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Abstract

:

Crop performance and yield are the results of genotypic expression as modulated by continuous interaction with the environment. Among the environmental aspects, drought and salinity are the most important factors, which limit the forages, including grasses, on a global basis. Grass species have the ability to grow under low water conditions and can produce high dry yield, proteins, and energy in areas exposed to drought stress. For this purpose, we conducted the present study to understand the response of forage grasses under drought stress from two different regions (Salt Range and Faisalabad) of Punjab, Pakistan. Two ecotypes of each grass species (Cenchrus ciliaris L. and Cyperus arenarius Retz.) were grown in pots at the botanical research area, Government College University Faisalabad, Pakistan. A group of plants were subjected to drought stress (60% field capacity) and controlled (100% field capacity) after three weeks of seed germination. The results from the present study depicted that the fresh and dry weights of root and shoot were decreased significantly under drought conditions. Moreover, C. ciliaris of the Salt Range area showed more resistance and higher growth production under drought stress. The chlorophyll (a and b) contents were also decreased significantly, while MDA, total soluble sugars, and proline levels were increased significantly under water-limited environments in the C. arenarius of Salt Range area. Enzymatic antioxidants (superoxidase dismutase (SOD) and peroxidase (POD)) and leaf Na+ were significantly raised in C. arenarius under drought stress collected from the Faisalabad region. Cenchrus ciliaris showed higher level of H2O2, total soluble proteins, glycinebetaine, catalase (CAT) and POD compared to C. arenarius. It also retained more leaf and root Ca2+, and root K+ under drought stress. It was concluded from the study that C. ciliaris is more resistant to drought in biomass production collected from the Salt Range area. The results suggested that C. ciliaris can be more widely used as a forage grass under water-scarce conditions as compared to C. arenarius.
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1. Introduction


Fresh water constitutes not more than 2.5% of total water on the planet, only 0.6% of which is available as a usable source of water for agriculture, industry, and as potable water sources, with the remainder stored in ice sheets, glaciers, and snow [1,2]. Many areas of crop production in developing countries such as Pakistan are located in semi-arid areas, where drought accounts for large harvest losses and thus threatens the sustainability of the agricultural industry [3]. Plants are typically exposed to a broad myriad of biotic and abiotic stresses, including feeding from wild animals and insects, weed infestation, mechanical injury, diseases, low soil fertility, drought, salinity, and others that can diminish the plant photosynthetic area, and thus the attained total plant biomass or grain yield [4,5,6]. Water deficiency-induced impairment in photosynthesis is attributed to damage composition of thylakoid membranes in chloroplasts because the lipid contents of cell membranes are susceptible to the reactive oxygen species (ROS) produced as a consequence of drought [7,8]. Stress conditions can disturb the dynamic equilibrium of ROS production which promotes oxidative stress, membrane lipid peroxidation, and disrupts the structure and function of the cell membrane system [9,10]. It was reported that drought stress can increase lipid peroxidation and MDA, an oxidized product of membrane lipids, indicating the prevalence of oxidative stress and membrane damage [11,12]. Environmental stress can trigger the ROS production in plants, which results in oxidative damage. However, plants possess an efficient antioxidative defense system to detoxify the ROS generation [13]. Additionally, drought conditions reduce the photosynthetic rate, expansion of leaves, stomatal closure, the levels of ROS, and decrease translocation within the plant, resulting in decreased crop yields [7,14,15,16]. Most of the halophytes have adapted C4 and CAM mechanisms of carbon fixation for water conservation and accumulate assimilates effectively [17]. The rate of photosynthesis decreases in many fodder grasses under drought stress, i.e., Festuca pratensis, Lolium perenne, Dactylis glomerata, Phleum pretense and Arrhenatherum elatius [2].



The survival of plants and production of the agricultural yield under stressful environment depend on the plant resistance. It depends on three basic elements: properties of the organism, which determine the vulnerability or strength of its structures to stress; the organism’s ability to withstand damage; and adaptation or acclimatization [18,19]. Tall fescue (Festuca arundinacea) is a popular forage grass which can tolerate and adjust osmotic level for desiccation tolerance as well as avoidance. It also develops an efficient root system in soil to use maximum soil moisture effectively [20]. Plants develop phenological adaptations for stress tolerance, e.g., when enough rainwater or water is available, to complete their life cycle over short durations (weeks to months) [21]. Perennial grasses show temporary dormancy of buds and meristems under prolonged drought stress [22]. Most of the forage grasses are drought-tolerant and have adapted various physiological mechanisms to survive under low water conditions [23]. Moreover, under drought stress, grasses accumulate various osmolytes for osmotic adjustment and osmoprotection. These osmoprotectants accumulate in water stressed cells and stimulate functioning of normal metabolites [15]. These osmoprotectants include proline, glycinebetaine, sugars and phenolics.



