

  agronomy-13-01814




agronomy-13-01814







Agronomy 2023, 13(7), 1814; doi:10.3390/agronomy13071814




Article



Drought-Induced Morpho-Physiological, Biochemical, Metabolite Responses and Protein Profiling of Chickpea (Cicer arietinum L.)



Yama Keerthi Sree 1, Nita Lakra 1,*[image: Orcid], Kesineni Manorama 1, Yogesh Ahlawat 2[image: Orcid], Abbu Zaid 3,4[image: Orcid], Hosam O. Elansary 5,*[image: Orcid], Shaban R. M. Sayed 6, Mohamed A. Rashwan 7 and Eman A. Mahmoud 8[image: Orcid]





1



Department of Molecular Biology & Biotechnology, College of Biotechnology, CCS Haryana Agricultural University, Hisar 125004, India






2



Department of Biological Sciences, Michigan Technological University, Houghton, MI 49931, USA






3



Plant Physiology and Biochemistry Section, Department of Botany, Aligarh Muslim University, Aligarh 202002, India






4



Department of Botany, GGM Science College, Cluster University, Jammu 180001, India






5



Department of Plant Production, College of Food & Agriculture Sciences, King Saud University, P.O. Box 2460, Riyadh 11451, Saudi Arabia






6



Department of Botany and Microbiology, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia






7



Department of Agricultural Engineering, College of Food and Agriculture Sciences, King Saud University, P.O. Box 2460, Riyadh 11451, Saudi Arabia






8



Department of Food Industries, Faculty of Agriculture, Damietta University, Damietta 34511, Egypt









*



Correspondence: nitahaubotany2019@gmail.com (N.L.); helansary@ksu.edu.sa (H.O.E.)







Academic Editor: Saad Sulieman



Received: 18 May 2023 / Revised: 27 June 2023 / Accepted: 4 July 2023 / Published: 7 July 2023



Abstract

:

The chickpea (Cicer arieitnum L.) is an important food legume crop of the family Fabaceae with high protein levels that is widely grown in rainfed areas prone to drought stress. It is a self-pollinated cool season crop with a true diploid (2n = 16) nature. It is relatively cheap and a high source of protein. About 90% of the chickpea crop is grown by the use of residual moisture in the soil without depending on irrigation. In the present study, two varieties of chickpea, namely ICC 4958 and HC-6, were grown under three field capacities (FC) (100% FC, 50% FC and 25% FC). Samples were taken three times, i.e., 15, 30 and 45 days after sowing (DAS). Parameters such as morphological, physiological, biochemical, metabolite and protein profiling of the two varieties were completed. Morphological parameters such as shoot length (14.2%), number of branches (20.7%), number of leaves (17.5%) and yield (56%) declined as the drought level increased and other characteristics such as root length (9.7%), number of flowers (24.5%) and number of pods (34.4%) increased as drought stress progressed. Physiological parameters such as relative water content (RWC) (13.5%), cell membrane stability (CMS) (29.6%) and chlorophyll content decreased, whereas electrolyte conductivity (EC) (38%) increased in both the varieties as field capacity decreased. Biochemical parameters such as proline (54.75%), sugar (15.2%), glycine betaine (32.25%), superoxide dismutase (SOD) (49.5%), catalase (CAT) (50.5%), ascorbate peroxidase (APX) (44.9%) and glutathione reductase (GR) (49%) increased as drought stress increased. Metabolite analyses of, for example, MDA (malondialdehyde) content (30.5%), total anthocyanin (36.3%), flavonoid content (26%) and phenolic content (29.5%) increased as drought progressed. We also performed protein profiling of the two varieties using SDS-PAGE (sodium dodecyl-sulfate polyacrylamide gel electrophoresis) to differentiate the expression analysis of the two varieties.
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1. Introduction


Among all the grain legumes consumed by people, the chickpea (Cicer arietinum L.) is one of the oldest cultivated food legumes nutritionally, agronomically and economically in the world. Throughout India, it is cultivated in an area of 17.85 million hectares with an annual production of over 17 Tg [1]. It is an annual, self-pollinating, diploid (2n = 2x = 16) cool season pulse crop with a genome size of 931 Mb [2,3]. It is mainly grown in Africa, South America and the Indian subcontinent. It is the world’s second most important food legume, representing an important component of the small-scale crop production in the arid and semiarid tropical regions of the world [4,5]. Among chickpea-growing countries, India alone contributes about 70% of the world’s total production [6,7,8].



Global warming and climate change present a major challenge to human beings due to the heavy dependence on natural resources which affects crop productivity and may degrade cultivable land [3,9]. Environmental stresses such as high temperature, cold, drought, salinity, alkalinity, UV and pathogen infections cause various serious effects on plants, and these stresses are the primary cause of crop losses worldwide by more than 50% [10]. In many regions, drought stress or water scarcity is a significant environmental barrier to the yield of many economically significant food crops [11,12]. Approximately 42% of India’s total land area is experiencing drought, with 6% of that region experiencing severely dry conditions, according to the Drought Early Warning System (DEWS) report for 2019. The extent of drought is uncertain because it relies on several factors such as precipitation frequency, evaporation level and soil moisture retention capability [13]. Water deficiency in plants impairs the regular growth of plants, interferes with water relations and influences the WUE of plants. Water limiting conditions results in impaired cell elongation mainly because of poor water flow from xylem to nearby cells [14]. Water deficit conditions change a plant’s growth pattern by preventing both qualitative and quantitative growth [15,16].



Drought generally affects overall crop performance starting from germination, and eventually manifests in grain yield and quality with losses of up to 40–50% in crop productivity, mainly in areas lacking satisfactory and constant rainfall. An estimated 33 percent of the world’s chickpea production is lost as a result of drought stress [17]. The effects of drought stress on chickpea growth have been revealed by some researchers with morphological, physiological, biochemical and molecular parameters [18,19]. Plants respond to stress by reprogramming their proteins to ensure a steady-state of vital metabolic processes, despite the fact that chickpea manageability in water deficit settings is generally great, there is a need to increase drought tolerant characteristics to boost plant efficiency in a water deficit climate. The actions that take place in important functional molecules such as proteins must be defined in order to gather more useful knowledge to understand the molecular mechanisms causing dehydration stress. In recent years, proteomics is being used as a robust technique to study the changes in protein accumulation in different plant tissues under stress conditions. Proteins are a functional product of a gene and studying at the protein level is useful to understand the mechanism and find the suitable protein and gene for further improvement of the crop.




2. Materials and Methods


2.1. Site Description


The experiments were conducted during the rabi season of 2021 and 2022 in the Department of Molecular Biology, Biotechnology and Bioinformatics, CCSHAU, Hisar. The soil was sandy loam in texture with a low status of organic matter. All the plants were grown in pots in greenhouse conditions with a controlled temperature and relative humidity.




