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Abstract

:

The fast and efficient recovery could be an important trait defining the efficacy of plant drought adaptation. In this work, we aimed to develop a set of simple and appropriate physiological proxies that could be used as reliable indicators to predict plant drought responses and validate the role of specific physiological traits such as root length, stomata density, and residual transpiration, in the drought tolerance and recovery in barley. Eighty barley (Hordeum vulgare L.) genotypes were subjected to progressive droughting until the soil moisture level reached 10%, followed by rewatering. Plants were visually scored at the end of drought period and two weeks after rewatering. SPAD values and chlorophyll fluorescence Fv/Fm ratio were also measured, alongside with stomatal density (SD) and residual transpiration (RT). The same genotypes were germinated in paper rolls treated with 15% (w/v) of polyethylene glycol (PEG) 8000 by quantification of changes in the root growth patterns. Responses to drought stress varied among the genotypes, and drought tolerance and recovery scores were significantly correlated with each other. Changes in SPAD value, Fv/Fm ratio and root length were significantly correlated with the drought tolerance and recovery indices. Both indices correlated strongly with the SD and RT of irrigated plants, although in an unexpected direction. We have also correlated the extent of plants’ drought tolerance to their ability to grow in saline soils (a condition often termed a “physiological drought”) and found a positive association between these two traits. The fact that drought tolerant genotype also possessed higher salinity tolerance implies some common mechanisms conferring both traits. Plants having less SD and more RT under irrigated conditions showed higher drought tolerance. It is concluded that lower SD and higher RT under optimal conditions may be used as proxies for drought tolerance in barley.
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1. Introduction


Climate trends and the current global warming have increased the frequency of drought events in the world by about threefold in the last 50 years [1]. As a result, the amount of land area affected by drought may reach 50% by the end of the century, and the frequency of extreme agricultural droughts events is projected to increase by about sixfold, with major drought events occurring every 5 years [2]. It has been estimated that crop production was reduced by 10% in the last 50 years by drought events [3], costing agriculture around USD 60 billion in annual losses [4]. Globally, both rainfed and irrigated crops are facing a continuous cycle of water deficit and rewatering. Plants need to regrow as early as possible when relieved from the drought. The ability of a plant to resume growth and productivity by reintroducing water after severe drought stress is known as drought recovery. A complete recovery after drought requires plants to restart all of the physiological and metabolic systems/pathways downregulated by stress, and to repair drought-induced damage, so as to be able to resume plant growth. While plants’ ability to tolerate and/or avoid drought has been addressed in numerous studies, the importance of recovery from drought has attracted much less attention, despite the critical role of this trait in the yield formation [5,6].



Plants show a plethora of morphological, physiological, and biochemical responses to drought stress. Drought-induced water stress reduces plant growth and development by decreasing turgor pressure and, thus, reducing cell expansion rates. Drought stress has a major negative impact on photosynthesis, reducing the rate of CO2 assimilation due to stomatal closure and reduced chlorophyll content and leaf photochemistry [7,8]. Because of this, chlorophyll fluorescence—specifically, the maximum quantum efficiency of light harvesting in PSII in dark-adapted leaves (the so-called Fv/Fm ratio)—and chlorophyll SPAD reading are often used as effective, reliable, and reproducible diagnostic tools for high-throughput assessments of plant germplasm for drought tolerance [9,10,11]. However, most previous reports involving chlorophyll contents and Fv/Fm ratios predominantly measured drought tolerance, and largely ignored drought recovery.



Plants have evolved several complementary mechanisms in adapting to drought stress, such as changing their root architecture [12], modifying their osmotic potential, reducing their xylems’ vulnerability to cavitational damage [13], optimizing stomatal operation (at both the developmental and functional levels) [14,15], improving leaf photochemistry [16], changing leaf morphology, and cutinizing the leaf surface [17]. However, plant phenotyping under drought stress conditions is often a challenging task that requires a compromise between a need for the high throughput of the method and the functional importance of the measured traits. There is an urgent need for simple and appropriate physiological proxies that can be easily measured under control conditions and could be used as reliable indicators to predict plants’ drought responses.



The importance of above traits goes well beyond the conditions of reduced amounts of rainfall in arid or semi-arid areas. A significant amount of agricultural land is affected by soil salinity [4], and one of the constraints imposed on plants grown in salt-affected land is reduced water availability, otherwise known as a ‘physiological drought’ caused by osmotic stress. To deal with both stresses, plant often employ similar adaptive strategies such as increased de novo synthesis of compatible solutes for osmotic adjustment and turgor maintenance, efficient control of stomata operation and patterning, common anatomical and morphological adaptive traits (e.g., longer roots; succulence; high extent of leaf cutinization), and shared stress sensing and signaling pathways [4,14,18,19,20,21,22]. This implies a possibility of the causal link between two stresses. Hence, understanding a correlation between above drought-adaptive traits and the extent of plant salinity stress tolerance may be of a great value to breeders working in this space.