Across the sub-continent of Pakistan, the Salt Range and coastal areas are exposed to high salinity and drought conditions. Halopyrum mucronatum and Cenchrus ciliaris have been examined for their drought tolerance and showed long term desiccation tolerance and survival [24]. C. ciliaris is used as fodder grass for livestock in arid and semi-arid regions [25]. It was also reported that some of the responses to salinity and drought by these species are the same, i.e., osmotic adjustment, relative water contents, and dry mass accumulation. Forage grasses have salinity and drought tolerance due to similar earlier responses to stress [26]. In the present study, C. ciliaris and C. arenarius Retz. were subjected to drought stress (60% field capacity) to determine their physio-biochemical responses, i.e., oxidative defense mechanism, osmolyte production, growth parameters and ionic balance in response to drought stress. In this study, we examined (i) morpho-physiological traits and photosynthetic capacity, (ii) oxidative stress and response of antioxidant enzymes and nutrient uptake in plant organs of forage grasses collected from various ecotypic regions of Salt Range areas subjected to controlled and drought conditions.




2. Materials and Methods


2.1. Plant Material and Growth Condition


Two grass species, Cenchrus ciliaris L. and Cyperus arenarius Retz., were collected from the salt-affected soils from the surroundings of Khewra Salt Mines, Pind Dadan Khan, Salt Range, Punjab, Pakistan during May 2018. The analyses of soil observed ECe, 19.92 dS m−1 and pH, 6.62. Similarly, the ecotypes of both grasses were also collected from a normal, non-saline habitat within the Faisalabad region. The different physiochemical properties of the soil of this region indicated ECe, 1.82 dS m−1, and pH 8.20. These species were considered as the control (non-saline). Plants of both populations of C. ciliaris and C. arenarius were grown in normal non-saline soil for a period of three months in the Research Area, Government College University Faisalabad, Pakistan. The plastic pots (22.5 cm in diameter) filled with soil (loam and sand in equal quantities) were used for growing plants of both populations. The plants were kept under full sunlight and irrigated daily with good-quality irrigation water until their establishment under the climatic conditions of Faisalabad region.



Grass plugs of uniform size (rhizomes of 3 inches in height) were transplanted on 4 August 2018 into plastic pots filled with 8 kg loamy soil (pH = 7.4, ECe = 5.2 dS m−1, and Na+, K+ and Ca2+ contents were 13.0, 28.3 and 11.0 meq L−1, respectively) in a completely randomized design with four replicates. All pots were irrigated at three-day intervals, and plants were allowed to establish for 48 days before the start of water-deficit treatments. Plants were clipped at 3 cm height, to maintain uniform plant size. The water stress was applied on the basis of soil field capacity by maintaining the calculated level of moisture percentage following Akram et al. [27]. Two water levels (100% and 60% field capacity) were applied in this study. After six weeks of drought stress treatments, data were collected for the following growth and physio-biochemical attributes which are described below:




2.2. Plant Biomass


After harvesting, the fresh weights of shoots and roots of four plants per treatments were determined by oven drying at 70 °C for 72 h with dry weight recorded. Length of shoots and the longest root extension were also measured by using measuring scale.




2.3. Chlorophyll Contents


Leaf chlorophyll contents were determined by using a method proposed by Arnon [28]. Fresh leaf (0.5 g) of each plant was extracted in 10 mL 80% (v/v) acetone. The samples were placed overnight at 4 °C. All extracts were centrifuged at 10,000 rpm for 5 min and supernatant was collected. Then, the absorbance of supernatant was taken at 645 and 663 nm using a UV–visible spectrophotometer and chlorophyll a and b contents were calculated.




2.4. Ascorbic Acid


Mukherjee and Choudhuri [29] proposed a method for the estimation of ascorbic acid. A fresh leaf (0.25 g) was homogenized in trichloroacetic acid (10 mL; 6%). Each 4 mL of the extract was mixed with 2 mL of dinitrophenyl hydrazine. One drop of 10% thiourea was added and the mixture was boiled at room temperature. Afterwards, 5 mL of 80% (v/v) H2SO4 was added to the mixture. The absorbance of the sample was recorded at 530 nm.