2.2. Experimental Design and Treatments


The experiment was laid out in a factorial experiment design. All treatments including two varieties and 3 drought stress levels were performed as a completely randomized design (CRD) with 3 replications. In each replication, 4 pots for each treatment were placed which were used during 15, 30 and 45 days of sowing (DAS) and yield. A total of 12 pots for each replication (4 pots × 3 treatments) and 36 pots (12 pots × 3 replications) for each variety were placed. For two varieties, 72 pots were used, which were placed as per the experimental design.




2.3. Seed Sowing and Seedling Growth


Seeds of uniform size were selected and pre-treated with 1% Bavistin solution for a period of 1 min. Treated seeds of both the varieties were sown in protrays of 5 × 5 × 20 cm dimensions with coco-peat as the medium. They were allowed to germinate and grow in the protrays for 10 days. All the protrays were watered uniformly to obtain uniform growth at the seedling stage. Seedlings with similarities in growth factors such as stem length, root length and number of branches were selected. Then, they were transferred to plastic pots with 2.5 kg of soil.




2.4. Drought Stress Application and Management


Drought was maintained in pots using the gravimetric method. Firstly, the weight of the pot with soil was noted down. Pots were allowed to completely saturate, i.e., all the macro and micro pores in the soil filled with water. Pots were left overnight to attain the field capacity (FC), i.e., water left only in the micro pores which was completely available to the plants, and the weight was noted down as final weight.


Amount of water retained by the soil = FW − IW











IW—Initial weight of the pot with soil.



FW—Final weight of the pot with soil after complete saturation of water.



The initial weight of the pot and soil was subtracted from the final weight; this gave the amount of water that was retained by the soil. In total, 100% FC was the complete amount of water retained by the soil, 50% FC was half the amount of water retained by 100% FC and half of this was 25% FC. In all, 100% FC (Control), 50% FC (T1) and 25% FC (T2) were maintained based on the above calculations. All the pots were watered by weighing and adding water on a daily basis for all the treatments. Pots were maintained under greenhouse conditions with controlled temperatures and relative humidity.




2.5. Varieties and Drought Treatments


Two varieties (ICC 4958 and HC-6) of chickpea along with 3 conditions including T1-Control (100% Field Capacity), T2-50% Field Capacity and T3-25% Field Capacity (FC) were included in the study. For chickpeas, 25% FC was considered as the extreme drought condition. ICC 4958 was a drought-resistant chickpea genotype obtained from the International Crops Research Institute for Semi-Arid Tropics (ICRISAT), India. HC-6 was released from CCSHAU, Haryana, and had moderate tolerance to drought conditions. Seeds were collected from Pulses Section, CCSHAU.




2.6. Sample Collection


Sampling was conducted at 5, 20 and 35 days of drought application in pots, i.e., 15, 30 and 45 days after sowing (DAS). Destructive sampling was conducted to observe root length. For every sampling, 9 pots were used from each variety. A total of 54 pots of 72 pots were used for all the samplings. The remaining 18 pots were left for yield.




2.7. Morphological Parameters


The morphology of two varieties of chickpea plants was recorded on 15, 30 and 45 DAS and photographs were taken accordingly. Morphophysiological characteristics such as plant height, number of branches/plant, number of leaves/branch, number of flowers/plant, number of pods/plant, days to maturity and yield were recorded.




2.8. Physiological Parameters


2.8.1. Relative Water Content (RWC) (%)


The relative water content of the leaf was calculated by using the method as described by Smart and Bingham [20]. The fresh weight of the samples was taken, and leaves were allowed to soak in water overnight before taking the turgid weight. Samples were dried to obtain the dry weight. The RWC (%) of leaves was calculated according to the formula given below:


RWC (%) = (Fresh weight − Dry weight/Turgid weight − Dry weight) × 100












2.8.2. Electrolyte Leakage (EL) (%)


Membrane injury was analyzed according to the method described by Dionisio-Sese and Tobit [21]. The electrolyte leakage was determined by using a conductivity meter. Fresh leaves (30 mg) were incubated in 25 mL of deionized water and kept overnight. The next day, the initial electrical conductivity of the medium EC1 was measured. The samples were autoclaved for 30 min, and then the final electrical conductivity EC2 was measured. The percent electrolyte leakage was calculated as follows:


Electrolyte leakage (%) = (EC1/EC2) × 100











Cell membrane thermo-stability was calculated using the formula:


CMT = 1 − % injury = 1 − (EC1/EC2) × 100












2.8.3. Chlorophyll Content


The chlorophyll content in leaves was measured according to the protocol given by Lichtenthaler and Wellburn [22]. The optical density was read at λ = 663, 646 nm using 80% acetone as a blank by a spectrophotometer (GENESYS 180 UV-Visible Spectrophotometer).



The content of chlorophyll A, chlorophyll B and total chlorophyll (mg g−1) was calculated using the following formulae:


Chlorophyll A = (12.21 OD663 − 2.81 OD646) × V/1000W;










Chlorophyll B = (20.13 OD646 − 5.03 OD663) × V/1000W;










Total Chlorophyll = Chlorophyll A + Chlorophyll B;













2.9. Biochemical Parameters


Various biochemical parameters such as proline content, total sugar content, glycine betaine content and enzyme activity of super oxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR) were analyzed.



2.9.1. Proline


Proline content was estimated by using the method described by Bates et al. [23]. This absorbance was recorded at 520 nm by using toluene as blank.




2.9.2. Total Sugar


Total sugar content was estimated by using the method described by Dubois et al. [24]. Absorbance was taken at 630 nm using 80% methanol as blank.




2.9.3. Glycine Betaine Content


Glycine betaine content was estimated by using the method described by Grieve and Grattan [25]. The optical density of the lower organic layer was recorded at 365 nm. Different concentrations of glycine betaine were used to make a standard graph.




2.9.4. Enzyme Assays


The procedure of enzyme extraction was completed under 4 °C. Fresh leaves (200 mg) were ground in chilled 5 mL of phosphate buffer (0.1 M, pH 7.5) and ethylene diamine tetra acetic acid (EDTA, 0.5 mM). The homogenate was centrifuged at 4000 rpm for 20 min at 4 °C. The resulting supernatant was used for the assay of different enzymes.



Superoxide Dismutase (SOD) (EC 1.15.1.1)


SOD activity was determined by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium chloride, as described by Beyer and Fridovich [26]. Absorbance of the reaction mixture was read at 560 nm using a spectrophotometer.




Catalase (CAT) (EC 1.11.1.6)


CAT activity was measured by the method of Aebi [27]. CAT activity was expressed as μΜ H2O2 g−1 FW. For the calculation of CAT enzyme activity, the extinction coefficient of 0.036 mM−1 cm−1 was used.




