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Abstract


Soil salinity is increasing due to several factors such as climate change and areas with uneven rainfall. This increase in level of salinity compelled the cotton breeders to develop a new germplasm that exhibit the suitable for salty soil. This study aimed to determine the salt tolerance of 50 accessions of Gossypium hirsutum in hydroponic conditions having three levels of NaCl, i.e., 0 mM, 150 mM, and 200 mM. The experiment was carried out in a completely randomized design with a factorial arrangement. Morphological, physiological, and biochemical attributes were estimated in these genotypes. The Na+/K+ ratio was determined by dry digestion method. Salt-susceptible and -tolerant genotypes were identified by biplot and cluster analysis. The genotypes showed significant differences for morphophysiological and biochemical parameters. In control, Cyto-515 showed enhanced growth with shoot length (30.20 cm), root length (20.63 cm), fresh shoot weight (2.34 g), and fresh root weight (0.93 g), while under 150 mM and 200 mM salinity levels, MNH-992 had the maximum root length (15.67 cm) and shoot length (24.67 cm). At a 150 mM salinity level, maximum levels of antioxidants were found in Kehkshan and CIM-595, while at a 200 mM salinity level, AA-703, CIM-595, and Kehkshan showed maximum values of antioxidants. The highest Na+/K+ ratio was observed in VH-363 and FH-114, while Kehkshan had lowest Na+/K+ ratio. The biplot analysis revealed that Kehkshan, CIM-595, VH-330, Cyto-178, MNH-992, and Cyto-515 were widely dispersed and distant from the origin, and exhibiting variability for morphophysiological and biochemical traits under the salt stress. In terms of performance across the treatments, accessions MNH-992, Kehkshan, Cyto-515, and CIM-595 performed significantly better. Peroxidase activity, proline contents, H2O2 determination, and Na+/K+ ratio were shown to be useful for the salt tolerance selection criteria. The potential of such salt tolerant accessions (MNH-992, Kehkshan, Cyto-515, and CIM-595) could be assessed after planting in salt affected areas and could be used in breeding programs for the development of diverse salt tolerant new genotypes of upland cotton.
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1. Introduction


Salinity is one of most prevalent abiotic factor that restricts crop production globally and as a result lower the yield of field crops. Salinity-affected land is constantly expanding due to unforeseen factors [1]. Every year, approximately 4 × 104 hectares of land lose their ability to produce crops due to soil salinity. G. hirsutum is particularly sensitive to salinity during seedling and germination stages. Salinity will affect ~30% of cultivated areas over the next 25 years, posing a threat to global food security [2]. Approximately 800 million hectares of land or 6% of the global area have been converted into barren soils due to severe effects of salinity [3]. Due to climate change, salinity level as well as area affected due to salinity is an emerging issue in Pakistan’s arid to semi-arid region with 6.2 million hectares under salt stress of agricultural land. The excess of salts have a significant impact on crop productivity because of detrimental effects such as developmental and growth retardation of crop plants [4]. A variety of processes have been explored to understand how salinity negatively affects the development and growth stages of crop plants [5]; for example, (1) salinity causes the rhizosphere to have a lower water potential, which, in turn, causes water shortage in plant organs; (2) accumulation of Na+ and Cl− ions causes ion toxicity; (3) a poor intake of micro- and macronutrients due to salt traces in the rhizosphere causes ionic imbalance [6]. These effects led plant scientists to develop those genotypes of crop plants that have the ability to tolerate salt stress. To proceed with this, it is necessary to have genotypes that are resistant to salts in addition to enormous genetic diversity present in available germplasms. It is a laborious task to screen a large number of field crops for salt tolerance. The estimation of Na+/K+ ratio has been applied as a reliable criterion for selection of salt tolerance in sorghum [7], alfalfa [8], wheat [9], and maize [10]. In general, salt-sensitive genotypes are incapable of maintaining the Na+ homeostasis, whereas salt-tolerant genotypes regulate the Na+ ion exclusion through their roots. However, according to some studies, maintaining an ideal Na+/K+ ratio determines the plant’s ability to perform under salt stress rather than Na+ exclusion [11].



Salt stress reduces the production of biomass by decreasing the leaf area, root and shoot weight, stem thickness, and seed cotton yield [12]. At seedling stage, salinity has a detrimental effect on cotton production, while at vegetative stage, water usage efficiency, photosynthesis, and rate of evaporation were reduced [13]. In later stages, diameter of stem, plant height, root/shoot ratio, and leaves expansion were significantly affected by salt stress. Furthermore, prolonged salt stress has caused an increase in fruit shedding, poor quality of fiber traits, and delay in fruit development [14]. Salt stress disrupts the cellular ions, osmotic stress, and increases the production of reactive oxygen species (hydroxyl radicals and superoxide anions). Plants have an efficient but complicated enzymatic defense system against these effects e.g., peroxidase and catalase and non-enzymatic defense systems against free radical toxicity (free proline) [15]. Considering the aforementioned discussion, it is necessary to develop such genotypes of cotton having potential against salt stress. Therefore, this study was designed to evaluate salt tolerance in cotton genotypes at the seedling stage using principal component analysis (PCA). The findings of this study may be useful in breeding programs particularly for the development of salt resistance in cotton.




2. Materials and Methodology


2.1. Collection of Germplasms


Cotton germplasms consisting of 50 genotypes were collected from various cotton breeding institutions and stations in the country, i.e., Central Cotton Research Institute, Multan; Cotton Research Station, Faisalabad; Cotton Research Station, Vehari; Department of Plant Breeding and Genetics, University of Agriculture, Faisalabad-Pakistan (Table 1).




2.2. Experimental Design and Salt Treatment


The germplasms of upland cotton were assessed at three distinct levels of salinity, i.e., 0 mM (control), 150 mM, and 200 mM. The experiment was carried out in a completely randomized design with a factorial arrangement. The experiment was conducted in the greenhouse of the Institute of Molecular Biology and Biotechnology, Bahauddin Zakariya University, Multan (latitude 30.270172° N, longitude 71.505625° E).



Six healthy and uniform seeds of every genotype were planted into plastic pots containing the sand, and three pots were planted for each germplasm in each treatment. The pots were kept in greenhouse during last week of September-2021 and were exposed to a photoperiod and normal sunlight. After two weeks of germination and upon the emergence of true leaves, seedlings were gently removed from the sand (Figure 1).