2.5. Glycinebetaine (GB) Contents


Leaf glycinebetaine contents were quantified following a method proposed by Grieve and Grattan [30]. They took 1.0 g fresh leaf and simultaneously grinded in 10 mL solution of 0.5% toluene and filtered it. Then, 1.0 mL filtrate was taken in the test tube and mixed with 1 mL of 2N H2SO4. After this, 0.5 mL of supernatant was added to 0.2 mL of potassium tri-iodide, the mixture was shaken, and it was cooled in an ice bath for 90 min. The ice-cooled distilled water (2.8 mL) along with 6 mL of 1,2 dichloroethane (cooled at −10 °C) was poured into the sample containing test tubes. Two layers were formed in the test tubes by passing the stream of air for 2 min; during this process, the tubes were maintained in an ice bath. The reaction was completed, the organic aqueous layer was separated, and its optical density was measured at 365 nm using a spectrophotometer.




2.6. Proline Contents


Quantification of free proline content was determined using the method of Bates et al. [31]. Fresh leaf (0.5 g) was extracted in 10 mL of freshly prepared 3% (w/v) sulfosalicylic acid. The homogenate was filtered and mixed with an equal volume of acid ninhydrin and boiled for 1 h at 100 °C. The reaction mixture was cooled in an ice bath. Then, toluene (5 mL) was added to the reaction mixture in each test tube. After vortexing the mixture for one minute, two layers were formed. The chromophore containing toluene was removed and absorbance was recorded at 520 nm.




2.7. Malondialdehyde (MDA)


Cakmak and Horst [32] proposed a method for the estimation of malondialdehyde contents in leaf samples. Fresh leaf (0.5 g) was homogenized in 5 mL of TCA (5% w/v) and centrifuged at 12,000 rpm for 15 min. Equal volume of supernatant and TBA (0.5% in 20% w/v TCA) were mixed. The mixture was boiled at 100 °C for 25 min. Then, the OD was recorded at 532 nm and 600 nm and the MDA contents were calculated.




2.8. Total Phenolics


A method proposed by Julkenen-Titto [33] was used to determine the total phenolic contents in the extract. Fresh leaf (0.1 g) was homogenized in 5 mL acetone (80%). The samples were centrifuged at 10,000× g for 10 min. Then, 100 µL of supernatant, 2 mL of dH2O, 1 mL of Folin-Phenol Ciocalteu’s reagent, and 5 mL of 20% sodium carbonate were mixed. The volume was made up to 10 mL with distilled water. Then, total phenolics in leaf tissues were estimated at 750 nm.




2.9. Total Soluble Proteins


The Bradford [34] method was used to determine the total soluble proteins contents in the leaf extract. Fresh leaf (0.5 g) was extracted in 5 mL of 50 mM potassium phosphate buffer (pH 7.8) and prepared in an ice bath. The extract was centrifuged at 10,000× g for 15 min at 4 °C.




2.10. Total Soluble Sugars


A method proposed by Yemm and Willis [35] was used to determine the total soluble sugars. A leaf (0.1 g) was extracted in 10 mL of 80% ethanol. The supernatant (0.1 mL) was mixed with 3 mL of anthrone reagent in a test tube. The reaction mixture was boiled for 10 min and then cooled at room temperature. The total soluble sugars were determined at 630 nm against glucose curve.




2.11. Hydrogen Peroxide (H2O2) Contents


Hydrogen peroxide contents were determined following the method of Velikova et al. [36]. Fresh leaf (0.5 g) was extracted in an ice bath with 5 mL (0.1%; w/v) trichloroacetic acid. The extract was centrifuged at 12,000× g for 15 min, and 0.5 mL of the extract was added to 0.5 mL of 10 mM potassium phosphate buffer (pH, 7.0) and 1 mL of 1 M potassium iodide. The absorbance of the supernatant was read at 390 nm.




2.12. Activity of Superoxide Dismutase (SOD)


Following the method of Giannopolitis and Ries [37], the activity of SOD enzymes was determined. The reaction mixture contained distilled H2O, phosphate buffer, L-methionine, triton-X, nitroblue tetrazolium, enzyme extract, and riboflavin. The absorbance was measured at 560 nm for the calculations of the activity of the SOD enzyme.




2.13. Activity of Catalase (CAT) Enzyme


Following the method devised by Chance and Maehly [38], the enzyme extract (0.1 mL) was mixed with 1.9 mL potassium phosphate buffer and 1 mL of H2O2 (5.9 mM). Then, the absorbance of the reaction mixture was measured at 240 nm.




