

  horticulturae-08-00424




horticulturae-08-00424







Horticulturae 2022, 8(5), 424; doi:10.3390/horticulturae8050424




Article



Distinctive Physio-Biochemical Properties and Transcriptional Changes Unfold the Mungbean Cultivars Differing by Their Response to Drought Stress at Flowering Stage



Gunasekaran Ariharasutharsan 1,2,†, Adhimoolam Karthikeyan 3,†[image: Orcid], Vellaichamy Gandhimeyyan Renganathan 2,3, Vishvanathan Marthandan 3,4, Manickam Dhasarathan 5, Ayyavoo Ambigapathi 2, Manoharan Akilan 2,6[image: Orcid], Subramani Palaniyappan 1,2, Irulappan Mariyammal 2, Muthaiyan Pandiyan 7,* and Natesan Senthil 8,*[image: Orcid]





1



Department of Genetics and Plant Breeding, Centre for Plant Breeding and Genetics, Tamil Nadu Agricultural University, Coimbatore 641003, India






2



Department of Plant Breeding and Genetics, Agricultural College and Research Institute, Tamil Nadu Agricultural University, Madurai 625105, India






3



Department of Biotechnology, Centre of Innovation, Agricultural College and Research Institute, Tamil Nadu Agricultural University, Madurai 625105, India






4



Department of Seed Science and Technology, Amrita School of Agricultural Sciences, Amrita Vishwa Vidyapeetham, Coimbatore 641032, India






5



Agro Climate Research Centre, Directorate of Crop Management, Tamil Nadu Agricultural University, Coimbatore 641003, India






6



Department of Plant Breeding and Genetics, Anbil Dharmalingam Agricultural College and Research Institute, Tamil Nadu Agricultural University, Trichy 620009, India






7



Regional Research Station, Tamil Nadu Agricultural University, Virudhachalam 606001,India






8



Department of Plant Molecular Biology and Bioinformatics, Centre for Plant Molecular Biology and Biotechnology, Tamil Nadu Agricultural University, Coimbatore 641003, India









*



Correspondence: mpandiyan8@yahoo.co.in (M.P.); senthil_natesan@tnau.ac.in (N.S.)






†



These authors contributed equally to this work.









Academic Editors: Stefania Toscano, Giulia Franzoni and Sara Álvarez



Received: 13 February 2022 / Accepted: 26 April 2022 / Published: 10 May 2022



Abstract

:

Mungbean is a nutritionally and economically important pulse crop cultivated around Asia, mainly in India. The crop is sensitive to drought at various developmental stages of its growing period. However, there is limited or almost no research on a comparative evaluation of mung-bean plants at the flowering stage under drought conditions. Hence, the aim of this research was to impose the drought stress on two mungbean cultivars VRM (Gg) 1 and CO6 at the flowering stage and assess the physio-biochemical and transcriptional changes. After imposing the drought stress, we found that VRM (Gg) 1 exhibited a low reduction in physiological traits (Chlorophyll, relative water content, and plant dry mass) and high proline content than CO6. Additionally, VRM (Gg) 1 has a low level of H2O2 and MDA contents and higher antioxidant enzymes (SOD, POD, and CAT) activity than CO6 during drought stress. The transcriptional analysis of photosynthesis (PS II-PsbP, PS II-LHC, PS I-PsaG/PsaK, and PEPC 3), antioxidant (SOD 2, POD, CAT 2), and drought-responsive genes (HSP-90, DREB2C, NAC 3 and AREB 2) show that VRM (Gg) 1 had increased transcripts more than CO6 under drought stress. Taken together, VRM (Gg) 1 had a better photosynthetic performance which resulted in fewer reductions in chlorophyll, relative water content, and plant dry mass during drought stress. In addition, higher antioxidative enzyme activities led to lower H2O2 and MDA levels, limiting oxidative damage in VRM (Gg) 1. This was positively correlated with increased transcripts of photosynthesis and antioxidant-related genes in VRM (Gg) 1. Further, the increased transcripts of drought-responsive genes indicate that VRM (Gg) 1 has a better genetic basis against drought stress than CO6. These findings help to understand the mungbean response to drought stress and will aid in the development of genotypes with greater drought tolerance by utilizing natural genetic variants.
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1. Introduction


