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Abstract

:

For Ethiopia’s wheat production, drought is a major natural disaster. Exploration of drought-resistant varieties from a bulk of wheat germplasm conserved in the gene bank is of paramount importance for breeding climate change-resilient modern cultivars. The present study was aimed at identifying the best performing drought-resistant genotypes under non-stress and polyethylene glycol simulated (PEG) stress conditions in a growth chamber. Forty diverse Ethiopian bread and durum wheat cultivars along with three Chinese bread wheat cultivars possessing strong drought resistance and susceptibility were evaluated. After acclimation with the natural environment, the seedlings were imposed to severe drought stress (20% PEG6000), and 15 seedling traits including photosynthetic and free proline were investigated. Our findings indicated that drought stress caused a profound decline in plant water consumption (83.0%), shoot fresh weight (64.9%), stomatal conductance (61.6%), root dry weight (55.2%), and other investigated traits except root to shoot length ratio and proline content which showed a significant increase under drought stress. A significant and positive correlation was found between photosynthetic pigments in both growth conditions. Proline exhibited a negative correlation with most of the investigated traits except root to shoot length ratio and all photosynthetic pigments which showed a positive and non-significant association. Our result also showed a wide range of genetic variation (CV) ranging from 3.23% to 47.3%; the highest in shoot dry weight (SDW) (47.3%) followed by proline content (44.63%) and root dry weight (36.03%). Based on multivariate principal component biplot analysis and average sum of ranks (ASR), G12, G16 and G25 were identified as the best drought tolerant and G6, G42, G4, G11, and G9 as bottom five sensitive. The potential of these genotypes offers further investigation at a molecular and cellular level to identify the novel gene associated with the stress response.
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1. Introduction


Wheat (Triticum L.) is one of the most important domesticated cereal crops in the fertile crescent between 8000 and 10,000 years [1]. Globally, wheat ranks second after rice in terms of production; provides 55% carbohydrates, 20% proteins, and calories for the daily requirements of 4.5 billion people [2,3,4]. China is the largest wheat producer and consumer in the world [5]; however, drought stress is a major factor threatening wheat productivity in the major growing areas such as North China plains. Furthermore, 60% of wheat production in this region is threatened by a severe water deficit. According to Xinhua’s recent report [6], China holds more than 50,000 accessions of wheat germplasm in the gene bank and 24,000 of them were evaluated for drought tolerance. According to He [7] review of the literature, China has shown a long history of wheat breeding since 1949, and major progress has been made in the past in developing modern cultivars resilient to environmental stress [8].



In Ethiopia, wheat was the fifth most important cereal crop after tef (Eragrostis tef. (Zucc.) Trotter), maize, barley, and sorghum in terms of area acreage and production until the 1990s [9]. However, according to a recent USDA report [10], the rapid urbanization, growing population, and shifting of food habits rapidly exceeded wheat consumption (~6.7 million tonnes) over its production (>5 million tonnes) in Ethiopia. The demand for wheat grain has increased exponentially due to the growing interest in commercial and staple foods like local bread, porridge (genfo), local beer (tela), roasted grain (Kolo), boiled grain (nifro), pasta, and different confectionary products [11,12]. Regardless of these, wheat becomes the second most staple food crop next to tef [13] and two wheat species namely durum wheat (T. turgidum subsp. durum, 2n = 4x = 28, AABB) and bread wheat (Triticum aestivum, 2n = 6x = 42, AABBDD) [9,14] are widely grown in diversified agro-ecologies differing in soil content, rainfall distribution, and weather conditions [9]. Due to this, Ethiopia was recognized as a center of origin and/or diversity in many field crops [15] particularly in tetraploid wheat [16,17,18,19,20,21]. Although Ethiopia is one of the top three wheat producers in Africa and the largest in sub-Saharan Africa (SSA) however, the country remains a net importer [5,11]. More than 90% of Ethiopia’s wheat is rain-fed and grown by small-scale farmers in marginal lands which is highly susceptible to recurrent drought. A review of literature by Adhikari et al. [22] also depicted that 72% of the wheat grain yield in SSA is projected to decline by recurrent drought associated with climate change.