At the functional level, plants first response to drought is to reduce stomatal conductance (Gs) via stomatal closure. Gs can be also reduced by reducing stomatal density (SD), via developmental regulation. Therefore, Gs and SD are both important for improvement of water use efficiency (WUE) in response to drought stress. Manipulation of the stomatal density by expression of the epidermal patterning factor (EPF1 and EPF2 gene) and STOMATAL DENSITY AND DISTRIBUTION 1 (AtSDD1) has previously been demonstrated to improve water use efficiency (WUE) in Arabidopsis thaliana [23]. Recently, it has been reported that overexpressing HvEPF1 gene in barley [24] and SchSDD1-like in cultivated tomato plants [25] improved drought tolerance by reducing SD without affecting plant yield. Our previous study also suggested that the genotypes which had lower Gs under control (irrigated) conditions showed a better tolerance under severe drought stress conditions [26]. While the control of Gs is necessary for restricting water loss under drought stress conditions, a small but uncontrolled loss of water from the leaf surface may bypass the stomata and pass through the cuticle, through the process known as residual transpiration (RT). This non-stomatal (RT) transpiration through the leaf cuticle could contribute up to 50% of total water loss in drought stressed plants during day and 60% during night [27,28]. In the light of this, the current studies aimed to validate the role of SD and RT in the drought tolerance and recovery in barley.



Maintenance of root growth under drought stress is also considered to be an essential drought-adaptive trait for plants to increase their uptake of water and nutrients from the deeper soil layers [12]. Several studies have reported that drought tolerance not only depends on the root length per se, but is also associated with some adaptive changes in the root structure, such as a reduction in the roots’ cortical aerenchyma development, reduced root diameter, an increased number of lateral roots and root hairs, and increased length of lateral roots and root hairs [29,30]. As the monitoring of root traits in drought-stricken soil is a technically challenging task, hydroponic systems are often employed using PEG-induced osmotic stress as a proxy for drought. It has been shown that plants change their root morphology by swelling their root tips, developing longer root hairs and more lateral roots to increase the water absorption area upon PEG treatment [31]. Determining whether these root traits provide a predictive index of plants’ susceptibility to soil water deficit was another aim of this work.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Seeds of 80 barley genotypes (Hordeum vulgare L.) collected from different regions across the globe (Table S1) were sown in 0.3 L (12 cm × 5 cm × 5 cm) pots using a standard potting mix (70% composted pine bark; 20% coarse sand; 10% sphagnum peat; Limil at 1.8 kg m−3, dolomite at 1.8 kg m−3) with added slow-release Osmocote Plus™ fertilizer (at 6 kg m−3), plus ferrous sulfate (at 500 g m−3). The experiments were conducted in May–September 2017 using glasshouse facilities at the Mount Pleasant Laboratory facilities in Launceston, Australia. The mean daily temperatures were 25 °C (in the day) and 15 °C (at night). Drought was imposed on 20-day-old seedlings (at the tillering stage), as this was shown to be when the plants were the most sensitive to water stress [32]. Plants were gradually brought to 10% soil water content by withholding irrigation for 15 days, and then rewatered to the control level and maintained for 15 days, as shown in Figure 1. The experiment was conducted as a complete randomized design (CRD), with four replications for each cultivar of each of the drought and control treatments. Control plants were grown under normal irrigated conditions, maintaining 80–90% soil water content by watering twice daily.




2.2. Scoring for Drought Stress Tolerance


The degree of drought tolerance was determined for each pot, 15 days after withholding irrigation, based on a leaf injury score using a 1–9 scale (9 = no visual symptoms; 1 = dead plants) (Table 1). The average values of four replications were used for the quantitative estimation of drought tolerance, termed the drought tolerance index. These drought tolerance indices were used to evaluate the effectiveness of different morphological and physiological parameters for screening drought tolerance.




2.3. Scoring for Drought Recovery Index


The extent of the drought recovery ability of barley plants was determined based on the ability of the plants to survive after rewatering the pots back to their full water-holding capacity after progressive drought stress. Fifteen days after rewatering, a drought recovery score was given using a 1–9 scale (9 = full recovery; 1 = dead plants) (Table 2). The average values of four replications were also used as quantitative estimation of drought tolerance, termed the drought recovery index.