2.14. Activity of Peroxidase (POD) Enzyme


A method proposed by Chance and Maehly [38] was used to determine the activity of the POD enzyme. The enzyme extract (50 µL) added to 100 µL of H2O2 (40 mM) in a cuvette. Afterwards, 100 µL of guaicol (20 mM) and 750 µL of potassium phosphate buffer were mixed, and the absorbance was noted at 470 nm.




2.15. Analyses of Mineral Nutrients


Dried ground shoot and root (0.1 g) were taken in a digestion flask and 2 mL of the digestion mixture was prepared and added into each sample, according to Wolf [39]. The samples were incubated overnight, then the flasks were heated at 150 °C and 1 mL H2O2 (35%) was poured into it. The mixture was heated until the reaction mixture became clear. After cooling, the volume was maintained up to 50 mL using distilled water. The extract was filtered gently and used for the determination of Na+, K+ and Ca2+.




2.16. Determination of Na+, K+ and Ca2+


Different concentrations of standards for sodium (Na+), potassium (K+) and calcium (Ca2+) were prepared. The standard curves of these ions were established by using a flame photometer. After standardization of the equipment, the filtrated samples were run on the flame photometer for the determination of subjected ions.




2.17. Statistical Analysis


The obtained data were subjected to analysis of variance (ANOVA) by using COSTAT software [40], and least significance difference was determined at a 5% probability level. Graphical presentation was carried out using Origin-2017 software. RStudio was used to illustrate the correlation and principal component analysis.





3. Results


3.1. Growth Parameters


Shoot fresh and dry weights of both grass species, C. ciliaris and C. arenarius, were reduced significantly (p ≤ 0.001) under drought stress conditions. The response of both species to drought stress was significantly (p ≤ 0.001) different from each other. However, the ecotypic response was non-significant in this parameter. The C. ciliaris of Salt Range showed the highest biomass production under control and drought conditions (Figure 1). The root biomass was also reduced significantly under water stress, and C. arenarius was the most impacted species by drought stress (Figure 1). Shoot length was reduced significantly (p ≤ 0.01) under low water availability. Ecotype-affected root growth of C. ciliaris of the Salt Range area significantly (p ≤ 0.05) showed maximum root length under drought stress. The response of halophytic species of both ecotypes was significant (Figure 1).




3.2. Chlorophyll Pigments


Chlorophyll a and b contents were decreased due to moisture stress in both halophytic species (Figure 2) of Faisalabad and Salt Range areas. It was observed from the results that C. ciliaris of Salt Range had the highest leaf chlorophyll a pigment. Drought stress significantly (p ≤ 0.001) reduced the chlorophyll contents of C. arenarius of Faisalabad region (Figure 2). It was observed that C. ciliaris contained more chlorophyll b content than C. arenarius in both ecotypes. Most strikingly, drought stress reduced chlorophyll b content of C. arenarius of Salt Range (Figure 2). Total chlorophyll contents were also decreased significantly (p ≤ 0.01) due to the low level of water availability. Results showed that ecotypic variation and response of species were non-significant for this parameter. C. ciliaris had the highest total chlorophyll concentration (Figure 2). Chlorophyll ratio was non-responsive in this attribute (Figure 2).




3.3. Total Phenolics, Ascorbic Acid and Malondialdehyde


Data analysis showed that phenolic contents were significantly (p ≤ 0.01) higher than the control in response to drought stress in both halophytic species. Results showed that C. arenarius of the Salt Range improved remarkably under drought stress. Ascorbic acid (AsA) concentration was improved significantly (p ≤ 0.01) to cope with drought-induced constraints. The highest level of AsA was observed in C. arenarius from both ecotypic sites (Figure 3). Our results also show that C. arenarius was more resistant to water-deficit environments, when compared to the C. ciliaris. Malondialdehyde is an indicator of lipid peroxidation under drought; therefore, it was found that MDA contents increased under drought stress in both species (Figure 3). It was observed that C. arenarius showed a high level of MDA, which is an indicator of more lipid peroxidation in membranes of this species.




3.4. Osmoprotectants


Analysis of variance showed that water stress improved glycinebetaine (GB) contents significantly of both halophytic species. Ecotypic variation of both areas was also significant (p ≤ 0.01) in terms of GB contents (Figure 3). It was also observed that C. ciliaris improved maximum GB contents than the other. Analysis of variance showed that proline contents improved significantly (p ≤ 0.001) in both halophytic species under 60% field capacity (Figure 3). Ecotypic variations also significantly (p ≤ 0.001) improved the proline contents to cope with detrimental effects of drought. It was inferred from the data that C. arenarius of Salt Range accumulated maximum proline contents, compared to C. ciliaris. Level of total soluble sugars was also improved significantly (p ≤ 0.01) under water stress conditions. Ecotypic variations were non-responsive in this parameter (Figure 3). Both halophytic species improved their total soluble sugar contents under drought stress.