Despite its socio-economic importance, global wheat production at large is threatened by biotic and abiotic stresses. Previous studies indicated that abiotic stresses such as drought, heat, cold, salinity, and mineral toxicity are the most leading constraints for crop production than biotic stress [23,24,25,26,27]. Among abiotic stresses, drought is the most common incidence [28] and causes a prominent effect on the plant morphological, physiological, biochemical, and molecular processes [29,30] that can occur at any plant growth and development. Drought stress is caused by the reduction of soil moisture content and groundwater level after prolonged water stress/dry spells which eventually leading to the cessation of plant growth [31]. Depending on the growth stage, intensity and duration of the stress, and nature of plant stress response mechanisms; drought stress causes a decrease in RWC, chlorophyll degradation, stomatal closure, increased osmolytes, and growth inhibition in wheat [32,33,34,35] which ultimately leading to yield loss and productivity. Previous reports demonstrated that water deficit (drought stress) in wheat [36,37] has unfavorable effects on the efficiency of photosystem II (PSII), as indicated by changes in chlorophyll florescence (CF) [38] parameters such as initial fluorescence (Fo), maximum quantum yield of PSII (Fv/Fm), maximum primary yield of PSII photochemistry (Fv/Fo), as well as plant growth and dry matter. Therefore, understanding crop stress physiology and its related tools such as chlorophyll fluorescence (CF) has become known as a useful indicator for investigating stress in plants in vivo [39].



Gonfa and Tesfaye [40] reported that the effect of water stress on grain yield and other agronomic components was highly pronounced at the tillering stage (72% reduction) than flowering (37%) and grain filling (17.1%) as compared to the well-watered treatment. Therefore, it is critical to select high-performing drought-resistant wheat genotypes under dry environmental conditions [41] at the early growth stage. However, multiple biotic and abiotic factors may coexist in the field conditions and presumably misleading our results and conclusions. To better define drought stress and screening, the in-vitro screening method is widely used under controlled conditions. Polyethylene glycol (PEG) is the most commonly used chemical to simulate the natural drought stress in the in-vitro screening methods. PEG is a high molecular weight, inert in nature, non-ionic, and induce uniform drought stress without entering the plant cells [41,42,43,44].



Several drought stress experiments in wheat were focused on the post-anthesis and/or reproduction stage [32,45] due to its imminent importance to grain yield [46]. An accumulation of evidence suggested that drought stress screening at the early growth stage hydroponically in the growth chamber [43,47] and soil conditions in the greenhouse [48,49,50,51] enables us to better define the drought stress and manage a large set of genotypes under controlled growing conditions. Though using hydroponic nutrient solution does not represent the actual field condition, it is still viable and used in drought stress screening at the vegetative stage [42,52,53,54]. Previous studies showed that drought stress imposition at the early growth stage significantly affects the grain yield by deteriorating the photosynthetic reserves [55] and delaying phenology through smaller roots [56]. Drought tolerance is a stage-specific trait [57] and therefore breeding for drought tolerance using morpho-physiological, and biochemical parameters at any growth stage [30,46,58,59,60,61,62,63,64] have paramount importance.