2.3. Harvesting and Transplanting


The seedlings was washed carefully using distilled water to remove the sand before selecting seedlings of similar size from each accession for transplantation into hydroponics. One seedling was transplanted into each hole of thermophore sheet and then placed on plastic tubs containing 36 L of half-strength Hoagland solution [16]. Proper aeration was maintained in each tub throughout the experiment by the help of oxygen pumps. Salt stress was applied after three days of transplanting into Hoagland solution. Three different NaCl levels were slowly applied, i.e., control, 150 mM, and 200 mM (Figure 2). The EC of each treatment was maintained until the experiment was completed.




2.4. Analysis of Morphophysiological Parameters


The data for shoot length, root length, fresh root weight, fresh shoot weight, dry shoot weight, and dry root weight were recorded from each genotype after 40 days of salt stress. Shoots and roots were separated for each genotype by cutting at the shoot and root junction, and fresh weight of shoot and root was immediately measured by electric weighing balance. The shoot and root length from each genotype replication was measured in centimeters using a measuring scale. To determine the dry shoot and root weight of each genotype replication, shoots and roots were placed in Kraft paper bags, oven-dried at 80 °C for 48 h, and then weight of each section was determined through electric weighing balance. The SPAD 502 Plus chlorophyll meter was used for determination of chlorophyll contents. Simultaneously, one completely opened fresh leaf from every genotype was harvested and preserved at −80 °C. These frozen leaves were used to analyze the physiological and biochemical traits i.e., catalase and peroxidase activity, free proline contents, and H2O2 concentration.



Na+ and K+ Contents


Na+/K+ ratio was determined by dry digestion method [17]. For this purpose, leaves of each genotype were oven dried at 65–70 °C for 48 h. Dry and ground plant material was placed in a muffle furnace for 5 h at 550 °C. Ash was dissolved in 5 mL of 2 N HCL. Then, distilled water was added to make the volume 50 mL and allowed to stand for 30 min. Each sample was filtered with Whatman filter paper and filtrate was used to determine the Na+ and K+ contents by flame photometry (Jenway PFP7, Chelmsford, UK).





2.5. Analysis of Biochemical Parameters


2.5.1. Determination of Proline


Proline accumulation in leaf tissues was determined using the methodology proposed by [18]. ~0.1–0.5 g of leaves were homogenized in 5 mL of 3% sulfosalicylic acid using a pestle and mortar. After that, the extract was centrifuged for 10 min at 11,000 rpm to separate the supernatant. Then, acid-ninhydrin solution containing 1.25 g of ninhydrin, 30 mL of glacial acetic acid, and 20 mL of 6 M orthophosphoric acid was prepared. Then, 1 mL was taken out of each component i.e., leaf extract supernatant, ninhydrin solution, and glacial acetic acid which were poured in test tubes. The samples were then incubated for 50 min at 100 °C. After cooling the mixture in ice, the organic layer was obtained by adding 1 mL of toluene and by vortexing the mixture for 5 min. Following that, an organic layer was isolated and OD was recorded at 520 nm, and toluene was used as a blank.




2.5.2. Catalase Activity


To prepare enzyme extract, 0.2 g of leaves were ground in a pre-chilled mortar and pestle with 2 mL of 50 mM potassium phosphate buffer. The extract was centrifuged for 20 min at 10,000 rpm, and supernatant was collected in other Eppendorf tube. Afterward, 450 µL of 5.9 mM H2O2, 1 mL of 50 mM KP buffer, and 50 µL of enzyme extract were mixed together to prepare the reaction mixture. The absorbance at 240 nm was measured after every 20 s using a spectrophotometer (Beckman Coulter DU 730, Pasadena, CA, USA).




2.5.3. Peroxidase Activity


The activity of peroxidase was measured by using the protocol proposed by [19]. An amount of 50 mM KP buffer was used to grind 0.2 g of leaf tissues. Then the mixture was centrifuged for 20 min at 10,000 rpm, and supernatant was taken into other Eppendorf tube. Later on, 1.5 mL of reaction mixture was made by combining 200 µL of 20 mM guaiacol, 250 µL of 40 mM H2O2, and 1 mL of 50 mM KP buffer and this mixture was poured into 50 µL of enzyme extract. The absorbance was recorded at 470 nm with a spectrophotometer (Beckman Coulter DU 730, Pasadena, CA, USA).




2.5.4. Hydrogen Peroxide


Reactive oxygen species are produced in plant tissues during normal oxygen metabolism. However, the level of ROS increases dramatically under stress conditions [20]. The amount of ROS produced can be determined by estimating the hydrogen peroxide amount following the protocol of [21]. An amount of 0.2 g of leaves was grinded in 0.1% trichloroacetic acid (2 mL). The sample was then centrifuged at 10,000 rpm for 15 min. After this, 500 µL of 10 mM KP buffer (pH 7.0) and 1 mL of 1 M Potassium Iodide (KI) were mixed in 500 µL of supernatant. The OD of mixture was measured at 390 nm.





2.6. Statistical Analysis


The data was subjected to analysis of variance (ANOVA) with factorial option to determine the genetic diversity in 50 accessions for recoded traits. This analysis was carried out using Statistix version 8.1 software [22]. Tukey’s honestly significant difference (HSD) was used to compare significant differences in mean values at a significance level of p < 0.05, while biplot and cluster analyses were carried out to determine how different upland cotton cultivars responded to different salt stress levels and under the control conditions by using XLSTAT statistical software.





3. Results


Multivariate analysis was used to assess the morphological, physiological, and biochemical data.



3.1. Effect of Salt Stress on Morphological Properties


Salt stress significantly reduced the shoot length and root length of all the genotypes, and fresh and dry weights of the shoot and root also changed significantly when salt stress was applied to plants. Shoot and root lengths of some genotypes were found to decrease with increased concentration of NaCl.



3.1.1. Shoot Length (cm)


The mean square values from analysis of variance (Table 2) of 50 cotton accessions for shoot length are presented in Table 2. At a 150 mM salinity level, the accessions Cyto-515 (G50) and CIM-595 (G39) had the longest shoot lengths of 22.3 cm and 21.7 cm, respectively, while the genotypes Cyto-178 (G13) had the shortest shoot length of 7.3 cm. At a 200 mM salinity level, the maximum shoot length was seen in MNH-992 (G8) of 24.67 cm, while Cyto-178 (G13) again showed the minimum shoot length of 7 cm (Figure 3A and Supplementary Figure S1).