Ascorbate Peroxidase (APX) (EC 1.11.1.11)


APX activity was measured by the method of Nakano and Asada [28]. The APX was assayed as a decrease in absorbance at 290 nm using a spectrophotometer. For the calculation of APX enzyme activity, the extinction coefficient of 2.8 mM−1 cm−1 was used.




Glutathione Reductase (GR) (EC 1.6.4.2)


GR activity was assayed by the method of Foyer and Halliwell [29]. The decrease in absorbance was measured at 340 nm for 2 min using a spectrophotometer. The extinction coefficient of 6.2 mM−1 cm−1 was used for the calculation of GR activity.






2.10. Metabolite Analysis


2.10.1. Lipid Peroxidation


MDA is a product of lipid peroxidation and was measured by the thiobarbituric acid (TBA) reaction with the method described by Heath and Packer [30].



The absorbance of the reaction mixture was read at 532 nm and the value for non-specific absorption at 600 nm was subtracted. The MDA content of the sample was calculated using the formula:


MDA content (nmol g−1 FW) = [(A532 − A600)/155]








where



A532 is the absorbance at 532 nm;



A600 is the absorbance at 600 nm, the correction for non-specific turbidity; and 155 mM−1 cm−1 is the molar extinction coefficient for MDA.




2.10.2. Total Anthocyanin


Total anthocyanin content was recorded with the method of Hodges and Nozzolillo [31]. The absorbance at 530 nm and 600 nm was measured with the help of the spectrophotometer. The anthocyanin content of the sample was expressed by cyaniding-3-glucoside (CGE) and calculated by using the following equation:


  Anthocyanin   ( mg    g  − 1     FW ) = (  A  530 nm   −  A  600 nm   )    ×      V × M w   ε × m    








where



A530nm and A600nm are the absorbance at 530 and 600 nm, respectively;



V is the total volume of extract;



Mw is the relative molecular weight of CGE (449.4);



ε is the molar extinction coefficient (29,600 M−1 cm−1);



m is the mass of the sample.




2.10.3. Phenolic Content


The total phenolic concentration was determined according to the method of Julkenen-Titto [32]. Readings were taken at 750 nm using a spectrophotometer. The standard curve was made using gallic acid, and the phenolic content was expressed as gallic acid equivalents (GAE).




2.10.4. Flavanoid Content


The content of flavonoids was determined using the method of Quettier et al. [33].



The same procedure was repeated for the standard solution of quercetin, and the calibration line was constructed. The content of flavonoids in extracts was expressed in terms of the quercetin equivalent (QE).




2.10.5. Carotenoid Content


The carotenoid content was measured according to the protocol of Lichtenthaler and Wellburn [22]. The optical density was read at λ = 470 nm using 80% acetone as a blank by a spectrophotometer. Carotenoid content (μg g−1 FW) was calculated using the following equation:


Carotenoids (μg g−1 FW) = (1000 OD470 − 3.27 Chlorophyll a − 104 Chlorophyll b)/229













2.11. Protein Profiling


Protein concentrations of samples were determined using the Bradford assay, and bovine serum albumin was used as the standard [34].



SDS-PAGE


Protein was separated on SDS PAGE with a discontinuous buffer system used as described by Laemmli [35]. In brief, the leaf tissues were homogenized in the buffer (phosphate buffer), and the supernatants were added with equal volumes of 2 × gel loading dye. The mixture was heated at 100 °C for 3–5 min and loaded on 12% SDS-PAGE gel. The protein sample was stored at −20 °C until used for electrophoresis.





2.12. Statistical Analysis


The data were analyzed using a completely randomized block design (CRD). A three-factorial analysis of variance (ANOVA), appropriate for the design, was carried out to determine the significance of differences among the treatments for each of the parameters. Using the OPSTAT software (http://14.139.232.166/opstat/, accessed on 17 May 2023), the data were examined (CCSHAU, Hisar, India) at a 5% and 1% level of significance for comparing the means, and the critical difference (CD) was determined.





3. Results


3.1. Morphological Parameters


Morphological characteristics such as shoot length, root length, number of branches/plant, number of leaves/plant, number of flowers/plant and number of pods/plant were noted after each sampling (15, 30 and 45 days after sampling).



The difference in plant height between the two varieties at different sampling times and also the morphology of seeds in different treatments were observed (Figure 1).



3.1.1. Shoot Length


Under drought conditions, the shoot length decreased in both varieties. The difference was more prominent at 45 DAS in both the varieties. A decrease of 8.2% and 13.05% over the control was observed in both the varieties at 15 and 30 DAS, respectively. In ICC 4958, we observed a decrease (3.7% in 50% FC and 27% in 25% FC) in comparison to the control; whereas in HC-6, we observed a decrease (16% in both 50% FC and 25% FC) in comparison to the control (Figure 2).




3.1.2. Root Length


From the initial stages of drought application, we have noticed an increase in root length at 25% FC in both the varieties. The increase in root length became more prominent as the drought progressed. A significant increase of 57% in ICC 4958 and 13.6% in HC-6 was noticed at 45 DAS compared to the control (Figure 2).




3.1.3. Number of Branches/Plant


An increase in the number of branches was observed at the initial stages but in later stages, the numbers decreased as compared to the control. An increase of 15% was observed at 15 and 30 DAS in both the varieties. At 45 DAS, in ICC 4958 we observed a decrease (12.5% in 50% FC and 31% in 25% FC) over the control; whereas in HC-6, we observed a decrease (16% in 50% FC and 29% in 25% FC) compared to the control (Figure 2).




3.1.4. Number of Leaves/Plant


Under drought conditions, the number of leaves/plant decreased as the field capacity (FC) decreased. A decrease of 9.4% and 6.75% was observed at 15 and 30 DAS, respectively. In ICC 4958, we observed a decrease (8.6% fold in 50% FC and 25% in 25% FC) in comparison to the control; in HC-6, we observed a similar decrease (17.2% in 50% FC and 38% in 25% FC) over the control (Figure 2).




3.1.5. Number of Flowers/Plant


The number of flowers/plant increased as the drought progressed in both varieties. No flowers were observed in HC-6 at 15 DAS. An increase of 26% in ICC 4958 and 28% HC-6 was observed at 30 DAS. At 45 DAS, there was an increase (25% in 50% FC and 56.8% in 25% FC) in ICC 4958, and an increase (18.3% in 50% FC and 21% in 25% FC) in HC-6 compared to the control was observed (Figure 3).