2.4. Scoring for Salinity Stress Tolerance


The same eighty barley genotypes were grown in big (420 L; 1.5 m × 0.7 m × 0.4 m) PVC tanks filled with the fertilized standard potting mix (as above). Eighty barley genotypes were sown in each tank (6 plants per genotype) and grown under same glasshouse conditions as described above. Seedlings at the 3-leaf stage (Zadoks growth stage, Z13) were treated with 300 mM NaCl in 80 mM day−1 increments, to avoid a sudden osmotic shock. Salinity treatment lasted for 4 weeks. Plants were watered with the saline solution twice per day, applying sufficient amount of water to ensure run-off and preventing salinity buildup in the soil. As a result, the concentration of NaCl in the potting mix was stable and matched that of the irrigation solution (300 mM NaCl). After 4 weeks of salinity treatment (Zadoks growth stage, Z22), the degree of leaf injury was recorded and scored on 0 to 9 scale (0 = no visual symptoms; 9 = dead plants) (Table 3). These scores are termed as ‘salinity damage index’ in this work.




2.5. Traits Tested for Association with Drought Tolerance


2.5.1. Stomatal Density


The number of stomata per leaf unit area was calculated by obtaining leaf imprints from the leaves of the intermediate position at 5 weeks after seed sowing. A thin layer of a white nail polish was applied to the abaxial surface of the leaf. The nail polish imprints were peeled off with fine forceps after drying, placed onto microscope slides, and covered with a coverslip. The imprints were observed under a compound microscope at 20× magnification (Zeiss Axiostar Plus, Jena, Germany). The number of stomata was counted from each field of view, and stomatal density was calculated as the number of stomata per mm2. The sample size for each genotype was 18 (3 fields of view × 2 imprints × 3 biological replications).




2.5.2. Seedling Tests in Polyethylene Glycol (PEG) Media and Control Conditions


Eighty barley genotypes were screened for root length under 15% (w/v) PEG 8000 treatment and control conditions. Fifteen seeds were germinated between two layers of paper towel in plastic pots at 25 °C under dark conditions in a growth chamber for 6 days. For the control treatment, the seeds in the paper towel were wetted with distilled water. The 15% (w/v) PEG 8000 solution was used to mimic drought stress. Six days after germination, the root length of the germinated plants was measured using a ruler. Ten seedlings for each of the genotypes/treatment with three biological replicates were analyzed.




2.5.3. Chlorophyll Fluorescence


The maximal photochemical efficiency of PSII was estimated by measuring the chlorophyll fluorescence Fv/Fm ratio on the upper surface of the second uppermost leaves from control and drought-stressed plants from dark-adapted samples, using an Optiscan OS-30P fluorometer (Opti-Science, Hudson, NH, USA), at 5 weeks after seed sowing.




2.5.4. SPAD Values


Chlorophyll content was measured as a SPAD value using the Minolta SPAD-502 (Konica Minolta Sensing, Tokyo, Japan). Measurements were conducted from the middle of the lamina of the second uppermost fully expanded leaves from both irrigated plants and plants at the peak of drought stress conditions between 10.00 and 12.00 h at 5 weeks after seed sowing.




2.5.5. Residual Transpiration


The residual transpiration was measured and calculated as described in our previous publications [33]. In brief, three fully expanded barley leaves at an intermediate position from each genotype under control growth conditions were selected for sampling 5 weeks after seed sowing. Leaves were excised during the morning and immediately sealed with vacuum grease on the cut end. The collected leaves were transported to the laboratory and placed in a dark room at 20 ± 1 °C and 50% relative humidity for stomatal closure. Fresh weights (W0) were measured using an electronic balance (Mettler Toledo TLE204, Columbus, OH, USA) immediately after the excision of leaves. The leaves were then weighed at 2, 4, and 6 h intervals (W2, W4, and W6, respectively). Then, they were placed in a drying oven at 60 °C for 24 h, and their dry weights (Wd) were measured again. The residual transpiration was calculated on a dry weight basis by using Equation (1):


Residual transpiration = ((W0 − W2) + (W2 − W4) + (W4 − W6))/(3 × Wd (T2 − T1))



(1)




where W0 = leaf fresh weight (FW) immediately after excision; W2 = leaf FW 2 h after excision; W4 = leaf FW 4 h after excision; W6 = leaf FW 6 h after excision; Wd = dry weight of the leaf; T2 − T1 = time interval between two subsequent measurements (2 h).



The measured residual transpiration was then recalculated on the basis of projected leaf area and expressed in mg of H2O cm−2 h−1.




2.5.6. Statistical Analysis


Data were analyzed using IBM SPSS Statistics 21 (IBM corp., Armonk, NY, USA). All results are given as means ± SE. The significance of the correlations between different parameters was determined by bivariate correlations based on Pearson’s correlation (two-tailed).