3.1.2. Root Length (cm)


All of the genotypes showed significant differences in root length (Table 2). It was observed that salinity reduced the root length in all the genotypes except CIM-595 (G39), in which the root length increased at a 200 mM salinity level. At the control level, Cyto-515 (G50) had the longest roots (20. 63 cm) followed by S-9 (G15) (19.3 cm) and CIM-595 (G39) (19.2 cm), while VH-339 (G27) had the shortest root length (11 cm). At a 150 mM salinity level, the maximum root length was observed in MNH-992 (G8) and Cyto-515 (G50) with values of 15.67 cm and 15 cm, respectively, while the minimum root length was observed in VH-377 (G20), VH-330 (G38), and MNH-888 (G28) with values of 6.67 cm, 7.3 cm, and 7.4 cm, respectively. At a high salt stress of 200 mM, genotypes such as Cyto-515 (G50), Kehkshan (G31), and FH-490 (G49) showed better performance while VH-363 (G21), FH-114 (G12), and Cyto-178 (G21) showed poor performance (Figure 3B and Supplementary Figure S2).




3.1.3. Fresh Shoot Weight (g)


Variance of Analysis was performed for control and salinity levels of 150 mM and 200 mM NaCl, respectively, to obtain valuable data about the genotype differences. All genotypes showed significant differences (Table 2) in fresh shoot weight at all salinity stress levels. At the control (0 mM NaCl), Cyto-515 (G50) and MNH-992 (G8) had higher fresh shoot weights (Figure 3C), while Ghouri (G26) and VH-259 (G16) had the lowest fresh shoot weight (Supplementary Figure S3). At salinity levels of 150 mM and 200 mM NaCl, Cyto-515 (G50) had maximum fresh shoot weights of 2.18 g and 1.53 g, respectively.




3.1.4. Fresh Root Weight (g)


Significant differences were found by all genotypes for fresh root weight (Table 2). It was noticed that as the salinity level of NaCl increased from 150 mM to 200 mM, the fresh root weight of some genotypes decreased. The genotypes CIM-595 (G39), MNH-992 (G8), and FH-490 (G49) retained the highest fresh root weight of 0.66 g, 0.45 g, and 0.42 g, respectively, at the lower salinity level of 150 mM NaCl concentration (Supplementary Figure S4). The fresh root weight with the lowest mean values was recorded in FH-118 (G45) (0.05 g) and FH-114 (G12) (0.08 g) at the 150 mM NaCl level. At the 200 mM salinity level, some genotypes showed a reduction in fresh root weight such as AA-802 (G30), VH-363 (G21), and FH-114 (G12), indicating the salt-sensitive genotypes (Figure 3D), while the genotypes Kehkshan (G31), Cyto-515 (G50), and MNH-992 (G8) showed maximum mean values and were salt-tolerant genotypes (Table 3).




3.1.5. Dry Shoot Weight (g)


All of the genotypes showed significant differences in dry shoot weight (Table 2). Salinity had a negative effect on dry shoot weight, and the severity of this reduction varied from genotype to genotype, with certain genotypes being adversely affected by the higher level of salinity stress (200 mM NaCl), while others performed better and maintained a higher dry shoot weight. At a 150 mM salinity level, the accessions Cyto-515 (G50) and Kehkshan (G31) had the highest dry shoot weight of 0.88 g and 0.78 g, respectively (Figure 3E), while genotypes FH114 (G12), VH-363 (G21), and FH-490 (G49) showed the lowest mean values of 0.23 g, 0.29 g, and 0.22 g (Table 3), respectively. The genotypes FH-114 (G12), Cyto-178 (G13), and VH-363 (G21) performed poorly at higher levels of salinity stress and had the lowest mean values of dry shoot weight (0.04 g, 0.018 g, and 0.017 g, respectively) (Supplementary Figure S5).




3.1.6. Dry Root Weight (g)


The mean square values from the analysis of variance (Table 2) of 50 cotton accessions for dry root weight are presented in Table 2. Salinity was found to be a factor in the decrease in dry root weight compared to the control level. However, the reduction in dry root weight was less severe in certain genotypes, while, in other genotypes, a substantial decline was observed at higher levels of salinity stress. At a 0 mM NaCl concentration, minimum mean values of dry root weight were recorded in KZ-191 (G4) (0.02 g) and SB-149 (G1) (0.03 g), while the maximum value for dry root weight was recorded in VH-330 (G38) (0.22 g) (Table 3). At a 150 mM NaCl concentration, AA-802 (G30) (0.17 g), MNH-992 (G8) (0.139 g), and Cyto-515 (G50) (0.143 g) had the maximum dry root weight, while at a 200 mM NaCl concentration, Kehkshan (G31) and Cyto-515 (G50) exhibited higher dry root weights of 0.15 g and 0.149 g, respectively (Figure 3F and Supplementary Figure S6).





3.2. Effect of Salt Stress on Physiological Properties


3.2.1. Chlorophyll Content


Variance of Analysis of chlorophyll content was performed for control and salinity levels of 150 mM and 200 mM NaCl, respectively, to obtain valuable data about the genotype differences. Salt stress reduced the chlorophyll content in mostly genotypes that are salt-susceptible, but it increased in salt-tolerant genotypes. Under the Control level, the highest mean value of chlorophyll content was observed in Mubarak (G32) (47.77 CCI), while the lowest mean value was recorded in FH-118 (G45) (21.50 CCI) (Table 3). Under a 150 mM NaCl concentration, the highest chlorophyll content was measured in FH-452 (G2) (40.80 CCI) and MNH-992 (G8) (40. 2 CCI). Under a 200 mM salinity level, the maximum chlorophyll content was observed in Kehkshan (G31) (39.10 CCI), MNH-888 (G28) (38.7 CCI), and FH-172 (G42) (36.2 CCI) (Figure 4A and Supplementary Figure S7).




3.2.2. Na+/K+ Ratio


NaCl treatment had a major effect on plant ionic homeostasis, specifically Na+, K+, and Na+/K+ ratio. Na+ ion concentration in leaves was minimal in the 0 mM NaCl concentration but plants treated with NaCl had a higher level of Na+ content, especially when the salt concentration was higher, i.e., 200 mM. Genotypes showed significant differences in Na+, K+, and Na+/K+ ratio. In Tarzan (G9), FH-114 (G12), VH-259 (G16), and KZ-181 (G3) genotypes, there was more accumulation of Na+ ions in leaves than K+ ions, resulting in an increase in the Na+/K+ ratio (Supplementary Figure S8). The concentration of K+ ions significantly increased in Kehkshan (G31), FH-118 (G45), and CIM-595 (G39). The maximum value for K+ ions in FH-169 (G46) was obtained under a salt stress condition of 200 mM. A higher Na+/K+ ratio was recorded in VH-363 (G21) and Cyto-178 (G13) under a 150 mM stress level (Figure 4B), while under a 200 mM stress level, this ratio was high in FH-114 (G12) and NIAB-820 (G48).