With the effects of global warming and drastic climate changes, drought is the major abiotic stress that affects crop production in arid and semi-arid regions of the world. It is brought about by a scarcity of rain or a vast difference in rainfall quantity [1,2]. Drought impairs plant growth and development and accounts for over 70% of agriculture yield losses worldwide. However, it relies on the drought intensity, duration, phenophases of the crop, and environmental stress factors. An increasingly warming climate and decreased water availability are likely to upsurge the occurrence and severity of drought in the near future. Therefore, boosting the tolerance to drought is a major aim of crop improvement programs. Much progress has been made in understanding the effect of drought stress on plants. Decoding the molecular mechanisms underpinning plant response during drought is not easy due to the intricacy of drought behavior, environmental factors, and their interactions [3]. When subject to drought, plants undergo a series of morphological, physiological, and biochemical changes that seriously reduce plant growth and development [4,5] Physiological responses include (i) a reduction in the content of chlorophyll, rate of photosynthesis, and transpiration, (ii) stomatal closure, (iii) dehydration of cells [6,7,8]. Drought stress causes increased peroxidation of lipid membranes and mass accumulation of reactive oxygen species (ROS) [9,10,11]. The augmented ROS accumulation causes damage to proteins, lipids, cell membranes, carbohydrates, and nucleic acids and leads to disruption of cellular homeostasis and subsequently cellular death [12]. Both enzymatic and non-enzymatic antioxidant systems are fundamental to protecting the cells against toxic ROS and minimizing the oxidative stress effects [13,14,15,16,17]. Previously, it was shown that ROS production under drought stress can be minimized by increasing the antioxidant enzymatic activities in mungbean [18]. Masoumi et al. [19] reported that tolerant soybean plants enhanced their antioxidant enzyme activities and antioxidant contents in response to drought stress, whereas drought-sensitive plants were unable to do so. The lower level of MDA along with enhanced activities of SOD and CAT in black gram plants can be linked to its ability to cope up with water scarcity by limiting the damaging effects of drought through up-regulation of antioxidant enzymes [20].



Physiological and transcriptome responses of soybean to drought stress were investigated by Xu et al. [21]. Physiological traits such as photosynthetic rate, stomatal conductance, transpiration, and water potential were reduced, while SOD and CAT activities were enhanced, and POD activity remained unchanged. Furthermore, in drought-stressed plants, a total of 2771 differentially expressed genes were identified, and they were involved in different biochemical and molecular pathways, including ABA biogenesis, compatible compound accumulation, secondary metabolite synthesis, fatty acid desaturation, and transcription factors. In another study, Mahdavi Mashaki, et al. [22] employed RNA-Seq to investigate transcriptome profiles in drought-responsive contrasting genotypes of Iranian kabuli chickpea under drought stress in root and shoot tissues at the early flowering stage. Of these, 261 and 169 drought stress-responsive genes were identified in the shoots and the roots, respectively, and 17 genes were common in the shoots and the roots. Several molecular mechanisms are involved in the stress response and their corresponding drought-related pathway, (i.e., ABA, proline, and flavonoid biosynthesis). Lopez et al. [23] showed the importance of phosphorous homeostasis, as well as several other key factors, in response to drought stress in the common bean. Upregulation of several key transcription factors, remodeling of cell walls, synthesis of osmoprotectant oligosaccharides, protection of the photosynthetic apparatus, and downregulation of genes involved in cell expansion were all revealed by RNA-seq analysis of the drought-tolerant landrace PHA-683 in response to drought, but there was a significant proportion of DEGs related to phosphate starvation response.