3.5. Hydrogen Peroxide and Total Soluble Proteins


The level of hydrogen peroxide (H2O2) was increased significantly (p ≤ 0.001) under drought stress conditions (Figure 4). It was also observed that both plant species showed elevated level of H2O2 under water-deficient conditions. It was observed that C. ciliaris of the Salt Range showed the highest level of hydrogen peroxide (H2O2) contents under drought conditions (Figure 4). Data showed that drought improved the total soluble protein contents significantly (p ≤ 0.001) in both grass species. Both species of halophytes were also significantly (p ≤ 0.001) responsive to drought in this parameter (Figure 4). Results showed that C. ciliaris of the Salt Range contained the highest level of total soluble proteins (TSP) contents under drought conditions (Figure 4).




3.6. Activities of Enzymatic Antioxidants


Data analysis showed that the activity of catalase (CAT) was improved significantly (p ≤ 0.001) under drought stress in both species of halophytes (Figure 4). Highest activity of catalase enzyme was observed in C. ciliaris of both ecotypes under drought stress (Figure 4). The activity of superoxide dismutase (SOD) was also increased under stress conditions and helped plants to cope with detrimental radicals produced under stress conditions. Highest activity of SOD enzyme was observed in C. arenarius of Faisalabad region and C. ciliaris of the Salt Range (Figure 4). Analysis of variance showed that the activity of peroxidase (POD) enzyme was improved significantly (p ≤ 0.001) under water-deficient conditions to cope with harmful effects of ROS. Both grass species and ecotypic variations were significantly varied in the defensive activity of POD enzyme under water stress. It was also observed that C. arenarius of the Salt Range exhibited the maximum activity of POD enzyme under drought stress (Figure 4).




3.7. Nutrient Uptake


Results showed that levels of Na+ increased in roots and leaves under drought stress (Figure 5). It was observed that Cyperus arenarius of the Faisalabad region showed a greater increase in Na+ under water stress conditions. Ecotypes responded significantly to drought stress in this parameter. The results from the present study also show that the concentration of K+ in the leaves and roots declined when plants were exposed to the water-deficit environment. Cenchrus ciliaris of the Salt Range was resistant to change in K+ concentrations of the leaf (Figure 5). However, the ecotypic response was non-significant for this parameter. Analysis of variance showed that the concentration of leaf and root Ca2+ significantly decreased under water stress conditions in both C. arenarius and C. ciliaris forage grasses. It was observed that the concentration of K+ was highly decreased in C. arenarius of the Faisalabad region (Figure 5).




3.8. Correlation Analysis


A correlation analysis of two grass species was also illustrated to study the relationship between various parameters studied in this experiment (Figure 6). In both species, Na contents in the roots were positively correlated with Na contents in the shoots, while being negatively correlated with Ca and K contents in the roots and shoots of the plants. In addition, Na contents (roots and shoots) were also positively correlated with antioxidant capacity, oxidative stress indicators, sugars, and phytohormones, while negatively correlated with plant growth and biomass and photosynthetic measurements. In contrast, Ca and K contents in the roots and shoots were positively correlated with plant growth and biomass and photosynthetic measurements, while negatively correlated with the antioxidant capacity, oxidative stress indicators, sugars, and phytohormones. This correlation analysis showed a close connection between growth and nutrient uptake by the plants.




3.9. Principal Component Analysis


A principal component analysis (PCA) was also constructed to illustrate the effect of different levels of drought in both grass species and is presented in Figure 7. In C. ciliaris, total components exhibited more than 94% of the database, while C. arenarius accounted for more than 92% of the total database. In addition, Dim-1 accounted for 61.9%, and Dim-2 accounted for 32.1% of the database in C. ciliaris, while Dim-1 accounted for 69% and Dim-2 accounted for 23.5% of the database in C. arenarius. In both grass species, oxidative stress indicators, Na contents in the roots and shoots, glycine betaine content, antioxidant capacity, total soluble sugar, proline content and phenolic contents showed a positive correlation, while Ca and K contents, plant growth parameters, and photosynthetic measurements showed a negative correlation among all different parameters in the database.