3.3. Effect of Salt Stress on Biochemical Properties


3.3.1. Proline Content


A significant correlation between proline accumulation and rising salt concentrations was found. Treated seedlings were found to have a higher proline content, and proline accumulation increased continuously as the salt concentration increased (Figure 5A). The maximum proline content (1.18 µmol g−1 FW) was found in the 200 mM NaCl treatment, whereas the minimum proline (0.65 µmol g−1 FW) content was found in untreated seedlings (Table 3). FH-114 (G12) showed a significant decrease in Proline content under a 200 mM salt stress level and remained unchanged under a 150 mM stress level (Supplementary Figure S9).




3.3.2. Catalase Activity


Significant differences among genotypes were observed for catalase activity in salt-stressed cotton leaves. In the CIM-595 (G39) genotype, salt stress greatly increased the CAT activity. In contrast, under the NaCl stress conditions, CAT was decreased in Cyto-178 (G13) (Figure 5B). CAT activity was much higher in MNH-992 (G8) and CIM-595 (G39) under a 200 mM NaCl stress condition compared to the 150 mM NaCl stress condition where it was significantly reduced (Supplementary Figure S10).




3.3.3. Peroxidase Activity


Cotton genotypes differ significantly in terms of peroxidase activity. Under NaCl stress conditions, the POD activity increased significantly in VH-228 (G35), Cyto-515 (G50), MNH-992 (G8), and Bahar-2017 (G33). Similarly, some genotypes, such as CRS-2 (G10), Cyto-178 (G13), and VH-363 (G21), exhibited a decrease in POD activity. Under a 200 mM salt stress, POD activity was observed higher in CIM-595 (G39) (25.50 U mg-1 protein) and lowest in MNH-888 (G28) (3.70 U mg-1 protein) under the 0 mM salt stress level (Figure 5C and Supplementary Figure S11)




3.3.4. Hydrogen Peroxidase


The mean square values from analysis of variance (Table 2) of 50 cotton accessions for H2O2 are presented in Table 2. Under normal conditions, the Tipo-1 (G7) genotype had a maximum mean value of 1.40 µmol g−1 FW while Bahar-2017 (G33) had a minimum value of 0.22 µmol g−1 FW (Table 3). It was observed that some genotypes showed a higher H2O2 amount as the salt concentration increased such as Kehkshan (G31) (4.78 µmol g−1 FW), Mubarak (G32) (1.89 µmol g−1 FW), Cyto-515 (G50) (2.14 µmol g−1 FW), and MNH-992 (G8) (1.67 µmol g−1 FW), but a decrease in H2O2 level was found in FH-114 (G12) (0.5 µmol g−1 FW), VH-363 (G21) (0.75 µmol g−1 FW), and VH-259 (G16) (0.6 µmol g−1 FW) (Figure 5D and Supplementary Figure S12).





3.4. Cluster Analysis


Cluster analysis of cotton genotypes was carried out based on morphophysiological and biochemical parameters under both normal and salt stress conditions, which are presented in the form of tables. This analysis grouped the germplasm into different clusters according to the performance and potential of traits. Similarly, this analysis was used to exploit the data obtained from this study. A total of 50 accessions were grouped using K-means cluster analysis according to the mean values of traits; five different clusters were generated under normal (Table 4 and salt stress conditions (Table 5 and Table 6)).



At a 0 mM (control) salinity level, cluster No. 4 showed the highest mean values for shoot length (21.88 cm), fresh shoot weight (1.29 g), dry root weight (0.11 g), chlorophyll content (30.88 chlorophyll concentration index), H2O2 (0.85 µmol g−1 FW), and POD (8.89 U mg−1 protein) except for root length (15.59 cm), fresh root weight (0.53 g), dry shoot weight (0.50 g), proline (0.23 µmol g−1 FW), and CAT (21.50 U mg−1 protein). Cluster 4 contained accessions such as AA-703 (G6), MNH-992 (G8), Tarzan (G9), IUB-14 (G11), S-9 (G15), VH-259 (G16), FH-170 (G23), VH-339 (G27), FH-215 (G34), Cyto-608 (G40), KZ-189 (G41), BS-80 (G43), FH-490 (G49), and Cyto-515 (G50). Cluster 5 also contained some positively associated traits such as root length, fresh root weight, proline, CAT, and Na+/K+ ratio (Table 7). On the other hand, the mean value for Na+/K+ ratio was higher in cluster 1 and lowest in cluster 5 (Table 7).



K-means cluster analysis grouped these 50 accessions into five clusters at a salinity level of 150 mM. The genotypes in cluster 5 had greater values for shoot length (18 cm), fresh shoot weight (0.80 g), fresh root weight (0.25 g), dry shoot weight (0.15 g), dry root weight (0.06 g), peroxidase (12.56 U mg−1 protein), chlorophyll (33.04 CCI), and proline contents (0.56 µmol g−1 FW) (Table 8. A higher potassium concentration was observed in Kehkshan (G31) while CIM-595 (G39) had higher H2O2 contents (cluster 2).



When the accessions were evaluated in greenhouse conditions at a salinity level of 200 mM, the accessions had five clusters. Similarly, some genotypes in cluster No. 2 performed well in biplot analysis, e.g., Cyto-515 (G50) and Kehkshan (G31) for root length (17 cm), fresh shoot weight (1.53 g), fresh root weight (0.77 g), dry shoot weight (1.19 g), and dry root weight (0.15 g). Similarly, CIM-595 (G39) showed the highest level of catalase (49.83 U mg−1 protein) and peroxidase (25.50 U mg−1 protein), essential indicators of salt tolerance (Table 9.




3.5. Principal Component or Biplot Analysis


The presence of genetic differences allows the researchers to conduct other biometrical analyses such as biplot analysis used in this article. The purpose of using biplot analysis is to characterize and identify the salt-susceptible and -tolerant lines. Under control and salt stress conditions, 43.84, 43.46 and 58.98% variabilities were present among the genotypes (Figure 6, Figure 7 and Figure 8).



It was observed that Kehkshan (G31), CIM-595 (G39), VH-330 (G38), Cyto-178 (G13), MNH-992 (G8), and Cyto-515 (G50) were widely dispersed and distant from the origin, exhibiting great variability for morphophysiological and biochemical traits under the salt stress. The sensitive genotypes FH-114 (G12) and MNH-888 (G28) were very near to the Na+ ion, and the genotypes Cyto-178 (G13) and VH-363 (G21) had higher Na+/K+ ratios under a 150 mM stress level (Figure 7). FH-114 (G12), Cyto-178 (G13), and VH-363 (G21) showed poor performance under salt stress conditions. Na+/K+ ratio was negatively correlated with other parameters. Due to the higher concentration of Na+, the genotypes Cyto-178 (G13), VH-363 (G21), CRS-2 (G10), and Tip-1(G7) responded poorly to salinity stress. The most contributing genotypes for the salt tolerance included MNH-992 (G8), Kehkshan (G31), CIM-595 (G39), and Cyto-515 (G50) (Figure 8).