Mungbean (Vigna radiata), native to India, is a short-duration grain legume and is extensively cultivated in Asia. This crop mainly features high protein (25%) and nutrient (carbohydrates, lipids, minerals, and vitamins) contents. It also improves soil fertility by fixing atmospheric nitrogen [24]. India is the world’s leading mungbean grower, with 2.17 million tonnes of grains from a 4.32 m ha area. Mungbean yield in India is still low (502 kg/ha), considerably lower than the productivity of other main pulse crops [25]. In India, mungbean is mainly grown under rainfed conditions at high temperatures, with low humidity and rainfall. Thus, the mungbean is exposed to drought at various developmental stages of its growing period [26,27]. This crop is comparatively surviving under drought conditions. However, in comparison to other developmental stages, mungbean growth is sensitive to drought during flowering and post-flowering. Drought stress during these stages can decrease the grain yield ranging from 30% to 80%. Regardless of their importance, the studies that investigated the impacts of drought-influenced mungbean are limited [28,29]. Under drought, comparative evaluation of physio-biochemical and transcriptional changes between mungbean cultivars at the flowering stage lacks existing information in the literature. Taking into account the above, in this research, we aimed at revealing the physio-biochemical and transcriptional alterations in two mungbean cultivars (VRM (Gg) 1 and CO6) at the flowering stage under drought conditions.




2. Materials and Methods


2.1. Plant Materials and Drought Treatment


Seeds of mungbean varieties CO6 and VRM (Gg) 1 were provided by Agricultural Research Station, Tamil Nadu Agricultural University, Virinjipuram, Tamil Nadu, India. The seeds for two varieties were sown in pots (15 L, 30 cm height, 33.0 cm diameter at top and 25.5 cm bottom diameter) containing 3:1 ratio of soil and compost in a greenhouse at Agricultural College and Research Station, Madurai, Tamil Nadu, India. The experimental design was a completely randomized design (CRD) with three replications of 15 plants (5 plants per pot). During the experiment period, the temperature was maintained at 28 °C, and relative humidity was 65%. Three different sets of plants were maintained. Watering was done regularly until the flowering started. When the flowering was observed, drought stress for 6 days (soil moisture, 50%) and 12 days (soil moisture, 25%) were imposed in two sets; the third set was kept as the control 0 days (soil moisture, >80%). Soil moisture was measured using Lutron PMS-714 soil moisture meter.




2.2. Plant Sampling


The fully expanded leaves from three to five plants were sampled following the 0, 6, and 12 days of drought stress and immediately frozen into liquid nitrogen and then stored at −80 °C. Leaf relative water content (RWC), chlorophyll content, leaf gas exchange parameters, and plant dry mass were used to estimate at 0 and 12 days of drought stress plants. Proline, protein, hydrogen peroxide (H2O2), malondialdehyde (MDA), enzymatic (SOD, POD, and CAT), and non-enzymatic (Ascorbic acid) antioxidants assays were conducted at 0, 6, and 12 days of drought stress plants. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis was conducted at 0 and 12 days.




2.3. Physiological Traits


Total chlorophyll content was measured according to Arnon [30]. Plant dry mass was measured after drying the plant at 80 °C to a constant weight. RWC was measured as the standard method described by Barrs and Weatherly [31]. RWC = (FW − DW)/(TW − DW) × 100, where FW is the fresh leaf weight, DW is the dry leaf weight, and TW is the turgid weight of the leaves. Photosynthetic gas exchange parameters were measured by portable photosynthesis system Li-6400 (LiCor, Lincoln, NE, USA).




2.4. Proline Estimation


Proline content was estimated according to the methodology described by Bates et al. [32]. Leaf samples (1 g) were taken and homogenized in 3% aqueous sulphosalicylic acid and centrifuged at 10,000 rpm for 15 min at 4 °C. The supernatant was carefully taken, and then the acid-ninhydrin solution (1.25 g of ninhydrin in 30 mL glacial acetic acid) was added. The mixture was then incubated for an hour at 100 °C and cooled in ice to stop the reaction. For extracting the reaction mixture 4 mL of toluene was added and vortexed thoroughly for 2 min. The solute is then measured for absorbance at 520 nm. Toluene was considered as a blank, and the content of proline was calculated giving to the formula: [(µg proline/mL × mL toluene)/115.5 µg/µmole]/[(g sample)/5] = µg proline/g FW.