3.1.6. Number of Pods/Plant


At 15 DAS, no pods were observed. At 30 DAS, pods were observed in 50% FC and 25% FC. At 45 DAS, there was an increase (62.5% in 50% FC and 78.5% in 25% FC) in ICC 4958, and an increase (49.9% in 50% FC and 71.4% in 25% FC) in HC-6 over the control was noticed (Figure 3).




3.1.7. Days to Maturity


Under drought conditions, plants attained maturity earlier than the control. In ICC 4958, days to maturity decreased (15% in 50% FC and 19% in 25% FC) over the control and in HC-6, days to maturity decreased (19% in 50% FC and 29% in 25% FC) compared to normal control conditions (Figure 3).




3.1.8. Yield/Plant (g)


Under drought conditions, yield/plant decreased as the drought progressed. In ICC 4958, yield decreased (42% in 50% FC and 70% in 25% FC) over the control, and in HC-6, yield decreased (39.8% in 50% FC and 72.77% in 25% FC) more than the control (Figure 3).





3.2. Physiological Parameters


Physiological parameters such as relative water content (RWC), electrolyte leakage (EL), cell membrane stability (CMS), chlorophyll A, chlorophyll B and total chlorophyll were performed after each sampling (15, 30 and 45 days after sampling).



3.2.1. Relative Water Content (RWC)


The relative water content in both varieties decreased as the drought progressed. At 15 DAS, there was a decrease (6.65% in 50% FC and 16.8% in 25% FC) in comparison to the control in both varieties. At 30 DAS, there was a decrease (11.8% in 50% FC and 36.5% in 25% FC) over the control in ICC 4958, and a similar decrease (7.02% in 50% FC and 14.4% in 25% FC) over the control in HC-6. At 45 DAS, there was a decrease (6% in 50% FC and 8.9% in 25% FC) compared to the control in both ICC 4958 and HC-6 (Figure 4).




3.2.2. Electrolyte Leakage (EL)


Electrolyte leakage increased compared to the control in both of the varieties. At 15 DAS, there was an increase (13% in 50% FC and 18.7% in 25% FC) in ICC 4958 and also an increase (51% in 50% FC and 61.3% in 25% FC) in HC-6 when compared to the control. At 30 DAS, there was an increase (11.05% in 50% FC and 34.6% in 25% FC) over the control in both varieties. At 45 DAS, there was also an increase (5.2% in 50% FC and 9.5% in 25% FC) over the control in both ICC 4958 and HC-6 (Figure 4).




3.2.3. Cell Membrane Stability (CMS)


Cell membrane stability is the inverse of electrolyte leakage. As the drought progressed, the values decreased. At 45 DAS, there was a decrease (31.5% in 50% FC and 20% in 25% FC) over the control in ICC 4958, and a similar decrease (23.5% in 50% FC and 43.5% in 25% FC) over the control in HC-6 was observed (Figure 4).




3.2.4. Chlorophyll


Chlorophyll content was expressed under chlorophyll A, B and total chlorophyll.



Chlorophyll A


Chlorophyll A content decreased in both the varieties under drought conditions. At 15 DAS, in ICC 4958, chlorophyll A decreased (29.5% in 50% FC and 59.4% in 25% FC) over the control, and in the HC-6 variety, chlorophyll A decreased (18% in 50% FC and 34.6% in 25% FC) over the control. At 30 DAS, chlorophyll A decreased (46.37% in 50% FC and 65.8% in 25% FC) compared to the control in ICC 4958, and in the HC-6 variety, chlorophyll A decreased (19.4% in 50% FC and 32.8% in 25% FC) compared to the control. At 45 DAS, chlorophyll A decreased (33.85% in 50% FC and 45.8% in 25% FC) in ICC 4958, and it also decreased (8.9% in 50% and 35.8% in 25% FC) in the HC-6 variety in comparison to the control (Figure 4).




Chlorophyll B


Under drought situations, chlorophyll B content decreased in both of the varieties. At 15 DAS, in ICC 4958, chlorophyll B decreased (24.3% in 50% FC and 42.97% in 25% FC) over the control, and in the HC-6 variety, chlorophyll B decreased (12.6% in 50% FC and 23.3% in 25% FC) over the control. At 30 DAS, chlorophyll B decreased (29% in 50% FC and 54.4% in 25% FC) in ICC 4958 and it also decreased (41.28% in 50% FC and 53.9% in 25% FC) in the HC-6 variety compared to the control. At 45 DAS, in ICC 4958, chlorophyll B decreased (34.66% in 50% FC and 43.52% in 25% FC) over the control, and in the HC-6 variety, chlorophyll B decreased (7.94% in 50% and 35.48% in 25% FC) over the control (Figure 4).




Total Chlorophyll


Under drought conditions, total chlorophyll content decreased in both varieties. At 15 DAS, in ICC 4958, total chlorophyll decreased (28.46% in 50% FC and 56.79% in 25% FC) over the control, and in the HC-6 variety, total chlorophyll decreased (7.3% in 50% FC and 30.1% in 25% FC) over the control. At 30 DAS, total chlorophyll decreased (31.7% in 50% FC and 53.6% in 25% FC) in ICC 4958 and it also decreased (16.9% in 50% FC and 22.4% in 25% FC) in the HC-6 variety compared to the control. At 45 DAS, total chlorophyll decreased (16.8% in 50% FC and 33% in 25% FC) in ICC 4958, and a similar decrease (12.9% in 50% and 20.2% in 25% FC) in the HC-6 variety was also observed compared with the control (Figure 4).






3.3. Biochemical Parameters


Biochemical parameters such as proline content, total sugar content, glycine betaine content and enzyme activity of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR) were assayed after each sampling (15, 30 and 45 days after sampling).



3.3.1. Proline


Under drought conditions, the proline content increased in both of the varieties. At 15 DAS, there was an increase (20.77% in 50% FC and 37.26% in 25% FC) in ICC 4958, and a similar increase (50.93% in 50% FC and 69.8% in 25% FC) in HC-6 was observed compared to the control. At 30 DAS, proline increased (47.58% in 50% FC and 81.36% in 25% FC) in ICC 4958 and it also increased (67.48% in 50% FC and 88.4% in 25% FC) in HC-6 compared to the control. At 45 DAS, there was an increase (40.723% in 50% FC and 68.883 in 25% FC) over the control in ICC 4958, and there was an increase (18.63% in 50% FC and 62.38% in 25% FC) over the control in HC-6 (Figure 5).




3.3.2. Total Sugar


Total sugar content increased in both varieties under drought conditions. At 15 DAS, in ICC 4958, there was an increase (9.57% in 50% FC and 12.89% in 25% FC) over the control, and in HC-6, there was an increase (4.11% fold in 50% FC and 10.02% in 25% FC) over the control. At 30 DAS, there was an increase (22.68% in 50% FC and 32.7% in 25% FC) in ICC 4958, and a similar increase (9.04% in 50% FC and 18.2% in 25% FC) in HC-6 was observed compared to the control. At 45 DAS, in ICC 4958, there was an increase (14.57% in 50% FC and 23% in 25% FC) over the control, and in HC-6, there was an increase (5.9% in 50% FC and 15.6% in 25% FC) over the control (Figure 5).