4. Discussion


Due to their sessile nature, all plants are usually exposed to various abiotic stresses which affect their normal growth and physiological processes [18,19]. Water stress is one striking abiotic stress that lowers the turgor potential and leads to the induction of the stress response by closing the stomata and lowering the photosynthetic process [14]. Water stress induced secondary responses, i.e., production of enzymatic and non-enzymatic antioxidants, production of osmolytes, flavonoids, phytoalexins to cope with detrimental effects of drought by the up-regulation of oxidative defense mechanism and accumulation of osmolytes in the cell to maintain osmotic pressure [41]. Prolonged drought stress inhibited enzyme function and destroyed photosynthetic apparatus due to the high production of reactive oxygen species (ROS) in photosystems [42,43]. The level of chlorophyll contents in photosystems is an indication of normal functioning of photosynthetic processes and severely affected when subjected to water shortage. In agreement with these studies, our results showed that chlorophyll a and b contents were decreased due to moisture stress in both grass species of Faisalabad and Salt Range (Figure 2).



The most prominent finding was the effect of water stress reducing growth and seed germination [44]. As studied in alfalfa (Medicago sativa), water stress caused a reduction in the seed germination, hypocotyl length, and fresh and dry weights of alfalfa plants [45]. Drought-induced reduction in yield was reported in pearl millet [46], and maize [47], due to low water availability, closure of stomata, reduced efficiency of the Calvin cycle, and induction of secondary responses to cope with stress. Under drought stress, sunflower plants tended to complete their life cycle in a short span and decreased the number of grains and total weight [48]. Results of the current research showed that shoot fresh and dry biomass of both halophytic species were reduced by drought stress (Figure 1). Ecotypic response was non-significant in this parameter. The Cenchrus ciliaris of the Salt Range showed the highest biomass production under control and drought conditions (Figure 1). Root biomass was also reduced significantly under water stress. Shoot length was reduced significantly under low water availability (Figure 1). This reduction may be due to altered water relations, decline in CO2 assimilation rate, membrane damage of affected tissues, and oxidative stress in plants [44,49].



Gharibi et al. [50] showed that phenolic contents increased in achillea (Achillea pachycephalla) collected from different regions of Iran under water stress, which is in agreement with our results that showed that phenolic contents of C. arenarius and C. ciliaris halophytic species were increased under water stress conditions. Results showed that total phenolics of C. arenarius of the Salt Range remarkably decreased under drought stress (Figure 3). Sakr and El-Metwally [51] also reported that stress decreased the phenolic contents in many species of A. millefolium, A. pachycephalla, A. aucherii, and A. kellalensis. Ascorbic acid is an antioxidant that scavenges the reactive oxygen species produced under abiotic stresses [52]. Ascorbic acid concentration was improved to cope with drought-induced constraints. The highest level of ascorbic acid was observed in C. arenarius from both ecotypic sites (Figure 3). This increase in ascorbate relates to improving the anti-oxidative defense mechanism in both forage species. Ascorbate is also involved in the dismutase of H2O2 to water and oxygen [53,54,55,56]. Glycinebetaine is a stress-responsive osmolyte. Under exposed drought stress, concentrations of GB increase to protect the cell moisture contents [57]. These organic molecules protect plants from harm induced by oxidative stress [58]. GB is produced in high levels as a first defense against low water conditions to maintain its turgor and cope with oxidative damage [59]. Results of our studies showed that water stress significantly (p ≤ 0.001) improves the glycinebetaine contents of both halophytic species. Ecotypic variation of both areas also significantly improves GB contents. It was also observed that C. ciliaris improved maximum GB contents more than the other (Figure 3).



When plants were exposed to drought stress, reactive oxygen species started damaging membranes and inducing lipid peroxidation [60,61,62]. MDA is a product of lipid peroxidation and an indicator of stress level [12,63,64,65]. It was studied in the roots and shoots of Macrotyloma uniflorum; under drought stress, lipid peroxidation increased, and thus the level of MDA also increased [66]. Malondialdehyde is an indicator of lipid peroxidation under drought; therefore, it was observed through data analysis that MDA contents increased under drought stress in both grass species (Figure 3). It was observed from Figure 3 that C. arenarius showed high levels of MDA, which is an indicator of more lipid peroxidation in membranes of this species.



Proline is an organic osmolyte that acts as a first plant defense against water stress [9,67]. It helps to maintain cytoplasm water potential for the normal functioning of enzymes [68,69]. Proline accumulation under drought stress protects cells from membrane damage, water balance, maintenance of enzyme activities, and reactive species scavenging [27,70]. In accordance with previous reports, our results also suggest that proline contents improve significantly in both halophytic species at 60% field capacity. Ecotypic variation also resulted in significant changes to proline contents in response to detrimental effects of drought. It can be inferred from Figure 3 that C. arenarius of the Salt Range accumulated maximum proline contents as compared to C. ciliaris. Generally, proline accumulation is an indicator of leaf dehydration and stress susceptibility [71]. Drought stress also improved proline contents in chickpea cultivars [72].