2.5. Damage Index; Determination of MDA and H2O2 Contents


MDA content estimation was done following the Stewart and Bewly method [33] to determine lipid peroxidation. Leaf samples (1 g) were homogenized in 0.1% of trichloroacetic acid (TCA) and then centrifuged at 12,000 rpm for 15 min at 4 °C. After centrifugation, 0.5 mL of the supernatant was collected and mixed with a 1 mL volume of 20% TCA containing a 0.5% thiobarbituric acid (TBA) solution. The sample was incubated for another 30 min at 95 °C and placed in ice bath to stop the reaction followed by centrifuging at 12,000 rpm for 10 min. The resulting solute was measured for absorbance at 532 nm. MDA content was estimated by the 155 mM−1 cm−1 extinction coefficient. Results were stated as μmol/g fresh weight. The H2O2 content was determined following the method previously elucidated by Loreto and Velikova [34]. Leaf samples (1 g) were homogenized in ice-cold 0.1% TCA and centrifuged at 12,000 rpm for 15 min at 4 °C. After that, 0.5 mL of 10 mM potassium phosphate buffer and 0.75 mL of 1 M KI were added to 0.5 mL of the supernatant. The absorbance was measured at 390 nm against a blank, and the H2O2 content was inferred by a standard calibration curve, previously made solutions with known H2O2 concentration. H2O2 concentration was expressed as µmol/g fresh weight.




2.6. Assay of Antioxidant Enzymes


Approximately 1 g of sampled leaves were weighed and finely chopped to powder with liquid nitrogen. About 10 mL of ice-cold 50 mM potassium phosphate buffer with 0.1-mM Na2 EDTA and 1% (w/v) polyvinylpyrrolidone (PVP) was used to homogenize the powder. The pH of the buffer should be 7.8 for SOD and POD assays whereas it is 7.0 for CAT assay. After filtering the homogenate with a 4-layered muslin cloth, it was centrifuged at 12,000 rpm at 4 °C for 15 min. The aliquot part in the supernatant was gathered for enzyme activity assays. For recording the SOD activity, the protocol of Madamanchi and Alscher [35] was followed. The amount of enzyme that reduces nitroblue tetrazolium (NBT) to half was referred to be one unit of SOD. The solute was read at an absorbance of 560 nm. As guaiacol was the electron donor, the POD activity was recorded at 470 nm as proposed by Chance and Maehly [36] in which one unit POD function was referred to as one unit change in absorbance of 0.01 unit in a minute. As described by Aebi [37], the activity of CAT was found. In an interval of 2 min, a reduction in the absorbance at 240 nm was recorded after the digestion of H2O2. It is found that one unit of CAT produces 1 mM of H2O2 in a minute for which the results are expressed in units/mg of protein.




2.7. Ascorbic Acid Content


Ascorbic acid (referred to as vitamin C) was measured following the method previously reported by Arakawa et al. [38] with minor modifications. Leaf samples and 5 mL of 5% trichloroacetic acid (TCA) were homogenized in the mortar and centrifuged at 10,000 rpm for 10 min at 4 °C. Then, 1 mL of clear supernatant, 1 mL of 5% TC, 1 mL alcohol, 0.5 mL 0.4% phosphoric acid (H3PO4)-alcohol, 1 mL of 0.5% 4,7-diphenyl-1,10-phenanthroline (BP)-alcohol, and 0.5 mL 0.03% ferric trichloride (FeCl3)-alcohol were added into to a tube and incubated at 40 °C for 1 h. The reaction was ended at room temperature, and absorbance was measured at 534 nm with a spectrophotometer (Unicam UV-330, Cambridge, UK). Results were expressed as the unit’s μmol/g fresh weight.