3. Results


3.1. Genotypic Variation in Progressive Drought Stress and Recovery


When plants were deprived of irrigation for 15 days and then rewatered, a significant genotypic variation in the overall drought tolerance and recovery indices was observed (Table 1 and Table 2). The overall drought tolerance index ranged between 3 for cultivar Yan 89110 and 7.6 for cultivar Numar (Figure 2a). Based on the drought tolerance index, all of the genotypes were clustered into four groups: drought-sensitive (tolerance index = 0–4), moderately sensitive (4–6), moderately tolerant (6–6.5), and tolerant (6.5–8) (Figure 2a). A similar analysis was performed for plants undergoing recovery from stress. The overall drought recovery index ranged from 1 for cv WA 12924 to 9 for cv WA 12918 (Figure 2b), and all genotypes were also clustered into four groups based on the value of the drought recovery index: drought-sensitive (recovery index = 0–4), moderately sensitive (4–6), moderately tolerant (6–7), and tolerant (7–9) (Figure 2b). A small but statistically significant positive correlation (R2 = 0.12; p < 0.01) was found between the drought tolerance index and the drought recovery index (Figure 2c), suggesting a possible causal relationship.




3.2. Impact of Drought Stress on Chlorophyll Content and Chlorophyll Fluorescence


Chlorophyll content (SPAD value) ranged between 31 ± 0.5 (arbitrary units) for the cultivar YiwuErleng and 50 ± 0.9 for the cultivar Keel in control plants (Figure 3a). SPAD values increased in almost half of the genotypes under drought stress conditions (most likely as a consequence of the reduction in the leaf area), ranging between 23 ± 1.5 for cv Carmen and 55 ± 1.6 for cv HOR4055 (Figure 3b). The relative changes (% of control) varied between genotypes and ranged between 51% for cv Carmen and 154% for cv HOR13447 (Figure 3c).



The chlorophyll fluorescence Fv/Fm ratio ranged between 0.79 and 0.82 among the genotypes under control (irrigated) conditions (Figure 4a) and was reduced in all genotypes under drought stress conditions. About threefold variation was found in the Fv/Fm values among the genotypes under drought stress conditions, with Fv/Fm values ranging 0.25 ± 0.2 for cv Yan89110 and 0.80 ± 0.01 for cv Svanhals (Figure 4b). The relative values of Fv/Fm of drought-stressed plants (% of control) showed a great extent of genotypic variation, ranging between 31% for cv Yan89110 and 100% for cv Svanhals (Figure 4c).




3.3. Seedling Tests in Control and PEG Solution


About twofold variation was found in the root length of the seedlings grown under control conditions, with root lengths ranging between 6 ± 0.2 cm for cv AC Burman and 12 ± 0.1 cm for cv CM72 (Figure 5a). Root length was reduced in all genotypes upon 15% (w/v) PEG 8000 treatment. About fivefold genotypic variability was observed in the root length under drought stress imposed by 15% (w/v) PEG 8000, ranging between 2 cm for genotype cv WA12915 and 10 ± 0.1 cm for cv CM72 (Figure 5b). Changes in the root length under drought stress (% of control) showed significant variation between the genotypes, ranging from 17% for the genotype WA12915 (highest reduction) to 89% for the genotype Mundah (lowest reduction) (Figure 5c).




3.4. Correlation Analysis


No significant correlation (R2 = 0.03; p > 0.05) was found between SPAD chlorophyll values under control conditions and the drought tolerance index (Table 3 and Figure S1a). A significant positive correlation (R2 = 0.29; p < 0.001) was observed between the SPAD values of drought-stressed plants and the drought tolerance index (Table 3 and Figure S1b). The relative changes (% of control) in the SPAD values of drought-stressed plants were positively correlated (R2 = 0.28; p < 0.001) with the drought tolerance index (Table 3 and Figure S1c). The Fv/Fm values of irrigated plants were not significantly correlated (R2 = 0.01; p > 0.05) with the drought tolerance index (Table 3 and Figure S1d), whereas the Fv/Fm values under drought stress conditions showed a significant positive correlation (R2 = 0.19; p < 0.001) with the drought tolerance index (Table 3 and Figure S1e). The relative changes in the Fv/Fm values of drought-stressed plants (% of control) were significantly correlated (R2 = 0.19; p < 0.001) with the drought tolerance index (Table 3 and Figure S1f).



A significant negative correlation (R2 = 0.14; p < 0.001) was found between SPAD chlorophyll values under control conditions and the drought recovery index (Table 4 and Figure S2a). A significant positive correlation (R2 = 0.16; p < 0.001) was observed between chlorophyll SPAD values in drought-affected plants and the drought recovery index (Table 4 and Figure S2b). The relative changes (% of control) in the SPAD values of drought-stressed plants showed a significant positive correlation (R2 = 0.18; p < 0.001) with the drought recovery scoring index (Table 4 and Figure S2c). No significant correlation was found between the Fv/Fm values of irrigated plants (R2 = 0.00; p > 0.05) and the drought recovery index (Table 4 and Figure S2d), while the Fv/Fm values under drought stress conditions showed a significant positive correlation (R2 = 0.17; p < 0.001) with the drought recovery index (Table 4 and Figure S2e). A significant positive correlation (R2 = 0.16; p < 0.001) was observed between the relative changes in Fv/Fm values under drought stress conditions (% of control) and the drought recovery index (Table 4 and Figure S2f).