Under stress conditions, plants are deprived of energy and energy-producing molecules due to the malfunctioning of photosynthetic apparatus [73]. High levels of soluble sugars were reported in maize under stress [74]. Starch is degraded to soluble sugars under stressful conditions, inducing a rise in the level of soluble sugars [75]. Similarly, in accordance with previous reports, our results describe a level of total soluble sugars which was also improved significantly under water stress conditions. Both halophytic species improved their total soluble sugar contents under drought stress for stress tolerance (Figure 3). One more study suggested and confirmed the above results that soluble sugars were increased in Haloxylon aphyllum under drought stress [76].



Plants respond to stress by producing ABA, closing the stomata, and producing hydrogen peroxide (H2O2) as a secondary messenger for triggering a cascade of reactions to respond to drought stress, such as in wheat [5]. Drought stress induces the production of organic molecules along with H2O2 production in cotton [77]. One other study showed that when drought stress was increased to higher levels, it raised the rate of hydrogen peroxide concentration in Poplar species [78]. In the current experiment, it was also observed that hydrogen peroxide contents were increased under drought stress. It was also observed from Figure 4 that both halophytic species showed elevated levels of H2O2 under water-deficit conditions. Cotton responds to drought stress by increasing total soluble protein contents under oxidative damage [77]. It was studied that cassava plant improved total soluble proteins under water stress [79]. In agreement with the above results, findings of the present study showed that drought stress significantly improved the total soluble protein contents in both species of grasses.



Oxidative stress was induced in plants by the production of ROS under prolonged drought stress. Superoxides, free radicals, and anions were produced, which interact with the plasma membrane and cause lipid peroxidation by degrading the membranes and diminishing the integrity of cells [80,81]. The activities of catalase, superoxide dismutase, ascorbate peroxidase, glutathione reductase, and peroxidase enzymes were up-regulated under drought stress to cope with reactive oxygen species [52]. The enzymatic defense system was also improved for stress tolerance. The current study showed that the activity of the catalase enzyme was improved under drought stress in both species of halophytes (Figure 4). The activity of superoxide dismutase was also increased and helped plants to cope with detrimental radicals produced under stress conditions. High activity of SOD enzymes was observed in C. arenarius of Faisalabad region and C. ciliaris of the Salt Range (Figure 4). The activity of peroxidase enzyme was improved significantly under water-deficit conditions. It was also observed that C. arenarius of the Salt Range showed the maximum activity of POD enzymes under drought stress (Figure 4). In quinoa, activity of the POD enzyme increased and was involved in the scavenging of superoxides and toxic oxygen species under stress condition in quinoa cultivars [82,83].



It was studied in Atriplex halimus that water stress increased Na+ concentration. The concentration of Na+ is an integral part of stress response for the adaptation [84]. It is also known that the concentrations of Na+ and K+ are competitive with each other. Under drought stress, the sodium level rises, having more affinity for absorption as compared to K+ [47]. It was studied from our experiment that the concentration of Na+ increased while the concentrations of K+ and Ca2+ decreased in roots and leaves under drought stress. This increase might be an adaptation for osmotic adjustment, which implies an accumulation of solutes in plant cells of forage grasses. It was also studied that drought stress not only limits the concentration ofCa2+, but also limits the translocation of these ions from roots to shoots [85].