2.8. RNA Isolation, cDNA Synthesis, and qRT-PCR Analysis


According to the manufacturer’s guidelines, total RNA was isolated using an RNeasy plant mini kit (Qiagen, Hilden, Germany) and treated with RNase-free DNAseI (Promega, Madison, WI, USA). The RNA quantity was assessed using the bio spectrometer (Eppendorf, Hamburg, Germany) based on the absorbance ratio at 280 nm. Further, the quality of RNA was tested on 1% agarose gel via electrophoresis. The first-strand cDNA was done by transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science, Penzberg, Germany) following the manufacturer’s guidelines. Sequence information of the following genes, photosystem II oxygen-evolving complex protein (PS II-PsbP), photosystem II chlorophyll A/B binding protein (PS II-LHC), photosystem I PsaG/PsaK (PS I-PsaG/PsaK), phosphoenolpyruvate carboxylase 3 (PEPC 3), superoxide dismutase 2 (SOD 2), peroxidase (POD), catalase-2 (CAT 2), heat shock protein-90 (HSP-90), dehydration responsive element-binding transcription factor (DREB2C), NAC transcription factor 3 (NAC 3), and abscisic acid-responsive elements-binding factor 2 (ABF 2) were obtained from NCBI database [https://www.ncbi.nlm.nih.gov/ (accessed on 29 May 2019); Vigna radiata var. radiata (Mungbean)]. Primer 5.0 software was used to design the corresponding primer pairs of the concerned gene sequences for qRT-PCR reaction (Table S1) and were verified to produce a single peak in the melting curve by using a Light Cycler 480® Real-Time PCR System (Roche Applied Science, Penzberg, Germany). Aliquots for qRT-PCR reactions included 10 μL of final volumes containing 1 μL of cDNA, 0.5 μL each primer (10 μM), and 5 μL (2×) of FastStart Essential DNA Green Master mix (Roche Applied Science, Penzberg, Germany) and 3 μL of ddH2O. All reactions were performed in 96-well plates using a Light Cycler 480® Real-Time PCR System with three technical replicates. The thermal conditions are as follows: 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 30 s, and then 72 °C for 30 s. Actin gene (internal control) from mungbean was used to normalize, and transcripts change was calculated using the 2−ΔΔCT method.




2.9. Statistical Analysis


The experimental data are presented as the mean and standard error of the mean. All statistical analyses were performed using SPSS statistical package (SPSS Inc., Chicago, IL, USA). In order to find out the differences among the groups, Duncan’s multiple range test for one-way ANOVA was performed at a p-value < 0.05 statistical significance.





3. Results


3.1. The Effect of Drought Stress on Physiological Traits


Chlorophyll content, plant dry mass, and RWC were observed in two mungbean cultivars following the 12 days of drought stress and compared with the control (Figure 1). After 12 days under drought stress, CO6 plants showed severe wilting, whereas a few leaves of the VRM (Gg) 1 plants had slowly begun to curl. Notably, considerable reductions in chlorophyll content and plant dry mass were observed in the CO6 compared to the respective control. Next, we determined the RWC at the control and drought stress conditions. Mungbean cultivar VRM (Gg) 1 did not show any considerable changes in RWC when subjected to drought stress. In contrast, RWC had a considerable decrease in the CO6 after 12 days of drought stress.



During the 12 days of drought stress, photosynthetic gas exchange parameters (leaf net photosynthesis rate, stomatal conductance, and intercellular CO2 concentration) were determined in both cultivars (Figure 1). After 6 days of the drought stress, no major difference in the leaf net photosynthetic rate among VRM (Gg) 1 and CO6 was observed compared to their respective control. However, after 12 days of drought stress, the reduction in CO6 was higher than observed in VRM (Gg) 1. The differences observed in stomatal conductance after drought stress were also similar to the differences seen in leaf net photosynthetic rate, with the same trend as in leaf net photosynthetic rate but to a smaller extent. However, after drought stress, CO6 plants showed an increased intercellular CO2 concentration than in VRM (Gg) 1 revealing the opposite relationship between stomatal conductance and leaf net photosynthetic rate.




3.2. Proline Content


Proline accumulation is an eminent metabolic response of plants to drought and is also used as an indicator to determine drought tolerance. The difference in proline content during the 12 days of drought stress was estimated in both cultivars. Under the control conditions, a slight difference was seen in the proline content of both cultivars. VRM (Gg) 1 showed a considerably high amount of proline than CO6 after 6 and 12 days of drought stress. The proline content of VRM (Gg) 1 and CO6 under drought stress are presented in Figure 2.