3.3.3. Glycine Betaine


Under drought conditions, glycine betaine content increased in both varieties. At 15 DAS, in ICC 4958, there was an increase (8.754% in 50% FC and 17.85% in 25% FC) over the control, and in HC-6, there was an increase (26.88% in 50% FC and 41.05% in 25% FC) over the control. At 30 DAS, there was an increase (21.11% in 50% FC and 61.25% in 25% FC) in ICC 4958, and an increase (29.76% in 50% FC and 60.9% in 25% FC) in HC-6 was noticed compared to the control. At 45 DAS, in ICC 4958, there was an increase (19.83% in 50% FC and 44.91% in 25% FC) compared to the control, and in HC-6, there was an increase (9.4% in 50% FC and 42.91% in 25% FC) compared to the control (Figure 5).




3.3.4. Enzyme Activity


Superoxide Dismutase (SOD)


The superoxide dismutase activity of both the varieties showed an increase under drought stress. At 15 DAS, the enzyme activity increased (50.45% in 50% FC and 72.33% in 25% FC) in ICC 4958 and a similar increase (45.78% in 50% FC and 71.9% in 25% FC) in HC-6 was observed over the control. At 30 DAS, in ICC 4958, the enzyme activity increased (38.16% in 50% FC and 55.45% in 25% FC) over the control, and in HC-6 the enzyme activity also increased (45.12% in 50% FC and 54.7 in 25% FC) over the control. At 45 DAS, the enzyme activity decreased compared to 30 DAS due to progressive exposure to drought. In ICC 4958, the enzyme activity increased (18.61% in 50% FC and 30.7% in 25% FC), and in HC-6, the enzyme activity increased (42.5% in 50% FC and 63.83% in 25% FC) compared to the control (Figure 6).




Catalase (CAT)


The catalase activity of both varieties showed an increase under drought stress. At 15 DAS, in ICC 4958, the enzyme activity increased (37.65% in 50% FC and 76.87% in 25% FC) over the control, and in HC-6, the enzyme activity also increased (30.22% in 50% FC and 58.92% in 25% FC) over the control. The activity of catalase was high at 30 DAS in both the varieties. In ICC 4958, the enzyme activity increased (42.08% in 50% FC and 57.85% in 25% FC), and in HC-6, the enzyme activity increased (57.3% in 50% FC and 69.1% in 25% FC) in comparison to the control. At 45 DAS, in ICC 4958, the enzyme activity increased (39.5% in 50% FC and 56.2% in 25% FC), and in HC-6, the enzyme activity increased (27.02% in 50% FC and 51% in 25% FC) over the control (Figure 6).




Ascorbate Peroxidase (APX)


The ascorbate peroxidase activity of both the varieties showed an increase under drought stress. At 15 DAS, in ICC 4958, the enzyme activity increased (51.78% in 50% FC and 67.67% in 25% FC) over the control, and in HC-6, the enzyme activity also increased (28.9% in 50% FC and 38.7% in 25% FC) over the control. At 30 DAS, the enzyme activity increased (45.15% in 50% FC and 65.67% in 25% FC) in ICC 4958 and the enzyme activity increased (28.9% in 50% FC and 38.7% in 25% FC) in HC-6 compared to the control. At 45 DAS, in ICC 4958, the enzyme activity increased (41.2% in 50% FC and 55.4% in 25% FC), and in HC-6, the enzyme activity increased (13.1% in 50% FC and 35.1% in 25% FC) in comparison to the control (Figure 6)




Glutathione Reductase (GR)


The glutathione reductase activity of both the varieties showed an increase under drought stress. At 15 DAS, in ICC 4958, the enzyme activity increased (39.64% in 50% FC and 63.2% in 25% FC), and in HC-6, the enzyme activity also increased (45% in 50% FC and 69.1% in 25% FC) compared to the control. At 30 DAS, in ICC 4958, the enzyme activity increased (47.32% in 50% FC and 66.6% in 25% FC) over the control, and in HC-6, the enzyme activity also increased (17.37% in 50% FC and 54.4% in 25% FC) over the control. At 45 DAS, the enzyme activity decreased compared to 30 DAS due to progressive exposure to drought in both of the varieties. In ICC 4958, the enzyme activity increased (25.53% in 50% FC and 51.82% in 25% FC), and in HC-6, the enzyme activity also increased (43% in 50% FC and 64% in 25% FC) in comparison to the control (Figure 6).






3.4. Metabolite Analysis


A metabolite analysis of MDA content, total anthocyanin, carotenoids, flavonoids and phenolics was conducted after each sampling (15, 30 and 45 days after sampling).



3.4.1. MDA


Under drought conditions, the MDA content increased in both varieties. At 15 DAS, an increase (16.9% in 50% FC and 37.5% in 25% FC) in ICC 4958 and a similar increase (13.4% in 50% FC and 32.4% in 25% FC) in HC-6 were observed over the control. At 30 DAS, MDA increased (17.3% in 50% FC and 28.5% in 25% FC) in ICC 4958, and a similar increase (38% in 50% FC and 48.7% in 25% FC) in HC-6 was observed over the control. At 45 DAS, we observed an increase (14.17% in 50% FC and 49.7% in 25% FC) in ICC 4958 and a similar increase (27.5% in 50% FC and 40.7% in 25% FC) in HC-6 in comparison to the control (Figure 7).




3.4.2. Total Anthocyanin


The total anthocyanin content increased in both the varieties under drought conditions. At 15 DAS, we observed an increase (37.15% in 50% FC and 58.8% in 25% FC) in ICC 4958 and a similar increase (41% in 50% FC and 62.68% in 25% FC) in HC-6 compared to the control. At 30 DAS, we observed an increase (27.5% in 50% FC and 62.68% in 25% FC) in ICC 4958 and a similar increase (11.3% in 50% FC and 41.25% in 25% FC) in HC-6 over the control. At 45 DAS, we observed an increase (22.5% in 50% FC and 36.2% in 25% FC) over the control in ICC 4958, and a similar increase (14.5% in 50% FC and 30.5% in 25% FC) over the control in HC-6 (Figure 7).