4. Discussion


Plant breeders rely on genetic diversity in a variety of traits for the purpose of developing new genotypes that can provide resistance against the biotic and abiotic stresses. Scientists from around the world have validated the existence of genetic variation for salinity tolerance in cotton plants by characterizing biochemical, physiological, and yield-related parameters [23]. In our experiment, we screened the genotypes in a hydroponic culture. Several studies have shown that the screening of genotypes in a hydroponic culture is very efficient and comparable to soil conditions and this method can be used to select the genotypes [24]. There is no interspecific competition among plants for nutrients in hydroponic growth solutions, as there is in soil. Plant responses can be reproducibly and accurately determined and treatments can be controlled precisely [25]. The current study observed a significant reduction in cotton plant growth after being exposed to salinity stress. A similar reduction in growth was previously investigated in cotton plant [26]. Many metabolic and physiological changes take place under salt stress. It first disrupts the physiological function by causing osmotic stress, which is followed by oxidative stress and ion toxicity. However, plants developed various biochemical and physiological defense mechanisms in order to carry out their metabolic and cellular processes, in which Na+ compartmentalization is the key mechanism [27]. Along with antioxidant enzymes activation, maintaining ion homeostasis, particularly Na+ sequestration, is an important mechanism for survival under salt stress [14]. Considering the significance of this research on salinity, shoot- and root-related parameters are important when selecting the genotypes of cotton that are salt-tolerant, and these parameters have been successfully used as a selection in other field crops such tomato [28], wheat [29], okra [30], and cowpea [31]. Shoot and root lengths of salt-sensitive genotypes are more affected as compared to salt-tolerant genotypes. Under salt conditions, the genotypes Kehkshan (G31), MNH-992 (G8), CIM-595 (G39), and Cyto-515 (G50) have longer root lengths. A reduced shoot and root length was observed in FH-114, Cyto-178, and VH-363, indicating salt sensitivity [12]. The fresh shoot and root weight of few accessions varied significantly under salt stress and control conditions. Keeping in view the significance of these traits, MNH-992 (G8), Kehkshan (G31), CIM-595 (G39), and Cyto-515 (G50) were observed as salt-tolerant genotypes. Increased salt concentration in plant organelles causes the accumulation of Na+ in leaf sap, which is one of the main way plants react to salinity stress by disturbing cellular metabolism [32]. Under salt stress, the genotypes that have a low concentration of Na+ can survive better [33]. It was asserted that salt tolerance is linked to the Na+ ions balancing [34]. In this study, low Na+ level was found in the accessions MNH-992, Kehkshan, CIM-595, and Cyto-515. Na+/K+ ratio was significantly raised by salinity stress in cotton plant. Na+ content was found to be higher in NaCl-treated plants than in non-treated plants. Furthermore, significant differences in Na+, K+ and Na+/K+ ratio were observed between genotypes. In Tarzan (G9), FH-114 (G12), VH-259 (G16), Cyto-178 (G13), and KZ-181 (G3) genotypes, there was more accumulation of Na+ ions in leaves than K+ ions, resulting in an increase in the Na+/K+ ratio. Many physiological traits, such as chlorophyll contents, have been successfully used as suitable selection criteria, and these chlorophyll contents degrade during salt stress, resulting in a reduction in plant growth and photosynthesis rate, because high chlorophyll concentration increases the yield, photosynthesis rate, and dry matter production [35]. Salt stress causes the increase in production of reactive oxygen species such as hydroxyl radicals, H2O2, and superoxide anions. To counteract this effect, plants produce a variety of antioxidants (enzymatic and non-enzymatic), showing the presence of a positive correlation between antioxidants and ROS [36]. Plants under saline stress accumulate more proline as compared to control plants. Proline helps to maintain the cell membrane’s integrity and prevents NaCl from damaging it [37]. According to the present study, proline accumulation in cotton plant is positively correlated with increasing salt concentrations. In our study, tolerance to salt stress is positively associated with POD content in plants, which is in accordance with the findings of Munawar et al. [26]. As a result, the POD enzyme increased in order to detoxify reactive oxygen species (ROS) and prevent its production in plants. According to the findings of our study, under a 200 mM salt stress, the POD activity was observed higher in CIM-595 (G39) (25.50 U mg−1 protein) and lowest in MNH-888 (G28) (3.70 U mg−1 protein) under the 0 mM salt stress level. It is reported that, when cotton plants are exposed to salt stress, their CAT activity increases in order to deal with the production of ROS and protect the plant against oxidative damage [38]. In our experiment, an increased level of CAT was noted in salt-tolerant genotypes MNH-992 (G8) and CIM-595 (G39) under a 200 mM NaCl stress. The CAT activity was reduced in Cyto-178 (G13) and VH-363 (G21) under stress conditions. In comparison to the other accessions, such as Bahar-2017, CRS-2007, Ghouri, and NIAB-820, some genotypes including MNH-992, Kehkshan, CIM-595, and Cyto-515 have high antioxidant properties. The genotypes were classified into homogenous groups by cluster analysis based on morphophysiological and biochemical parameters. On the basis of cluster analysis results, 50 genotypes of cotton were divided into five major clusters. Using PCA, we identified and selected salt-susceptible and -tolerant genotypes of cotton at the seedling stage. According to PCA results, MNH-992 (G8), Kehkshan (G31), CIM-595 (G39), and Cyto-515 (G50) are the most resistant genotypes followed by Cyto-178 (G13), VH-363 (G21), and FH-114 (G12), which are the most sensitive genotypes. This indicator has also been used successfully to identify salt-tolerant lines in maize [39], wheat [40], rice [41], and cotton germplasms [42].