No significant genotypic association (p > 0.05) was observed between the root length under either the control conditions or the 15% (w/v) PEG 8000 treatment and the drought tolerance index (Table 4 and Figure S3a–c). The root growth of barley seedlings grown under controlled conditions did not show any significant correlation (p > 0.05) with the drought recovery index (Table 4 and Figure S3d). However, a significant negative correlation (R2 = 0.17; p < 0.001) was found between the root growth of seedlings grown under the 15% (w/v) PEG 8000 treatment and the relative changes in PEG-induced drought stress (R2 = 0.14; p < 0.001) and the drought recovery index (Table 4 and Figure S3e,f).



The stomatal density of control plants showed a strong negative correlation (R2 = 0.16; p < 0.001) with the drought tolerance index (Figure 6a). At the same time, a significant positive correlation (R2 = 0.16; p < 0.001) was found between RT under control conditions and the drought tolerance index (Figure 6b). Interestingly, the RT was significantly (R2 = 0.27) correlated with the SD of control plants (Figure 6c). The stomatal density of control plants showed a strong negative correlation (R2 = 0.15; p < 0.001) with the drought recovery index (Figure 6d). No significant correlation (R2 = 0.02; p > 0.05) was found between RT under control conditions and the drought recovery index (Figure 6e).




3.5. Drought Stress vs. Salinity Stress


The drought tolerance index was significantly correlated (R2 = 0.13; p < 0.001) with the salinity damage index (where lower numbers denote tolerant genotypes) assessed using the same 80 barley genotypes grown with 300 mM NaCl for 4 weeks under the same glasshouse conditions (Figure 7b).





4. Discussion


4.1. Drought Tolerance and Recovery Indices Were Correlated with One Another


Both irrigated and non-irrigated crops in arid and temperate climates are regularly subjected to regular periods of drought and recovery. A great extent of genotypic variability was found among the barley genotypes in terms of their ability to both tolerate drought and recover from drought stress (Figure 2a,b). The correlation analysis (Figure 2c) revealed that the drought tolerance and drought recovery are strongly related, and potentially share some common mechanisms.




4.2. SPAD Values and Fv/Fm Ratios Showed a Strong Correlation with the Drought Tolerance Index and Drought Recovery Index


Chlorophyll content is frequently used for rapid and cost-effective measurements for the determination of drought tolerance. Drought stress somewhat negatively affects chlorophyll content as a result of photo-oxidation caused by reactive oxygen species (ROS) accumulation. However, in our study, SPAD chlorophyll content increased in half of the genotypes and decreased in the other 50% of plants under drought stress conditions. The significant positive correlations between SPAD chlorophyll content and the overall drought tolerance index (Table 4 and Figure S1b,c) and the drought recovery index (Table 4 and Figure S2b,c) suggest that tolerant barley genotypes are capable of maintaining higher chlorophyll content under drought stress conditions; this trait may contribute to a quick recovery from drought after reintroducing water by resuming photosynthesis [34]. The chlorophyll density per unit leaf area of drought-tolerant genotypes may be increased due to reduction in the leaf area and increased leaf thickness. Maintaining higher chlorophyll content under drought stress conditions due to higher chlorophyll density per unit leaf area could be an adaptive strategy of plants to increase their drought tolerance [6,32]. The chlorophyll fluorescence Fv/Fm ratio is one of the sensitive indicators of the severity of drought stress [35]. In this study, the Fv/Fm values were reduced in all genotypes under drought stress conditions, but tolerant genotypes maintained higher Fv/Fm. A significant positive correlation between the Fv/Fm values of drought-stressed plants and the drought tolerance index indicates that PSII was inhibited more in the sensitive genotypes than in the tolerant genotypes (Table 4 and Figure S1e,f). Similarly, the drought recovery index had a significant positive correlation with both the Fv/Fm ratio under drought stress and the relative changes in drought stress (% of control), indicating that the tolerant genotypes had the ability to repair PSII after being exposed to severe drought stress (Table 4 and Figure S2e,f). The theoretical maximum Fv/Fm value of newly grown leaves is 0.83 [36], suggesting that after rewatering the tolerant genotypes were able to repair PSII and recovered Fv/Fm ratios close to this optimum. Taken together, the results suggest that the ability to maintain the stability of photosynthetic pigment and the photosynthesis system after exposure to severe drought and rebuild the photosystem after rewatering increases plants’ adaptability to drought.