3.4.3. Carotenoid Content


Under drought conditions, the carotenoid content decreased in both varieties. At 15 DAS, in ICC 4958, the carotenoid content decreased (3.13% in 50% FC and 6% in 25% FC), and in the HC-6 variety, the carotenoid content also decreased (5.22% in 50% FC and 33.8% in 25% FC) over the control. At 30 DAS, it decreased (21.6% in 50% FC and 60.5% in 25% FC) in ICC 4958 and a similar decrease (32.4% in 50% FC and 61.6% in 25% FC) in HC-6 was observed over the control. At 45 DAS, in ICC 4958, the carotenoid content decreased (31.2% in 50% FC and 48.3% in 25% FC) over the control, and in the HC-6 variety, the carotenoid content decreased (10.8% in 50% and 35.3% in 25% FC) over the control (Figure 7).




3.4.4. Flavonoid


The flavonoid content (mg quercetin equivalents (QE)) increased in both of the varieties as the drought progressed. At 15 DAS, we observed an increase (18.35% in 50% FC and 33.8% in 25% FC) in ICC 4958 and a similar increase (16.8% in 50% FC and 36.15% in 25% FC) in HC-6 compared to the control conditions. At 30 DAS, we observed an increase (23.8% in 50% FC and 42.5% in 25% FC) over the control in ICC 4958, and a similar increase (11% in 50% FC and 22.7% in 25% FC) over the control in HC-6. At 45 DAS, we observed an increase (4.32% in 50% FC and 30.8% in 25% FC) in ICC 4958 and a similar increase (32.6% in 50% FC and 37.2% in 25% FC) in HC-6 in comparison to the control (Figure 8).




3.4.5. Phenolic


The phenolic content (mg gallic acid equivalents (GAE)) increased in both the varieties as drought progressed. At 15 DAS, we observed an increase (15.21% in 50% FC and 23.33% in 25% FC) in ICC 4958 and a similar increase (17.4% in 50% FC and 33.6% in 25% FC) in HC-6 as compared to the control. At 30 DAS, we observed an increase (30.6% in 50% FC and 49.2% in 25% FC) over the control in ICC 4958, and a similar increase (29% in 50% FC and 38.6% in 25% FC) over the control in HC-6. At 45 DAS, we observed an increase (18.6% in 50% FC and 34.3% in 25% FC) in ICC 4958 and a similar increase (21% in 50% FC and 42% in 25% FC) in HC-6 over the control (Figure 8).





3.5. Protein Profiling


Protein content and profiling were performed after each sampling (15, 30 and 45 days after sampling). Figure 9 shows the effect of moisture levels on the protein content in two varieties.



3.5.1. Total Protein


Under drought conditions, the protein content decreased in both varieties. At 15 DAS, in ICC 4958, there was a decrease (3.5% in 50% FC and 10.4% in 25% FC) over the control, and in the HC-6 variety, there was a decrease (14.22% in 50% FC and 24.22% in 25% FC) over the control. At 30 DAS, there was a decrease (4.2% in 50% FC and 14.7% in 25% FC) in ICC 4958 and a similar decrease (14.7% in 50% FC and 30.1% in 25% FC) in HC-6 compared to the control. At 45 DAS, in ICC 4958, there was a decrease (5.26% in 50% FC and 6.79% in 25% FC) over the control, and in the HC-6 variety, there was a decrease (25.4% in 50% and 44.1% in 25% FC) over the control (Figure 9).




3.5.2. SDS-PAGE


Gel image (Figure 10): the expression level of peptides at 57, 32, 24 and 11 kDa showed a decrease in band intensity at 25% FC in both varieties. From the histograms, the intensity of bands can be compared with the control (100% FC). A clear difference pattern in protein changes was seen between the ICC 4958 and HC-6 varieties on the polyacrylamide gels from the presence or absence of bands to the varied intensity of expression. The absence or presence of some bands may also indicate a functional involvement stress response. Furthermore, 57 kDa, 32 kDa and 24 kDa proteins were resolved on the gel and appeared as dark bands, and their intensity decreased during stressed conditions. The results showed that the protein expression in ICC 4958 has decreased at 25% FC, and in HC-6, the decrease was observed at 50% and 25% FC.



The gel image (Figure 11) showed that the expression level of peptides at 57 kDa, 24 kDa, 19 kDa and 11 kDa showed a decrease in band intensity at 25% FC in both of the varieties. From the histograms, the intensity of bands can be compared with the control (100% FC). Flat and small peaks were observed in ICC 4958 at 25% FC and in HC-6 at 50% and 25% FC. The differences in protein patterns were significantly observed at 25% FC. The absence or presence of some bands may also indicate a functional involvement in the stress response. The 57 kDa and 19 kDa proteins were resolved on the gel and appeared as dark bands and their intensity decreased during stressed conditions. The results showed that the protein expression in ICC 4958 decreased at 25% FC, and in HC-6, the decrease was observed at 50% and 25% FC.



The gel image (Figure 12) showed that the expression level of peptides at 57 kDa, 24 kDa, 19 kDa and 11 kDa showed a decrease in band intensity at 25% FC in both of the varieties. In ICC 4958, we observed an increase in band intensity at 25% FC. In HC-6, the flat and small peaks were observed in 50% and 25% FC. A band at 32 kDa, which was prominent at the earlier stages, did not appear at 45 DAS, indicating a functional involvement in the stress response. The 57 kDa, 19 kDa and 11 kDa proteins were resolved on the gel and appeared as dark bands and their intensity decreased during stressed conditions. The results showed that the protein expression in ICC 4958 decreased at 25% FC, and in HC-6, the decrease was observed at 50% and 25% FC.






4. Discussion


Chickpea (Cicer arietinum L.) is one of the stress-loving crops mostly grown in South-East Asia. Moisture stress-induced terminal drought remains a major threat to chickpea production in a rainfed-based cropping system [5,36,37]. The chickpea is one of the highly nutritive crops included in the diet for its high protein content [38]. Even under drought conditions, in tolerant varieties, the nutritive property is less affected due to its natural tolerance property. The natural drought-tolerant nature is due to many morpho-physio and biochemical changes in the plant occurring when prone to drought [39]. There are some varieties which can tolerate drought and grow normally; however, there are some varieties which cannot tolerate drought conditions, which can drastically affect their growth and yield. When sensitive varieties are prone to severe drought conditions, their nutritive properties will be affected, thus leading to nutrient deficiency if consumed [40].



The present investigation was undertaken to generate information on drought tolerance in two chickpea varieties, and its effect on various characteristics. We evaluated the two varieties (ICC 4958 and HC-6) under three drought conditions at three different growth stages. The parameters we evaluated were the morphological, physiological, biochemical, metabolite and protein profile of the two varieties. Under morphological parameters, we have taken plant height, number of branches/plant, number of leaves/plant, number of flowers/plant, number of pods/plant, days to maturity and yield/plant. Under physiological parameters, we have taken relative water content (RWC), electrolyte leakage (EL), cell membrane stability (CMS) and chlorophyll content (chlorophyll A, B and total chlorophyll). Under biochemical parameters, we have performed experiments for proline content, total sugar content, glycine betaine content and enzyme assays, namely, superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR). Under the metabolite analysis, we have performed MDA content, total anthocyanin, flavonoid content, phenolic content and carotenoids. We also performed protein profiling of the two varieties using SDS-PAGE.