5. Conclusions


Based on the findings of this study, we can conclude that salt-tolerant genotypes MNH-992, Kehkshan, CIM-595, and Cyto-515 respond differently under the salt stress conditions in terms of the effective transport system that favors the preferential absorption of K+ over Na+ and better antioxidant defense system. The potential for quantitative traits of the identified salt-tolerant genotypes such as MNH-992, Kehkshan, CIM-595, and Cyto-515 could be evaluated after planting in salt-affected regions of the country. These genotypes may be used in breeding programs to develop the new salt-tolerant genotypes. Such germplasms could be beneficial to cotton breeders and would offer a chance to expand the region where cotton is grown in the country.
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Figure 1. Visual appearance of seedling emergence under greenhouse conditions: (A) Sowing of seeds in sand pots; (B) emergence of cotyledon leaves; (C) emergence of first and second true leaves; (D) overall view of pots before the harvesting day. 
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Figure 2. Pictorial view of cotton plant growth under the normal and salt stress conditions in hydroponic system: (A) Treatment with no NaCl (0 mM) served as a control; (B) Treatment with 150 mM salinity level; (C) Treatment with 200 mM salinity level. 
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Figure 3. Effect of NaCl stress on morphological properties of salt-tolerant and salt-susceptible genotypes of cotton: (A) Shoot length, (B) Root length, (C) Fresh shoot weight), (D) Fresh root weight, (E) Dry shoot weight, (F) Dry root weight. Treatments: T0 = Control, T1 = 150 mM NaCl, T2 = 200 mM NaCl. Bars with different letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05). 
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Figure 4. Effect of NaCl stress on physiological properties of salt-tolerant and salt-susceptible genotypes of cotton: (A) Chlorophyll content, (B) Na+/K+ Ratio. Treatments: T0 = Control, T1 = 150 mM NaCl, T2 = 200 mM NaCl. Bars with different letters indicate statically significant differences according to Tukey’s HSD test (p < 0.05). 
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Figure 5. Effect of NaCl stress on biochemical properties of salt-tolerant and salt-susceptible genotypes of cotton: (A) Proline Content, (B) Catalase Activity, (C) Peroxidase Activity, (D) Hydrogen peroxidase. Treatments: T0 = Control, T1 = 150 mM NaCl, T2 = 200 mM NaCl. Bars with different letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05). 
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Figure 6. Biplot analysis of 50 cotton genotypes under control condition. SL = shoot length; RL = Root length; FSW = Fresh shoot weight; FRW = Fresh root weight; DSW = Dry shoot weight; DRW= Dry root weight; Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; Chlr = Chlorophyll contents; CAT = Catalase activity; POD = Peroxidase; Proln; Proline; H2O2 = Hydrogen peroxide. 






Figure 6. Biplot analysis of 50 cotton genotypes under control condition. SL = shoot length; RL = Root length; FSW = Fresh shoot weight; FRW = Fresh root weight; DSW = Dry shoot weight; DRW= Dry root weight; Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; Chlr = Chlorophyll contents; CAT = Catalase activity; POD = Peroxidase; Proln; Proline; H2O2 = Hydrogen peroxide.



[image: Agronomy 13 01012 g006]







[image: Agronomy 13 01012 g007] 





Figure 7. Biplot analysis of 50 cotton genotypes under 150 mM salinity level. SL = shoot length; RL = Root length; FSW = Fresh shoot weight; FRW = Fresh root weight; DSW = Dry shoot weight; DRW = Dry root weight; Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; Chlr = Chlorophyll contents; CAT = Catalase activity; POD = Peroxidase; Proln; Proline; H2O2 = Hydrogen peroxide. 
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Figure 8. Biplot analysis of 50 cotton genotypes grown under 200 mM salinity level. SL = shoot length; RL = Root length; FSW = Fresh shoot weight; FRW = Fresh root weight; DSW = Dry shoot weight; DRW = Dry root weight; Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; Chlr = Chlorophyll contents; CAT = Catalase activity; POD = Peroxidase; Proln; Proline; H2O2 = Hydrogen peroxide. 
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Table 1. List of cotton genotypes used to see the potential in salinity conditions.
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	Code
	Genotypes
	Code
	Genotypes
	Code
	Genotypes
	Code
	Genotypes
	Code
	Genotypes





	G1
	SB-149
	G11
	IUB-13
	G21
	VH-363
	G31
	Kehkshan
	G41
	KZ-189



	G2
	FH-452
	G12
	FH-114
	G22
	IR-3701
	G32
	Mubarak
	G42
	FH-172



	G3
	KZ-181
	G13
	Cyto-178
	G23
	FH-170
	G33
	Bahar-2017
	G43
	BS-80



	G4
	KZ-191
	G14
	CRS-2007
	G24
	Cyto-124
	G34
	FH-215
	G44
	NS-121



	G5
	VH-341
	G15
	S-9
	G25
	AGC-2
	G35
	VH-228
	G45
	FH-118



	G6
	AA-703
	G16
	VH-259
	G26
	Ghouri
	G36
	FH-142
	G46
	FH-169



	G7
	Tipo-1
	G17
	Debal
	G27
	VH-339
	G37
	NIAB-777
	G47
	AGC-501



	G8
	MNH-992
	G18
	FH-154
	G28
	MNH-888
	G38
	VH-330
	G48
	NIAB-820



	G9
	Tarzan
	G19
	Cyto-179
	G29
	FH-458
	G39
	CIM-595
	G49
	FH-490



	G10
	CRS-2
	G20
	VH-377
	G30
	AA-802
	G40
	Cyto-608
	G50
	Cyto-515







G = Genotype.













 





Table 2. Mean squares for various quantitative traits of cotton under salt stress.
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Source of Variation

	
DF

	
SL

	
RL

	
FSW

	
FRW

	
DSW

	
DRW

	
Chlr

	
Na+

	
K+

	
Na+/K+

	
H2O2

	
Proln

	
POD

	
CAT






	
Salinity

	
2

	
1730.49 **

	
998.7 **

	
18.25 **

	
3.86 **

	
4.29 **

	
0.18 **

	
596.36 **

	
34,853.9 **

	
4387.25 **

	
109.9 **

	
10.8 **

	
21.11 **

	
275.9 **

	
200.5 **




	
Genotypes

	
49

	
82.11 **

	
41.74 **

	
0.798 **

	
0.14 **

	
0.25 **

	
0.007 **

	
85.6 **

	
3484.6 **

	
139.97 **

	
1.55 **

	
1.9 **

	
0.20 **

	
49.11 **

	
44.91 **




	
Salinity ×

Genotypes

	
98

	
25.15 **

	
8.91 **

	
0.19 **

	
0.047 **

	
0.13 **

	
0.004 *

	
60.41 **

	
1963.9 **

	
921.78 **

	
0.83 **

	
0.5 *

	
0.20 **

	
23.43 **

	
43.72 **




	
Error

	
300

	
5.43

	
7.47

	
0.096

	
0.045

	
0.045

	
0.003

	
12.53

	
225.6

	
101.82

	
0.06

	
0.4

	
0.020

	
3.56

	
18.39 **




	
Total

	
449

	








* p < 0.05, ** p < 0.01. DF = Degree of Freedom; SL = Shoot length; RL = Root length; FSW = Fresh shoot weight; FRW = Fresh root weight; DSW = Dry shoot weight; DRW = Dry root weight; Chlr = Chlorophyll content; Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-Potassium ratio; H2O2 = Hydrogen peroxide; Proln = Proline; POD = Peroxidase; CAT = Catalase.