3.3. Changes in MDA and H2O2 Accumulation


During the 12 days of drought stress, MDA, a product of lipid peroxidation was detected among two cultivars. Compared to their respective controls, the amount of MDA content was increased in both cultivars under stress. However, the amounts of upsurge were the degree of difference. After 12 days of stress, the content of MDA was considerably increased in CO6 (119%) than in VRM (Gg) 1 (49%), further revealing that the VRM (Gg) 1 plants cope with a smaller amount of membrane damage compared to CO6 (Figure 2). Likewise, the accumulation level of H2O2 in plants as a response to drought stress imposed on VRM (Gg) 1 and CO6 was also estimated (Figure 2). Six days after drought stress, no major changes in H2O2 content were obtained in both cultivars under stress and control conditions. However, after 12 days, H2O2 levels exhibited a significant increase between both types of plants compared with respective controls. Notably, the magnitudes of increase were different in CO6 (139%) and VRM (Gg) 1 (51.75%). Under control conditions, both cultivars showed no major difference in MDA and H2O2 (Figure 2).




3.4. Activity of Enzymatic and Non-Enzymatic Antioxidants


The effect of drought on enzymatic antioxidants viz., SOD, POD, and CAT were evaluated on the mungbean cultivars (Figure 3). After 12 days of drought stress, the three antioxidant enzyme activities were higher in both cultivars. No major changes in SOD activity were found 6 days after drought stress in the VRM (Gg) 1 and CO6 compared to their respective control. However, a significant increase was found in 12 days after drought stress in both cultivars. The increase in VRM (Gg) 1 was high compared to CO6. Unlike SOD, POD and CAT activities in the VRM (Gg) 1 and CO6 significantly increased 6 days after drought stress and maintained a higher level after 12 days of drought stress compared to their respective controls. However, the increase in VRM (Gg) 1 was high compared to CO6. Ascorbic acid is one of the most abundant water-soluble antioxidant compounds in plants. The response of ascorbic acid content for drought stress in VRM (Gg) 1 and CO6 was estimated and is presented in Figure 3. The ascorbic acid content was higher in the VRM (Gg) 1 than the CO6. After 12 days of drought stress, the ascorbic acid content was slightly increased in the VRM (Gg) 1. No significant changes were seen in the CO6 than their respective controls.




3.5. Transcriptional Profiling of Photosynthesis, Antioxidant, and Stress-Responsive Genes


After 12 days of drought stress, four photosynthesis-related genes (PS II-PsbP, PS II-LHCB, PS I-PsaG/PsaK, and PEPC 3) transcripts levels were analyzed between VRM (Gg) 1 and CO6 by qRT-PCR analysis (Figure 4). Under control conditions, the transcripts of photosynthesis-related genes in VRM (Gg) 1 and CO6 showed no major differences. However, after 12 days of drought stress, transcripts level increased in both cultivars compared with respective controls. Noticeably, the transcripts level was higher in VRM (Gg) 1 than CO6. Further, we analyzed the three antioxidants (SOD 2, POD, and CAT 2) and four drought stress-responsive genes (HSP-90, DREB2C, NAC 3, and AREB 2) in both cultivars. Like photosynthesis genes, transcripts of antioxidant and drought stress-responsive genes also did not exhibit major differences in VRM (Gg) 1 and CO6 under controlled conditions. However, the transcripts levels were increased in VRM (Gg) 1 than CO6 after 12 days of drought stress. Together, these results suggest that VRM (Gg) 1 exhibited better performance under drought stress compared to CO6, owing to the transcripts differences of these genes under drought stress.