4.1. Morphological Parameters


The morphological analysis showed that the effect of drought stress appeared to be higher in HC-6 than in ICC 4958. In deficient water conditions, the plant changes itself through changing its various pathways [19,41,42]. The reduction in plant height could be attributed to a decline in the cell enlargement and more leaf senescence in the plant underwater stress [43,44]. Karim et al. [45] stated that shoot length diminished under water shortage conditions, which was similar to our study where shoot length decreased in both the varieties. Naeem et al. [46] and Baloch et al. [47] discovered that a long root length executed better in water shortage conditions, yet the yield diminished. The plant can get by with longer root length in water shortfall conditions; however, the plant will have a critical low yield. Similarly, in our study, the root length increased as drought progressed, and it also resulted in lower yields. Hussain et al. [48] stated that water deficit affected more in the flowering stage than in the vegetative stage, initial pods were reduced in length and size, and all generative parts of the plant owing to water deficit resulted in damaging of the crop. Drought during flower induction shortens the flowering period and causes flower abortion [49], which can be clearly observed under the parameter number of the flowers/plant. Drought in critical stages such as pre-flowering and flowering causes a noticeable yield reduction [50]. Farooq et al. [51] and Hussain et al. [52] reported a similar decrease in the number of branches, leaves and flowers. Ulemale et al. [53] and Korbu et al. [5] stated that under drought conditions, plants tend to complete their life cycle, thus reducing vegetative growth, i.e., branches and leaves, and their studies in chickpeas showed similar results. A decrease in the seed yield per plant, the weight of 100 seeds and seed protein content in the plants was observed by Hasan et al. [54], and similar observations were also seen in the present study.




4.2. Physiological Parameters


The physiological changes observed could be the result of the deleterious effect of water deficit on important metabolic processes as well as the responses of various defense mechanisms by the plant under drought stress [55]. In the present study, we observed a decline in relative water content as drought stress increased. A high level of relative water content increases the performance of the plant in water deficit conditions [56,57,58]. Most studies have shown decreased relative water content and leaf water potential in response to drought stress [59,60,61,62,63]. Varieties that maintain higher relative water content under drought stress are believed to be more tolerant and give a higher yield than others [62].



Changes in the permeability of membranes may occur due to leakage from cells occurring due to damage to the components of the membrane in the lipid matrix [64]. Enhanced electrolyte leakage is considered as a symptom of stress-induced damage [65,66,67]. This often arises due to the generation of ROS, mainly H2O2, which is a long-lived molecule, and an increase in electrolyte leakage is an indication of sensitivity [68]. Shafiq et al. [69] reported that electrolyte leakage increased in maize cultivars exposed to drought stress similar to the present study. Cell membrane thermostability measures were conducted to estimate the percentage of injury during drought conditions [70]. Membrane stability was significantly reduced as indicated by an increased level of electrolyte leakage under drought stress [67,71]. The low injury index indicated the stability and resilience ability of the plant under water shortage [19].



Chlorophyll content decreased in both the varieties at 15, 30 and 45 days after sowing (DAS). Hussain et al. [48] and Shafiq et al. [69] reported that chlorophyll pigments declined in both maize cultivars under both drought stress regimes. A decrease in the chlorophyll content would be due to impaired biosynthesis or a breakdown of chlorophyll pigments, oxidative stress and also observed in drought-stressed plants [72,73,74,75,76]. Nyachiro et al. [77] and Karim et al. [45] reported that moisture stress imposed up to the flowering and pod formation stage significantly decreased chlorophyll A and chlorophyll B content. The total chlorophyll content significantly decreased in all varieties under drought stress, but the reduction was not as great in tolerant varieties [55]. A reduction in chlorophyll content has been reported in drought-stressed cotton [78], Catharanthus roseus [79], chickpea [80], mustard [81] and broad bean [82,83].




4.3. Biochemical Parameters


Upon exposure to stress, osmolytes such as proline, sugars, trehalose, glycine betaine and polyamines accumulate in many plants [84,85,86] and promote osmoregulation, serving a protective role [87,88]. Similar results of high levels of osmolytes were observed in both the varieties. High levels of compatible solutes enabled the plant to maintain low water potential [89], thereby allowing water uptake by the plants.



The accumulation of osmolytes such as proline during stress is well documented [90,91], and it has been known for a long time that the concentration of proline increases in a large variety of plants under drought stress. In addition to its role as an osmolyte, proline may also protect the protein structure and membranes from damage and reduce enzyme denaturation [92]. Seifikalhor et al. [93] reported that in the tolerant cultivar, the leaf proline content increased depending on the severity of the water deficit. In the sensitive cultivar, the proline content also increased in response to the water deficit, though this increase was not only relatively small but largely independent of water stress severity.



Sánchez et al. [94] and Hoekstra et al. [95] suggested that soluble sugars led to drought tolerance in plants as they acted as an osmoprotectant under water stress conditions. Soluble sugars not only act as metabolic resources and structural constituents of cells, but also function as signals, regulating many processes related with plant growth and development under water deficit conditions [96]. Khan et al. [97] reported that a clear increase in leaf sugar content was evident in both varieties of chickpea, and it led to an osmotic balance under stress conditions.



The high accumulation of glycine betaine or proline is considered as a prospective indicator of stress tolerance [98,99,100]. Shahet al. [101] screened various drought-tolerant chickpea cultivars and concluded that there was a significant increase in the amount of glycine betaines which significantly decreased the yield. Lv et al. [102] stated that glycine betaine not only protected the integrity of the cell membrane from drought stress damage, but also was involved in osmotic adjustment. Shafiq et al. [69] proposed that the positive role of glycine betaine helped in enhancing drought stress tolerance by upregulating mechanisms involved in growth and yield under drought conditions. These reports are similar to the results obtained in the present study, where glycine betaine increased as the drought progressed.



ROS production is stimulated under drought conditions and the deleterious effects are seen on biological membranes [103]. Major ROS scavenging enzymes in plants include superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR) [104]. In the present study, the enzyme activity was higher under drought conditions and lower under normal conditions. Mohammadi et al. [50] stated that the maximum activity of antioxidant enzymes was found in the drought stress condition, and the minimum activity was found in normal irrigation. The results from Amman [105], Saei [106] and Shafei [107] showed similar trends supporting our results, i.e., increased activity under drought conditions.