4.3. PEG-Induced Drought Stress and Root Length


Root growth is strongly inhibited when plants are subjected to drought stress. Here, we showed that the root lengths of all barley genotypes were reduced under PEG-induced osmotic stress compared to the control plants (Figure 5b). However, no significant correlation was found between the drought tolerance index and the root length in either the control or PEG treatments (Table 4 and Figure S3a–c). This result is consistent with our previous pilot study including fewer (just six) contrasting genotypes [32]. These results indicated that the longer roots of barley seedlings during germination under PEG-induced drought stress did not help to increase drought tolerance at later stages. This could be explained by the fact that drought tolerance may be a growth-stage-specific crop trait that can change over the course of the crop’s life cycle. It has been found that barley genotypes that exhibit tolerance in the seedling stage have lower productivity at adult stages under drought conditions [37]. However, in this experiment, plant performance was assessed in small pots, where loner roots were not expected to bring any benefit in terms of access to water. The latter trait would only become apparent where rooting depth was not constrained (in the field). Interestingly, the root length of barley seedlings grown under PEG-induced drought stress and the relative (% of control) changes were significantly correlated with the drought recovery index (Table 4 and Figure S3e,f). This result indicates that plants may need denser and finer root systems to absorb larger quantities of water, rather than having thinner, longer roots during the post-drought recovery stage, because a higher number of roots may make contact with more water vapor present in the soil [38,39].




4.4. Drought Stress Tolerance Index Was Negatively Correlated with Stomatal Density but Positively Correlated with the Residual Transpiration of Irrigated Plants


Stomata are the main getaway of gas diffusion and water loss in plants and play a central role in CO2 uptake for photosynthesis and transpiration, ultimately contributing to plants’ productivity and water-use efficiency [40]. As a rule of thumb, SD is positively associated with Gs, and Gs is positively associated with photosynthesis [41]. However, in our study, a significant negative correlation was found between SD and the drought tolerance index, indicating that tolerant genotypes had lower SD under irrigated conditions. These results are consistent with previous results showing that salt-stress-tolerant barley genotypes (i.e., adapted to a “physiological drought’) have naturally lower SD than sensitive genotypes [42,43]. Plants with higher SD and higher Gs have the maximum CO2 assimilation rate, which increases the capacity of photosynthesis and plant biomass under optimal growth conditions, but they generally show lower WUE under stress conditions. Due to the lower SD and Gs, tolerant barley genotypes may have lower productivity under optimal growth conditions but possess better survival capacity under drought stress conditions than the standard sensitive genotypes. This may be due to improved WUE under stressed conditions [23]. Recently, it has been suggested that manipulation of SD in barley by overexpression of EPF significantly reduces SD and shows increased drought tolerance and WUE, without impacting the grain yield [24].



Interestingly, a significant positive association between RT and the drought tolerance index (Figure 6b) showed that drought-tolerant genotypes transpire more water through the cuticle under well-irrigated conditions. This might be due to the fact that the tolerant barley genotypes close their stomata more gradually than the sensitive barley genotypes. This finding is consistent with our previous result showing that salt-tolerant barley varieties have higher RT than the sensitive genotypes under normal growth conditions [33]. In addition, higher RT in drought-resistant genotypes of oat, wheat, and cotton leaves was also found under irrigated conditions [44,45]. At the same time, it was found that the RT of salinity-tolerant barley genotypes reduced further than that of the sensitive genotypes under environmental stress conditions, potentially increasing their WUE and survival capability in response to stress conditions. Further analysis of the correlation between SD and RT implies that reduced SD increases water loss via the cuticle (Figure 6c). This could be explained by the fact that plants may balance their total transpirational water loss by shifting stomatal water loss to RT under non-stress environmental conditions.



It is usually assumed that RT is determined by the amount of epicuticular wax deposited on the leaf surface [46]. It was previously shown that drought stress increases the deposition of cuticular wax on the leaf surface by up to threefold in various plant species [47,48], thereby enabling plants to conserve more water by reducing RT while the stomata are closed or partially closed during drought episodes. Furthermore, it has been reported that cuticular wax protects plants during drought stress by reducing non-stomatal transpiration, and that the deposition of the total amount of cuticular wax is regulated by “waxy genes” such as CERs, WIN1/SHN1, and WAX2, which have been practically approved for enhancing drought tolerance and the adaptation of different crops to drought-stricken environments [49,50,51]. This view, however, was recently challenged by [52] who have shown that in poplar plants, more than 10-fold increase in wax amounts in the leaf cuticle did not lead to decreased rates of residual (cuticular) transpiration. More work is needed to reveal the causal link between wax deposition, RT, and drought tolerance.




4.5. Correlation between Drought and Salinity Stress Tolerance


While the physiological, anatomical, and biochemical responses of plants to drought and salinity may differ, depending on the severity and duration of the stress, there is a certain degree of similarity between them, as the availability of water to plants is reduced due to osmotic effects in saline soils. Here, salinity tolerance assessed based on the extent of leaf injury upon 300 mM NaCl treatment (Figure 7a) showed a significant correlation with drought tolerance (Figure 7b), suggesting some common mechanisms. Salinity stress imposes osmotic stress on roots, decreasing the ability of plants to take water from the soil, thus creating a “physiological drought” and reducing plants’ growth rate, along with a set of physiological, anatomical, and metabolic changes similar to those caused by drought stress. The latter include stomatal closure, decreased gas diffusion rates, inhibition of photosynthesis, and damage to cellular structures. In this context, regulation of leaf gas exchange, synthesis of compatible osmolytes for osmotic adjustment, and increased production of enzymatic and non-enzymatic antioxidants are considered to be common denominators in responses to both drought and salinity stresses [53].