4. Discussion


In the present study, the response of mungbean cultivars to drought stress was investigated in terms of analyzing the physio-biochemical and transcriptional changes. We found that chlorophyll content and plant dry mass were decreased during drought stress, and the cultivar VRM (Gg) 1 showed a lower decrease compared to CO6, indicating improved photosynthesis and plant growth development. Additionally, VRM (Gg) 1 subjected to drought stress did not show any major changes in RWC. However, the RWC had a significant decrease in CO6, suggesting better water maintaining capacity in VRM (Gg) 1. We also found that when VRM (Gg) 1 and CO6 were exposed to drought stress, the photosynthetic gas exchange parameters (leaf net photosynthetic rate and stomatal conductance) were decreased. Notably, the stomatal conductance in VRM (Gg) 1 plants showed lower decreases than that in CO6 under drought stress. This changing pattern in stomatal conductance is comparable to that in leaf net photosynthetic rate among the plants of VRM (Gg) 1 and CO6, showing that the better leaf net photosynthetic rate in VRM (Gg) 1 was related to the regulation of stomatal conductance. In contrast, the intercellular CO2 concentration of VRM (Gg) 1 was lower than CO6 plants. This fact was because of the varied reduction of leaf net photosynthetic rate in VRM (Gg) 1 and CO6. It might be the reason for increased CO2 assimilation and decreased intercellular CO2 concentration in the VRM (Gg) 1 plants compared to CO6. Therefore, photosynthesis and growth in the VRM (Gg) 1 were better when imposed the drought stress. Moreover, we investigated the transcripts level differences of photosynthesis-related genes under drought stress. PS II-PsbP, PS II-LHCB, PS I-PsaG/PsaK, and PEPC 3 are major genes related to photosynthesis. In our study, following 12 days of drought stress, the transcripts levels of all the genes excluding PS I-PsaG/PsaK considerably increased in both cultivars compared to their control. Notably, the transcripts level in VRM (Gg) 1 was high compared to CO6, suggesting that VRM (Gg) 1 had better photosynthetic capacity than CO6 under drought stress. Proline accumulation is an important metabolic response to drought in plants and it is also employed as an indicator to regulate the drought tolerance. After 6 and 12 days of drought stress, VRM (Gg) 1 had a much higher level of proline than CO6. Collectively, these results are in line with the reports of Li et al. [39]. Ansari et al. [40] Favero Peixoto-Junior et al. [41], who described that the genotype is referred to as tolerant to drought stress if it keeps better photosynthetic performance, chlorophyll content, RWC, plant dry mass, and proline under stress conditions.



Many studies showed that drought stress causes oxidative damage, characterized as an accumulation of H2O2 and MDA [42,43]. Our results showed that, after the drought stress, the accumulation of H2O2 and MDA was low in VRM (Gg) 1 whereas high in CO6. A lower H2O2 and MDA content in VRM (Gg) 1 specified that it has stable ROS scavenging and better protective mechanism. In several crops, including mungbean, wheat, and muskmelon [28,40,44] under drought stress, the genotypes with contrasting drought tolerance showed differences in H2O2 and MDA content. Additionally, a higher accumulation of proline in VRM (Gg) 1 was vital, and it acts as a compatible solute that prevents the protein and membrane structure while also scavenging ROS to maintain the cellular redox level under drought stress and agrees with the statement of Yamada et al. [45]. Plants with tolerance to abiotic stress possess a robust antioxidant system to defend them from oxidative stress by keeping increased antioxidant enzymes and antioxidant molecule activity and contents under stress conditions [46]. SOD, POD, and CAT are major enzymes protecting the plants against ROS-induced oxidative damage [14,47]. Many research reports detailed that the up-regulated expression of SOD, POD, and CAT leads to decreased ROS production under stress conditions [44,48]. In our study, SOD, POD, and CAT activities were heightened over time in VRM (Gg) 1 compared with the CO6 under drought stress and corroborate with the low ROS production observed in VRM (Gg) 1. Abid et al. [44] and Ali et al. [28] showed SOD, POD, and CAT activities were higher in VRM (Gg) 1 than CO6 under drought stress which was in concurrence with our findings. Likewise, the accumulation of non-enzymatic antioxidant ascorbic acid was higher in VRM (Gg) 1 than in CO6. However, the increase was non-significant, and only a marginal increase was observed. Taking together, we conclude that VRM (Gg) 1 has a stronger antioxidant system than CO6.