 





Table 3. Maximum and minimum values and representative genotypes for the parameters of cotton grown under normal salt stress conditions.






Table 3. Maximum and minimum values and representative genotypes for the parameters of cotton grown under normal salt stress conditions.





	

	
Normal

	
150 mM

	
200 mM




	
Traits

	
Genotypes

	
Coding

	
Max. Value

Min. Value

	
Genotypes

	
Coding

	
Max. Value

Min. Value

	
Genotypes

	
Coding

	
Max. Value

Min. Value






	
SL

	
Cyto-515

	
G50

	
30.20

	
Cyto-515

	
G50

	
22.33

	
MNH-992

	
G8

	
24.67




	

	
VH-339

	
G27

	
11.00

	
Cyto-178

	
G13

	
7.33

	
Cyto-178

	
G13

	
7.00




	
RL

	
Cyto-515

	
G50

	
20.63

	
MNH-992

	
G8

	
15.67

	
Cyto-515

	
G50

	
17.00




	

	
MNH-888

	
G28

	
9.33

	
VH-377

	
G20

	
6.67

	
VH-363

	
G21

	
5.00




	
FSW

	
Cyto-515

	
G50

	
2.34

	
Cyto-515

	
G50

	
2.18

	
Cyto-515

	
G50

	
1.53




	

	
Ghouri

	
G26

	
0.48

	
IUB-13

	
G11

	
0.23

	
Cyto-178

	
G13

	
0.08




	
FRW

	
Cyto-515

	
G50

	
0.93

	
CIM-595

	
G39

	
0.66

	
Kehkshan

	
G31

	
0.77




	

	
Mubarak

	
G32

	
0.12

	
FH-118

	
G45

	
0.05

	
AA-802

	
G30

	
0.02




	
DSW

	
Cyto-608

	
G40

	
1.05

	
Cyto-515

	
G50

	
0.88

	
Kehkshan

	
G31

	
1.19




	

	
VH-339

	
G27

	
0.70

	
FH-114

	
G12

	
0.23

	
FH-114

	
G12

	
0.04




	
DRW

	
VH-330

	
G38

	
0.22

	
AA-802

	
G30

	
0.17

	
Kehkshan

	
G31

	
0.15




	

	
KZ-191

	
G4

	
0.02

	
KZ-191

	
G4

	
0.01

	
Ghouri

	
G26

	
0.00




	
Chlr

	
Mubarak

	
G32

	
47.77

	
FH-452

	
G2

	
40.80

	
Kehkshan

	
G31

	
39.10




	

	
FH-118

	
G45

	
21.50

	
Tarzan

	
G9

	
15.13

	
FH-118

	
G45

	
11.73




	
Na

	
FH-142

	
G36

	
67.33

	
FH-114

	
G12

	
195.33

	
Tarzan

	
G9

	
242.33




	

	
CIM-595

	
G39

	
15.00

	
FH-172

	
G42

	
38.33

	
VH-377

	
G20

	
45.67




	
K

	
Ghouri

	
G26

	
118.00

	
Kehkshan

	
G31

	
92.33

	
FH-169

	
G9

	
94.67




	

	
VH-228

	
G35

	
42.67

	
FH-172

	
G42

	
20.33

	
KZ-191

	
G4

	
24.67




	
Na/K

	
Cyto-124

	
G24

	
0.80

	
VH-363

	
G21

	
4.02

	
FH-114

	
G12

	
3.92




	

	
CIM-595

	
G39

	
0.35

	
Kehkshan

	
G31

	
1.13

	
FH-142

	
G36

	
1.16




	
H2O2

	
Tipo-1

	
G7

	
1.40

	
CIM-595

	
G39

	
3.83

	
Kehkshan

	
G31

	
4.78




	

	
Bahar-2017

	
G33

	
0.22

	
VH-363

	
G21

	
0.44

	
FH-114

	
G12

	
0.50




	
Proln

	
KZ-191

	
G4

	
0.65

	
FH-118

	
G31

	
1.18

	
AA-703

	
G6

	
2.12




	

	
CRS-2007

	
G14

	
0.02

	
Ghouri

	
G26

	
0.26

	
VH-363

	
G21

	
0.15




	
POD

	
AGC-501

	
G47

	
15.13

	
Cyto-515

	
G50

	
18.67

	
CIM-595

	
G39

	
25.50




	

	
MNH-888

	
G28

	
3.70

	
CRS-2

	
G10

	
4.67

	
Cyto-178

	
G13

	
5.47




	
CAT

	
Tipo-1

	
G7

	
31.80

	
Kehkshan

	
G31

	
47.77

	
CIM-595

	
G39

	
49.83




	

	
Bahar-2017

	
G33

	
15.63

	
Cyto-178

	
G13

	
25.7

	
Cyto-178

	
G13

	
25.53








G = Genotype; SL = Shoot length (cm); RL = Root length (cm); FSW = Fresh shoot weight (g), FRW = Fresh root weight (g); DSW = Dry shoot weight (g); DRW = Dry root weight (g); Chlr = Chlorophyll content (CCI); Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; H2O2 = Hydrogen peroxide (µmol g−1 FW); Proln = Proline content (µmol g−1 FW); POD = Peroxidase (U mg−1 protein); CAT = Catalase (U mg−1 protein).













 





Table 4. Clustering of cotton accessions based on mean values of recorded parameters under control conditions.






Table 4. Clustering of cotton accessions based on mean values of recorded parameters under control conditions.





	Cluster No.
	No. of Genotypes
	Coding





	1
	20
	G1, G2, G3, G4, G12, G14, G19, G20, G21, G24, G25, G28, G29, G30, G33, G35, G37, G45, G46, G47



	2
	1
	G32



	3
	7
	G10, G13, G22, G26, G36, G38, G48



	4
	14
	G6, G8, G9, G11, G15, G16, G23, G27, G34, G40, G41, G43, G49, G50



	5
	8
	G5, G7, G17, G18, G31, G39, G42, G44










 





Table 5. Clustering of cotton accessions based on mean values of recorded parameters under 150 mM salinity level.






Table 5. Clustering of cotton accessions based on mean values of recorded parameters under 150 mM salinity level.