Rasool et al. [83] reported that a significant increase in SOD activity was observed in the chickpea varieties, suggesting that SOD may function as a ROS scavenger, by converting O2− to H2O2. The findings of Nazar et al. [100] showed similar results: SOD activity increased with stress in Vigna radiata. Mafakheri et al. [108] reported that CAT activity increased in drought-resistance cultivars significantly. High activities of catalase are important for plants to tolerate stresses. Similar results were reported by Rasool et al. [83], stating that CAT activity increased in varieties which were more efficient in scavenging H2O2. Nounjan et al. [109] observed an increase in APX activity in rice seedlings under stress. Eyidogan and Öz [110] reported that the APX and GR activities were significantly increased in chickpea leaves under stress.




4.4. Metabolite Analysis


In the present study, we observed an increase in the activity of metabolites such as MDA, anthocyanin, flavonoids and phenolics in response to drought stress. Lipid peroxidation estimated as MDA content was generally increased at drought stress compared to optimal conditions due to the increased damage caused by ROS. Gunes et al. [63] reported that the MDA content of the chickpea cultivars increased as the stress progressed. Eyidogan and Öz [110] studied the increased levels of H2O2 and MDA, indicating a higher level of damage under drought stress.



Higher anthocyanin content is related to higher scavenging ability [111]. Many studies have shown that drought stress causes a significant increase in the anthocyanin level including Arabidopsis [112], cotton [113], chickpea [114] and barley [115]. In the present investigation, increased anthocyanin indicated that under drought conditions, its activity enhanced, which might cause adaptation to drought.



Non-enzymatic antioxidants, such as phenols and flavonoids, are secondary metabolites that are involved in scavenging ROS and prevent damage to biomolecules [116]. Phenolics and flavonoid contents are strong antioxidants, which play an important role in the scavenging of free radicals against drought-induced oxidative damage [48,117]. In this study, we observed enhanced levels of phenols and flavonoids which may provide tolerance under drought conditions. Reddy et al. [118] reported that in higher plants, phenols and flavonoids increased under drought stress. The carotenoid content decreased under the water-deficient condition due to the production of ROS in the thylakoids that damaged plants by oxidative damage. Furthermore, progressive decreases in the moisture stress level resulted in a significant decrease in carotenoid content [45].




4.5. Protein Profiling


In the present study, protein content decreased under drought conditions. Studying proteins offers an occasion to categorize patterns of protein accumulation during stress perception, adaptation and cell defense [119]. Drought stress impacts actively on protein-related processes such as synthesis and degradation [120]. Drought stress significantly reduced the soluble protein content in the leaves of chickpeas [48], which was observed in both of the varieties. Faghani et al. [121] reported that the integrated physiology and proteomic analysis provided a better insight into the molecular responses of plants during drought. Protein degradation might be the result of the increased activity of protease or other catabolic enzymes, which were activated under drought stress, or due to the fragmentation of proteins due to the toxic effects of reactive oxygen species resulting in reduced protein content [108]. A decrease in the protein concentration would be a typical symptom of oxidative stress and has frequently been observed in drought stressed plants [72,122,123]. SDS-PAGE was used to determine the molecular weight (MW) of protein subunits and to identify subunits in relation to chickpea drought stress. Lande et al. [124] reported that chickpeas have also been found to respond to abiotic stress by the altered expression of many structural proteins and the proteins involved in stress adaptation, notably the ROS catabolizing enzymes using the proteomic approach.





5. Conclusions


From the present study, it is highly evident that plants respond differently to various drought stress treatments. Among the morphological characteristics studied, root length showed higher significance under drought conditions, which helped the plants to thrive under drought conditions. RWC and chlorophyll content can also be used to study various effects under drought conditions as they are primarily affected when the plant is exposed to water deficit conditions. Proline, total sugar content and enzyme activity are the biochemical characteristics that can be used to differentiate the tolerant from susceptible varieties. The activity of SOD, CAT, APX and GR increased under drought conditions irrespective of the variety, indicating that they play a key role under drought conditions by eliminating the ROS and help in providing resistance against drought conditions. During prolonged drought conditions, secondary metabolites can also be affected. An analysis of metabolites such as phenols, flavonoids, malondialdehyde and other pigments such as anthocyanin and carotenoids revealed that they could also be used as indicators for drought as stress levels progressed. The protein content decreased, indicating the activity of ROS during drought stress. Histograms showed a significant difference between the treatments. The presence or absence of protein bands indicated some specific function related to drought tolerance.



Extreme drought conditions affected the plant in terms of overall growth and yield in both of the varieties (Figure 13). Hence, under minimal drought conditions, both of the varieties produced the optimum yield. As a comparison among all the parameters, ICC 4958 performed better for most of the characteristics than HC-6, indicating that it is a better drought tolerant variety.
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Figure 1. Morphological parameters: (a) at 15 DAS; (b) at 30 DAS; (c) at 45 DAS; (d) seed. 
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Figure 2. Effect of drought stress in two varieties on (a) shoot length; (b) root length; (c) number of branches/plant; and (d) number of leaves/plant. * shows the significance level with respect to control. 
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Figure 3. Effect of drought stress in two varieties on (a) number of flowers/plant; (b) number of pods/plant; (c) days to maturity; and (d) yield/plant. * shows the significance level with respect to control. 
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Figure 4. Effect of drought stress in two varieties on (a) relative water content (RWC); (b) electrolyte leakage (EL); (c) cell membrane stability (CMS); (d) chlorophyll A; (e) chlorophyll B; and (f) total chlorophyll. * shows the significance level with respect to control. 
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Figure 5. Effect of drought stress in two varieties on (a) proline content; (b) total sugar content; and (c) glycine betaine content. * shows the significance level with respect to control. 
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Figure 6. Effect of drought stress in two varieties on (a) superoxide dismutase; (b) catalase; (c) ascorbate peroxidase; and (d) glutathione reductase. * shows the significance level with respect to control. 
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Figure 7. Effect of drought stress in two varieties on (a) malondialdehyde content; (b) total anthocyanin content;and (c) carotenoid content. * shows the significance level with respect to control. 
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Figure 8. Effect of drought stress in two varieties on (a) flavonoid content and (b) phenolic content. * shows the significance level with respect to control. 
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Figure 9. Effect of drought stress in two varieties on protein content. * shows the significance level with respect to control. 
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Figure 10. SDS-PAGE gel showing expression profile of two varieties at 15 days after sowing (DAS). 
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Figure 11. SDS-PAGE gel showing the expression profile of two varieties at 30 days after sowing (DAS). 
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Figure 12. SDS-PAGE gel showing expression profile of two varieties at 45 days after sowing (DAS). 
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Figure 13. Schematic presentation of drought stress on various parameters in chickpea. 
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