Despite their low grain yield, landraces have been thought of as high genetic variation, wide adaptability nature even under harsh environmental conditions, resistance, and/or tolerance to abiotic and biotic stresses [65], and therefore, evaluation of wheat landraces stored in gene banks is highly beneficial for wheat improvement [66]. Chinese wheat cultivars have high yield and good drought resistance traits that could be used for improving Ethiopia wheat cultivars by cross-breeding. In the current study, we hypothesized that a comparative physio-morphological and biochemical study on a bulk of wheat landraces conserved in the gene bank compared with well-known Chinese drought resistant and susceptible wheat cultivars may scale up drought stress screening and ultimately improving grain yield in the climate change scenario. To the best of our knowledge, the wheat genotypes used in this study were previously conserved in the Ethiopian biodiversity institute (EBI) gene bank in the form of population and after a thorough preliminary characterization in the field, best-performing single lines were selected from the entire population and following the ear to row seed multiplication, their agronomic performance was studied. However, their performance against drought stress is largely unknown. Therefore, the objective of the present study was (i) to identify best performing drought-tolerant genotypes using growth and physio-biochemical traits (ii) to find out the extent of genetic variation in drought-resistant among diverse Ethiopian wheat genotypes and standard Chinese drought tolerance and susceptible cultivars and (iii) to determine the drought-resistant traits associated with morphological and physio-biochemical traits under stress and non-stress conditions.




2. Material and Methods


2.1. Plant Material


The present study was conducted at the laboratory of the Center for agricultural resources research (CARR), institute of genetics and developmental biology (IGDB), Chinese Academy of Sciences (CAS), Shijiazhuang city, Hebei province, China. Forty-three spring wheat genotypes including (24 bread wheat and 16 durum wheat) provided from the Ethiopian Biodiversity Institute (www.ebi.gov.et, accessed on 20 April 2021) national gene bank, Addis Ababa, and three Chinese spring wheat cultivars (2 drylands and 1 irrigated land) were supplied by Prof Chen Zhiguo, Northwest Institute of Plateau Biology (NWIPB), Chinese Academy of Sciences, Xining city Qinghai province, China, were used (Supplementary Table S1) for drought tolerance evaluation under controlled conditions in the growth chamber at the seedling stage.



2.1.1. Experimental Design and Growth Conditions


The experiment was designed in a randomized complete block design (RCBD) with three biological replicates using Hoagland nutrient solution (control) and 20% (w/v) PEG 6000 (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) (drought stress). To do these, we designed a simple and cost-effective hydroponic culture medium using a triangular flask (50 mL) covered with perforated polystyrene.



Seeds of all wheat genotypes were first rinsed and then surface sterilized with 70% alcohol for 2–3 min, then washed three to four times with distilled water. Seeds were then sown and germinated in a sterilized Petri dishes lined up with Whatman filter paper soaked with distilled water for 48 h in the darkroom. After 48 h of sowing, the seedlings were subsequently transferred to the growth chamber adjusted to 60–70% relative humidity and 28/23 °C day/night temperatures. Light intensity of 400 μmol−2s−1 was supplied using fluorescent lamps (PHILIPS Lifemax TL-D 36W/865 for 16 h light/8 h dark photoperiod using an automatic timer. The seedlings were maintained under normal growth conditions for 5 days until bearing of the shoot and reasonable roots.



At one leaf stage, the 7 days age seedlings (10 plants per bottle per treatment) were transplanted to perforated holes made from polystyrene and fixed over triangular flask tanks (50 mL in size) containing Hoagland nutrient solution [67] for 7 days acclimation. To prevent the liquid in the bottle from evaporating, the plants were fixed with the bottle using plastic wrap or water plaster and aeration was taken place in the hole that plants were fixed.




2.1.2. Drought Stress Treatment


Upon acclimation of the seedlings in the new environment (7 days later), drought stress treatments were subjected to osmotic stress by 20% (w/v) PEG-6000 solution either in half-strength Hoagland solution alone (control) or half-strength Hoagland solution with PEG 6000 (drought stress) according to the method developed by Ayalew et al. [43,59] in wheat. All the seedlings were grown under hydroponic conditions in a controlled growth chamber as described on Section 2.1.1. The drought stress was ended after two weeks of subsequent stress applications. To decrease the differences in microclimate [68] and positional effect [69], the bottle positions were randomly switched every three days. Moreover, to avoid nutrient depletion, the Hoagland solution was renewed every five days during the plant growth period as per the manufacturer’s instruction (Yamei Horticulture Co., Ltd. Shijiazhuang, Hebei province, China).