5. Conclusions


The results from this study illustrated that significant drought stress impacts plant growth and biomass and induces oxidative stress. It was concluded from the present study that Cenchrus ciliaris is more resistant to drought in biomass production collected from the Salt Range as compared to Cyperus arenarius. The results showed that C. ciliaris can be used as a forage grass under drought conditions as compared to C. arenarius.
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Figure 1. Shoot fresh weight (A), shoot dry weight (B), root fresh weight (C), root dry weight (D), shoot length (E), and root length (F) of grass species (Cenchrus ciliaris L. and Cyperus arenarius Retz.) of two different ecotypes (Faisalabad and Salt Range) grown under control (normal watering) and drought (60% field capacity) stress. Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represent the averages of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. Different abbreviations used in the figure are: Sp, Species; E, Ecotypes; D, Drought; ns, non-significant; *, ** and ***, significant at 0.05, 0.01 and 0.001 levels, respectively. 
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Figure 2. Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and chlorophyll a/b (D) of grass species (Cenchrus ciliaris L. and Cyperus arenarius Retz.) of two different ecotypes (Faisalabad and Salt Range) grown under control (normal watering) and drought (60% field capacity) stress. Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represent the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. Different abbreviations used in the figure are: Sp, Species; E, Ecotypes; D, Drought; ns, non-significant; ** and ***, significant at 0.01 and 0.001 levels, respectively. 
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Figure 3. Total phenolics (A), ascorbic acid (B), glycinebetaine (C), malondialdehyde (D), proline (E), and total soluble sugar (F) of forage grass species (Cenchrus ciliaris L. and Cyperus arenarius Retz.) of two different ecotypes (Faisalabad and Salt Range) grown under control (normal watering) and drought (60% field capacity) stress. Bars sharing different letter (s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represent the average of four replications (n = 4). Error bars represent standard deviation (SD) of four replicates. Different abbreviations used in the figure are: Sp, Species; E, Ecotypes; D, Drought; ns, non-significant; *, ** and ***, significant at 0.05, 0.01 and 0.001 levels, respectively. 
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Figure 4. Hydrogen peroxide (A), total soluble protein (B), catalase (C), peroxidase (D), and superoxide dismutase (E) activities of forage grass species (Cenchrus ciliaris L. and Cyperus arenarius Retz.) of two different ecotypes (Faisalabad and Salt Range) grown under control (normal watering) and drought (60% field capacity) stress. Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represent the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. Different abbreviations used in the figure are: Sp, Species; E, Ecotypes; D, Drought; ns, non-significant; *, ** and ***, significant at 0.05, 0.01 and 0.001 levels, respectively. 
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Figure 5. Shoot and root Na+ (A,B), K+ (C,D), and Ca2+ (E,F) concentrations of forage grass species (Cenchrus ciliaris L. and Cyperus arenarius Retz.) of two different ecotypes (Faisalabad and Salt Range) grown under control (normal watering) and drought (60% field capacity) stress. Bars sharing different letter(s) for each parameter are significantly different from each other according to Duncan’s multiple range test (p < 0.05). All the data represent the average of four replications (n = 4). Error bars represent the standard deviation (SD) of four replicates. Different abbreviations used in the figure are: Sp, Species; E, Ecotypes; D, Drought; ns, non-significant; *, ** and ***, significant at 0.05, 0.01 and 0.001 levels, respectively. 
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Figure 6. Pearson’s correlation analysis in two grass species, C. ciliaris (A) and C. arenarius (B), using different morpho-physio-biochemical attributes. Different abbreviations used in this figure are as follows: SL (shoot length), chl. a/b (chlorophyll a/b contents), K-S (potassium contents in the shoots), chl. a (chlorophyll a contents), Ca-R (calcium contents in the roots), Ca-S (calcium contents in the shoots), TC (total chlorophyll contents), RFW (root fresh weight), RDW (root dry weight), chl. b (chlorophyll b contents), K-R (potassium contents in the roots), SFW (shoot fresh weight), SDW (shoot dry weight), AsA (ascorbic acid content), Na-S (sodium content in the shoots), Na-R (sodium content in the roots), MDA (malondialdehyde content), Pro (proline content), RL (root length), TSS (total soluble sugar), POD (peroxidase activity), GB (glycinebetaine), TSP (total soluble proteins), H2O2 (hydrogen peroxide initiation), Phe (phenolic content), CAT (catalase activity) and SOD (superoxidase activity). 
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Figure 7. Principal component analysis of two grass species, C. ciliaris (A) and C. arenarius (B), under controlled and drought stress conditions. Different abbreviations used in this figure are as follows: SL (shoot length), chl. a/b (chlorophyll a/b contents), K-S (potassium contents in the shoots), chl. a (chlorophyll a contents), Ca-R (calcium contents in the roots), Ca-S (calcium contents in the shoots), TC (total chlorophyll contents), RFW (root fresh weight), RDW (root dry weight), chl. b (chlorophyll b contents), K-R (potassium contents in the roots), SFW (shoot fresh weight), SDW (shoot dry weight), AsA (ascorbic acid content), Na-S (sodium content in the shoots), Na-R (sodium content in the roots), MDA (malondialdehyde content), Pro (proline content), RL (root length), TSS (total soluble sugar), POD (peroxidase activity), GB (glycine betaine), TSP (total soluble protein), H2O2 (hydrogen peroxide initiation), Phe (phenolic content), CAT (catalase activity) and SOD (superoxidase activity). 
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