5. Conclusions


The present results suggest that fast and efficient recovery of plants from drought is an essential component of the plants’ overall drought tolerance. Maintaining higher chlorophyll contents and Fv/Fm ratios under drought stress conditions contributes to better drought tolerance and subsequent drought recovery. Lower SD with higher RT of irrigated genotypes may play an important role in increasing WUE under drought stress conditions. These traits may be targeted by plant breeders. At the same time, longer roots do not appear to confer drought tolerance in barley. In addition, our results suggest that common mechanisms (most likely related to osmotic adjustment and WUE) are involved in drought tolerance and salinity tolerance in this species.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/agronomy12092136/s1, Figure S1: Correlations (Pearson’s R2 value) of chlorophyll content and Fv/Fm with the drought tolerance index: (a) correlation between chlorophyll content under irrigated conditions and the drought tolerance index; (b) correlation between chlorophyll content under drought stress conditions and the drought tolerance index; (c) correlation between chlorophyll content (% control) under drought stress conditions and the drought tolerance index; (d) correlation between Fv/Fm ratio under irrigated conditions and the drought tolerance index; (e) correlation between Fv/Fm ratio under drought stress conditions and the drought tolerance index; (f) correlation between Fv/Fm ratio (% control) under drought stress conditions and the drought tolerance index; *** p < 0.001 indicates significant differences by two-tailed test. Figure S2: Correlations (Pearson’s R2 value) of chlorophyll content and Fv/Fm with the drought recovery index: (a) correlation between chlorophyll content under irrigated conditions and the drought recovery index; (b) correlation between chlorophyll content under drought stress conditions and the drought recovery index; (c) correlation between chlorophyll content (% control) under drought stress conditions and the drought recovery index; (d) correlation between Fv/Fm ratio under irrigated conditions and the drought recovery index; (e) correlation between Fv/Fm ratio under drought stress conditions and the drought recovery index; (f) correlation between Fv/Fm ratio (% control) under drought stress conditions and the drought recovery index; *** p < 0.001 indicates significant differences by two-tailed test. Figure S3: Correlations (Pearson’s R2 value) between the root length and both the drought tolerance index and drought recovery index: (a) correlation between root length under control conditions and the drought tolerance index; (b) correlation between root length under PEG-induced drought stress conditions and the drought tolerance index; (c) correlation between root lengths (% control) under PEG-induced drought stress conditions and the drought tolerance index; (d) correlation between root length under irrigated conditions and the drought recovery index; (e) correlation between root length under PEG-induced drought stress conditions and the drought recovery index; (f) correlation between root length (% control) under PEG-induced drought stress conditions and the drought recovery index; *** p < 0.001 indicates significant differences by two-tailed test. Table S1: Origins of the different barley genotypes.
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Figure 1. Kinetics of the changes in the soil moisture content during drought stress and rewatering. Data are the mean ± SE (n = 4). Lowercase letters shown in brackets refer to different periods of stress response: (i)—well-watered plants; (ii)—a progressive drought until the soil moisture level reached 10%; (iii)—the rewatering stage. 
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Figure 2. Genotypes’ ranking according to drought tolerance (a) and recovery (b) indices, and the correlation between these two traits (c): (a) Eighty barley genotypes ranked according to their drought tolerance index, as estimated by leaf injury under drought stress conditions. Data are means ± SE (n = 4); 0 indicates dead plants, while 9 indicates no water stress symptoms. Lowercase letters shown in brackets in (a) are the drought tolerance index categories: (i) drought-sensitive; (ii) moderately sensitive; (iii) moderately tolerant; (iv) tolerant. (b) Eighty barley genotypes ranked according to their drought recovery index, as estimated by their ability to regrow 15 days after rewatering. Data are means ± SE (n = 4); 0 indicates dead plants, while 9 indicates full recovery. Lowercase letters shown in brackets in (b) are the drought recovery index categories: (i) drought-sensitive; (ii) moderately sensitive; (iii) moderately tolerant; (iv) tolerant. (c) Correlation (Pearson’s R2 value) between the drought tolerance index and the drought recovery index. Data are significantly different at ** p < 0.01 by two-tailed test. 
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Figure 3. Chlorophyll content (SPAD value) in 80 barley genotypes under (a) control conditions and (b) drought stress (15 days after withholding irrigation) conditions, and (c) relative changes in drought-affected plants (expressed as a percentage of control). Data are means ± SE (n = 12). 
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Figure 4. Chlorophyll fluorescence Fv/Fm ratios in 80 barley genotypes under (a) control conditions and (b) drought stress (15 days after withholding irrigation) conditions, and (c) relative changes in drought-affected plants (% of control). Data are means ± SE (n = 12). 
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Figure 5. Root length of 80 barley genotypes grown under (a) control conditions and (b) osmotic stress (15% (w/v) PEG 8000) conditions, and (c) relative root length in osmotically stressed roots (% control). Data are means ± SE, n = 30 (3 replications × 10 seedlings each). 
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Figure 6. Correlations (Pearson’s R2 value) between physiological characteristics and the drought tolerance index and drought recovery index: (a) correlation between stomatal density under control conditions and the drought tolerance index; (b) correlation between residual transpiration under control conditions and the drought tolerance index; (c) correlation between residual transpiration under control conditions and the stomatal density under control conditions. (d) correlation between stomata density under control conditions and drought recovery index; (e) correlation between residual transpiration under control conditions and drought recovery index. Data are significant at *** p < 0.001 by two-tailed test. 
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Figure 7. Correlation (Pearson’s R2 value) between the salinity damage index and drought tolerance index: (a) Eighty barley genotypes ranked according to the salinity damage index. Plants were exposed to 300 mM NaCl salinity treatment for 4 weeks. A score of 0 indicates no visual symptoms of damage, while a score of 9 indicates dead plants. (b) Correlation between salinity damage index and drought tolerance index; data are significant at *** p < 0.001 by two-tailed test. 
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Table 1. Description of the drought tolerance index scoring.
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	Scale
	Descriptions
	Tolerance Index Categories