2.2. Physio-Morphological Traits


2.2.1. Total Water Consumption


The total water consumption per plant (PWC, g plant−1) during the stress period was determined by the difference between initial and final flask weight per ten plants during the solution changes. Nonetheless, flasks were measured (using a sensitive balance) twice, i.e., during the initial osmotic stress induction (W1, W2, W3 and W4) and after second solution changes (W5, W6, W7 and W8). Where, W1: the weight of flask + solution, W2: the weight of flask + solution + plants, W3: the weight of flask + solution + plants (after five days), W4: the weight of the remaining solution (after five days), and W5, W6, W7 and W8 are repeated measurements (W1+1, W2+1, W3+1 and W4+1) respectively after second solution changes. Conversely, to estimate the actual water used by the plants, the initial flask weight (W0) was first subtracted from all measurements. Since the density of water is 1 g/mL, the total volume (mL) of the water used by the plant is determined by dividing the weight and/or mass of water by the density of water. Therefore, the data provided for PWC (g plants−1) is equivalent to mL plants−1.




2.2.2. Leaf Relative Water Content (RWC)


To measure RWC, fresh and fully extended flag leaves were taken from 3 randomly chosen plants after 72 h of osmotic stress imposition. The flag leaves were cut into approximately 5 cm long fragments and fresh mass was taken immediately. Leaves were then soaked in distilled water in a vial for 4 h. After 4 h saturation, turgid mass was recorded by careful blot dry with soft newspaper and towel. After that, the samples were placed in a paper bag and kept in an oven at 65 °C for 48 h to record dry weight [70]. The relative water content was recorded using Barrs et al. [71] formula.


  RWC  ( % )   =     Fresh   weight − dry   weight     Turgid   weight − dry   weight    × 100  



(1)








2.2.3. Stomatal Conductance


Stomatal conductance (gs) was measured after 72 h drought stress imposition on the adaxial surface of a fully developed penultimate leaf from three randomly chosen plants using a portable leaf porometer (model SC-1, Decagon devices, Inc. Pullman) and expressed as mmol m−2s−1. Before taking the measurement, the leaf porometer device was first calibrated following the standard protocol of Decagon devices [72].




2.2.4. Growth Traits


At the end of the drought stress, three seedlings from each treatment were harvested to score root length (RL) and shoot length (SL) (manually by ruler cm), RL:SL, root and shoot fresh weight (Rt and St FW) (by a sensitive balance in mg plant−1). In contrast, dry weight was scored after oven drying of the measured fresh weight seedlings at 65 °C for 48 h.





2.3. Biochemical Assay


2.3.1. Photosynthetic Pigments


Chlorophyll pigments were determined after extraction of 100 mg fresh leaves using 80% pre-refrigerated acetone solution overnight at 4 °C according to the method used by [73]. After 72 h of initial PEG stress induction, the fresh leaves were collected, frozen in liquid nitrogen, and subsequently stored at −80 °C refrigerator until further processing. Carotenoids (Car), chlorophyll a (Chla) and b (Chlb) were measured by taking the optical densities (OD) of the extracted solution at 470, 663.2, 646.8 nm respectively using UV-spectrophotometry (SHIMADZU, UV-2450, Dongguan Hong Cheng Optical Products Co. Ltd., Dongguan, China). The total chlorophyll content (mg g−1 FW) was calculated according to Lichtenthaler [73].