	Cluster No.
	No. of Genotypes
	Coding





	1
	13
	G3, G5, G6, G9, G12, G14, G18, G28, G32, G38, G45, G47, G48



	2
	10
	G2, G8, G17, G26, G31, G35, G39, G41, G44, G49



	3
	12
	G7, G13, G20, G21, G24, G27, G29, G33, G34, G40, G43, G46



	4
	4
	G4, G10, G16, G42



	5
	11
	G1, G11, G15, G19, G22, G23, G25, G30, G36, G37, G50










 





Table 6. Clustering of cotton accessions based on mean values of recorded parameters under200 mM salinity level.






Table 6. Clustering of cotton accessions based on mean values of recorded parameters under200 mM salinity level.





	Cluster No.
	No. of Genotypes
	Coding





	1
	5
	G3, G9, G12, G15, G48



	2
	5
	G1, G14, G19, G31, G50



	3
	21
	G6, G7, G8, G11, G17, G18, G23, G24, G26, G27, G28, G36, G37, G39, G40, G41, G43, G44, G45, G46, G49



	4
	2
	G4, G20



	5
	17
	G2, G5, G10, G13, G16, G21, G22, G25, G29, G30, G32, G33, G34, G35, G38, G42, G47










 





Table 7. K-means cluster analysis of 50 cotton genotypes grown under control conditions.






Table 7. K-means cluster analysis of 50 cotton genotypes grown under control conditions.













	
	Cluster 1
	Cluster 2
	Cluster 3
	Cluster 4
	Cluster 5





	SL
	19.52
	11.33
	18.12
	21.88
	21.33



	RL
	13.25
	14.83
	15.01
	15.59
	15.61



	FSW
	0.99
	1.01
	0.90
	1.29
	1.20



	FRW
	0.38
	0.12
	0.53
	0.53
	0.57



	DSW
	0.30
	0.13
	0.25
	0.50
	0.60



	DRW
	0.07
	0.04
	0.11
	0.11
	0.09



	Chlr
	31.23
	47.77
	31.37
	30.88
	30.54



	Na+
	29.98
	36.00
	59.19
	35.76
	19.71



	K+
	45.43
	57.00
	91.38
	65.21
	45.92



	Na+/K+
	0.66
	0.64
	0.65
	0.55
	0.43



	H2O2
	0.74
	0.91
	0.83
	0.85
	0.84



	Proln
	0.30
	0.16
	0.21
	0.23
	0.29



	POD
	9.80
	6.77
	8.50
	8.89
	8.55



	CAT
	20.98
	17.27
	22.93
	21.50
	22.53







SL = Shoot length (cm); RL = Root length (cm); FSW = Fresh shoot weight (g), FRW = Fresh root weight (g); DSW = Dry shoot weight (g); DRW = Dry root weight (g); Chlr = Chlorophyll content (CCI); Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; H2O2 = Hydrogen peroxide (µmol g-1 FW); Proln = Proline content (µmol g−1 FW); POD = Peroxidase (U mg−1 protein); CAT = Catalase (U mg−1 protein).













 





Table 8. K-means cluster analysis of 50 genotypes grown under 150 mM salinity level.






Table 8. K-means cluster analysis of 50 genotypes grown under 150 mM salinity level.













	
	Cluster 1
	Cluster 2
	Cluster 3
	Cluster 4
	Cluster 5





	SL
	16.69
	18.68
	15.54
	17.03
	18.00



	RL
	10.64
	12.54
	11.41
	11.79
	11.32



	FSW
	0.62
	0.90
	0.68
	0.65
	0.80



	FRW
	0.18
	0.33
	0.19
	0.18
	0.25



	DSW
	0.13
	0.17
	0.12
	0.09
	0.15



	DRW
	0.04
	0.05
	0.04
	0.05
	0.06



	Chlr
	31.17
	35.41
	32.24
	32.59
	33.04



	Na+
	148.82
	106.73
	80.92
	53.33
	102.52



	K+
	67.31
	81.87
	34.64
	26.08
	53.12



	Na+/K+
	2.33
	1.32
	2.51
	2.15
	2.04



	H2O2
	0.78
	1.61
	0.92
	1.03
	1.02



	Proln
	0.62
	0.59
	0.50
	0.44
	0.56



	POD
	11.99
	13.96
	12.26
	11.66
	12.56



	CAT
	38.45
	42.45
	37.64
	41.57
	40.66







SL = Shoot length (cm); RL = Root length (cm); FSW = Fresh shoot weight (g), FRW = Fresh root weight (g); DSW = Dry shoot weight (g); DRW = Dry root weight (g); Chlr = Chlorophyll content (CCI); Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; H2O2 = Hydrogen peroxide (µmol g−1 FW); Proln = Proline content (µmol g−1 FW); POD = Peroxidase (U mg−1 protein); CAT = Catalase (U mg−1 protein).













 





Table 9. K-means cluster analysis of 50 genotypes grown under 200 mM salinity level.






Table 9. K-means cluster analysis of 50 genotypes grown under 200 mM salinity level.













	
	Cluster 1
	Cluster 2
	Cluster 3
	Cluster 4
	Cluster 5





	SL
	11.55
	16.02
	13.79
	13.25
	12.52



	RL
	7.49
	11.23
	9.93
	9.50
	8.88



	FSW
	0.35
	0.64
	0.40
	0.37
	0.33



	FRW
	0.11
	0.32
	0.17
	0.13
	0.13



	DSW
	0.03
	0.29
	0.06
	0.05
	0.04



	DRW
	0.02
	0.05
	0.02
	0.03
	0.02



	Chlr
	28.36
	33.26
	28.21
	29.68
	28.42



	Na+
	202.87
	86.53
	112.10
	47.83
	140.29



	K+
	67.60
	50.40
	81.62
	27.83
	55.55



	Na+/K+
	3.13
	1.92
	1.39
	1.74
	2.60



	H2O2
	1.14
	2.12
	1.33
	1.18
	1.20



	Proln
	0.72
	1.06
	1.10
	1.00
	0.96



	POD
	16.04
	19.45
	18.18
	17.33
	16.85



	CAT
	43.71
	44.31
	43.76
	45.42
	41.17







SL = Shoot length (cm); RL = Root length (cm); FSW = Fresh shoot weight (g), FRW = Fresh root weight (g); DSW = Dry shoot weight (g); DRW = Dry root weight (g); Chlr = Chlorophyll content (CCI); Na+ = Sodium ion; K+ = Potassium ion; Na+/K+ = Sodium-to-potassium ratio; H2O2 = Hydrogen peroxide (µmol g−1 FW); Proln = Proline content (µmol g−1 FW); POD = Peroxidase (U mg−1 protein); CAT = Catalase (U mg−1 protein).
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