	1
	Whole plant is dead
	Highly sensitive



	2
	Plant is mostly dead
	Sensitive



	3
	More than 75% of all leaves dried
	Sensitive



	4
	More than 50% of all leaves dried
	Sensitive



	5
	More than 25% of all leaves dried
	Moderately sensitive



	6
	About 1/2 of the leaf length is dry
	Moderately tolerant



	7
	About ¼ of the leaf length is dry
	Tolerant



	8
	Slight drying at the tips of lower leaves
	Tolerant



	9
	No drought stress symptoms
	Highly tolerant
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Table 2. Description of the drought recovery index scoring.






Table 2. Description of the drought recovery index scoring.





	Scale
	Descriptions
	Tolerance Index Categories





	1
	Whole plant is dead
	Highly sensitive



	2
	No regrowth (plants are almost dead)
	Sensitive



	3
	All leaves dried but half of the stem still green
	Sensitive



	4
	All leaves almost dried but whole stem still green
	Sensitive



	5
	Regrowth started from auxiliary buds (stem still green, new shoot started from auxiliary bud)
	Moderately sensitive



	6
	Regrowth stated from apical meristem (growing new leaves from the shoot)
	Moderately tolerant



	7
	Regrowth started from both auxiliary bud and apical meristem
	Tolerant



	8
	New leaf started from apical meristem, new shoot started from auxiliary bud, and new tillering started from the lower node
	Tolerant



	9
	No drought stress symptoms (fully recovery)
	Highly tolerant
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Table 3. Description of the salinity damage index scoring.
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	Scale
	Descriptions
	Tolerance Index Categories





	0
	No visual symptoms; healthy looking plants
	   Highly Tolerant



	1
	Some initial signs of chlorosis
	   Tolerant



	2
	One necrotic leaf
	   Tolerant



	3
	One to two necrotic leaves
	   Tolerant



	4
	Two necrotic leaves of all leaves dried
	   Moderately tolerant



	5
	Two to three necrotic leaves
	   Moderately sensitive



	6
	Three necrotic leaves; the whole plant is losing its green color
	   Sensitive



	7
	All of the plants are looking very unhealthy, with most starting to die
	   Sensitive



	8
	Most leaves have died; plant is dry
	   Sensitive



	9
	Completely dead plants
	   Highly sensitive
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Table 4. Correlations (Pearson’s R2 value) of chlorophyll content, Fv/Fm ratio, root length, and their relative changes (% control) under irrigated and drought conditions with drought tolerance index and drought recovery index. Data are significantly different at *** p < 0.001 by two-tailed test.
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Parameters

	
Index

	
R2 Value




	
Control

	
Drought

	
Relative






	
Chlorophyll content

	
Drought tolerance index

	
0.03

	
0.29 ***

	
0.28 ***




	
Fv/Fm ratio

	
0.00

	
0.19 ***

	
0.19 ***




	
Root length

	
0.00

	
0.00

	
0.00




	
Chlorophyll content

	
Drought recovery index

	
0.14 ***

	
0.16 ***

	
0.18 ***




	
Fv/Fm ratio

	
0.00

	
0.17 ***

	
0.16 ***




	
Root length

	
0.01

	
0.17 ***

	
0.14 ***
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