Drought stress regulates the expression of genes in plants at both transcriptional and post-transcriptional levels. Drought tolerance in plants is thought to be mediated by many genes and biological pathways. Heat-shock proteins serve as molecular chaperones for various client proteins in abiotic stress response and play a significant role in preventing the plants against abiotic stresses. The plant’s HSP90 genes had a major role in response to abiotic stresses, including drought [49,50]. Song et al. [51] reported that the overexpression of Hsp90 in Arabidopsis thaliana improved the plant’s sensitivity to drought stresses. VRM (Gg) 1 exhibited higher expression of Hsp90 in leaves than CO6 during drought stress, suggesting the possible role of preventing the cells from oxidative damage in VRM (Gg) 1 plants. DREB is the key transcription factor playing a pivotal role in drought stress response and tolerance to drought [52,53,54,55]. In the present study, the DREB2C transcription factor was examined in VRM (Gg) 1 and CO6 under drought stress. After ten days of drought stress, the expression level of DREB2C in leaves was expressed considerably higher in VRM (Gg) 1 than in CO6. Similarly, NAC 3 and AREB 2, which play critical roles during various abiotic stresses, also showed higher expression in VRM (Gg) 1 compared to CO6. Previously, several studies demonstrated the possible involvement of NAC 3 and AREB 2 in drought tolerance [56,57]. From these outcomes, we inferred that it might be possible that the higher expression of Hsp90, DREB1, NAC 3, and AREB 2 is likely to contribute to the better performance of VRM (Gg) 1 during drought stress.



VRM (Gg) 1 had better photosynthetic activity during drought stress, resulting in fewer losses in chlorophyll, relative water content, and plant dry mass. Furthermore, enhanced antioxidative enzyme activities resulted in decreased H2O2 and MDA levels in VRM (Gg) 1, limiting oxidative damage. These physio-biochemical alterations positively correlated with increased transcripts of photosynthesis and antioxidant-related genes in VRM (Gg) 1 and were consistent with the earlier studies on, mungbean, faba bean, and alfalfa responses to drought stress [58,59,60]. The increased transcripts of drought-responsive genes suggest that VRM (Gg) 1 has a stronger genetic base for drought tolerance than CO6. However, supplement research is needed to understand the exact genetic and molecular mechanism underlying drought tolerance.




5. Conclusions


In this study, we found that the mungbean cultivar VRM (Gg) 1 performed well and exhibited tolerance to drought stress compared to CO6, as supported by the physio-biochemical and gene transcriptional changes. In the future, VRM (Gg) 1 will need to be tested under field conditions before being employed in mungbean drought-tolerant breeding programs. VRM (Gg) 1 is a potential source to detect the quantitative trait locus (QTL)/gene (s) associated with drought tolerance. Collectively, the obtained results from our study could be used in the future search for drought-tolerant genotypes or in breeding programs with an aim to obtain tolerant mungbean genotypes.
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Figure 1. (A) Chlorophyll content (mg g−1 FW), (B) relative water content (%), (C) stomatal conductance (mol H2O m−2 s−1), (D) photosynthesis rate (µmol CO2 m−2 s−1), and (E) intercellular CO2 concentration (ppm) of two mungbean cultivars (VRM (Gg) 1 and CO6) grown under control and drought-stressed conditions. Values followed by the same letter are not significantly different (p ≤ 0.05) according to duncan’s multiple range test. Bars present means ± SE (n = 3). 
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Figure 2. (A) Effect of drought stress on proline (µg g−1 FW), (B) H2O2 (µmol g−1 FW), and (C) MDA contents (μmol g−1 FW) in two mungbean cultivars VRM (Gg) 1 and CO6. Values followed by the same letter are not significantly different (p ≤ 0.05) according to duncan’s multiple range test. Bars present means ± SE (n = 3). 
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Figure 3. Activities of enzymatic and non-enzymatic antioxidants in two mungbean cultivars VRM (Gg) 1 and CO6. (A) SOD (Umg−1 Protein), (B) POD (Umg−1 Protein), (C) CAT (Umg−1 Protein), and (D) ascorbic acid (μmolg−1 FW). Values followed by the same letter are not significantly different (p ≤ 0.05) according to duncan’s multiple range test. Bars present means ± SE (n = 3). 
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Figure 4. Effect of drought stress on the relative expression level of photosynthesis (PS II-PsbP, PS II-LHCB, PS I-PsaG/PsaK, and PEPC 3), antioxidants (SOD 2, POD, and CAT 2), and stress (HSP-90, DREB2C, NAC 3 and AREB 2) related genes in two mungbean cultivars VRM (Gg) 1 and CO6. Values followed by the same letter are not significantly different (p ≤ 0.05) according to duncan’s multiple range test. Bars present means ± SE (n = 3). 
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