados and
Savoure, 2010). EBL treatment through foliage significantly increased activities of enzymes related to
proline metabolism under Al and/or salt stress and Ozdemir et al. (2004) and Zeng et al. (2010) reported
that BR has the ability to induce accumulation of proline under stress conditions through expression of
genes related to proline biosynthesis.

Aluminum and salt stress alone showed the similar deleterious response in terms of growth biomarkers,
and photosynthetic attributes whereas, in combination the deleterious effect was more pronounced in
wheat plants. However, EBL improved tolerance against combination of Al and salt stress through
modulation in enzymes related to proline metabolism and enhanced antioxidants system.

Epibrassinolide
(EBL)

a 0y

Changes in Changes in .| - >
photosynthetic efficiency Jill antioxidant capacity DEEEEEE.

Protective compounds §

Tolerance to
combination of Al and
Salt Stress

Figure 1: Schematic model of action of EBL on the induction of combine stress of aluminium and salt in
wheat plants.
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CONCLUSIONS

Cumulative modulation of proline metabolism and enhanced antioxidant system along with increased
soluble sugar content, EBL could successfully counter the ROS mediated damage in tomato and wheat
plant and increased the efficiency of both plants under combination of Al and salt stress as well as low
temperature stress.
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