   Chlorophyll   a   ( Chla ) =     (   12.25 A 663.2      −      2.79 A 646.8   )   ×   V     1000   ×   W     



(2)






   Chlorophyll   b   ( Chlb ) =     ( 21.50   50 A 646.8      −    5.10   A 663.2   )   ×   V     1000   ×   W     



(3)






   Total   chlorophyll   ( ChlT ) =     ( 7.15   A 663.2   + 18.71   A 646.8   )   ×   V     1000   ×   W     



(4)






   Carotenoids     (  Car  )   =     ( 1000 A 470    −    1.82   Ca    −    85.02   Cb )   ×   V     1000   ×   W   ×   198     



(5)




where, V = volume of the extracted chlorophyll; W = weight of the sample used, A = absorption at 520 nm.




2.3.2. Proline Content


Proline content (PC) was determined following the acid-ninhydrin method of Bates et al. [74] with little modification. After 72 h of initial PEG stress imposition, the fresh leaves were collected, frozen in liquid nitrogen, and subsequently stored at −80 °C refrigerator until further processing. 0.1 g of fresh leaves were grounded by mortar and pestle using 10 mL of 3% sulfosalicylic acid (w/v) and the extract was centrifuged at 3000 rpm for 10 min. After centrifugation, 2 mL of the supernatant was carefully transferred to a new falcon tube and 2 mL ninhydrin acid reagent and 2 mL of glacial acetic acid were added to prepare the reaction mixture. After that, the reaction mixture was heated in a water bath at 100 °C for 1 h and subsequently cooled for sometimes at room temperature. Then 4 mL toluene was added to each reaction mixture and shake well for some time. As a result, two layers were developed and the upper phase chromophore containing pink-reddish color was carefully transferred to a new test tube and was used to read the optical density (OD) at 520 nm. The unknown proline content was estimated from the standard linear curve (y = mx + b). The total amount of PC in a given sample is expressed as a fresh weight (FW) basis using the following formula.


   PC =     X   ×   volume   of   the   extract     The   volume   of   aliquot   ×   weight   of   sample     



(6)




where, y = absorption at 520 nm; X = unknown concentration determined from the standard curve; m = slope and b = y intercept.





2.4. Data Analysis


The mean values of all data obtained from three replications were statistically analyzed using the analysis of variance (ANOVA) technique designed for RCBD design. The main and interaction effect between experimental factors were analyzed according to Fischer’s LSD5% level of significance using the Agricolae package in R studio [75]. On the other hand, agglomerative hierarchical clustering (AHC) and Pearson’s correlation coefficients (r) were performed based on the mean value of studied seedling traits under stress and non-stress conditions using XLSTAT software (Addisonsoft XLSTAT, Paris, France). Principal component analysis (PCA) based on correlation was computed to identify the influential traits for selection. Moreover, to screen better-performing genotypes under stress conditions, stress tolerance index (STI) was computed by iPASTIC: an online toolkit [76], and genotypes having the smaller average sum of ranks (ASR) was selected as best tolerant. Apart from this, GraphPad Prism version 8.4.3 for Windows (San Diego, CA, USA, (www.graphpad.com/, accessed on 20 April 2021) was used for the graphical presentation of data. Relative change (RC) due to PEG induced stress was also determined for each trait using the following formula:


   RC     ( % )   =    Xc − Xs   Xc      ×   100   



(7)




where Xc and Xs are the adjusted mean values of a trait in a given genotype under the control and stress conditions respectively.





3. Results


3.1. Water Relations


The effect of PEG simulated treatment (Trt), genotypes (G), and their interaction (Trt × G) were highly significant (p < 0.001) on plant water consumption (PWC), leaf relative water content (RWC) and stomatal conductance (gs) traits as shown on ANOVA analysis (Table 1).



Physiological processes such as plant water consumption (PWC), relative water content (RWC), stomatal conductance (gs), transpiration rate and canopy temperature are the key determinant of plant water relations. To exhibit the performance of wheat genotypes against severe osmotic stress and normal conditions, we measured PWC, RWC and gs (Supplementary Table S2, Figure 1A–C). Drought stress showed a detrimental effect on the wheat seedlings though a very narrow range (0.43 to 4. 73 g plant−1) with an average of 1.03 g plant−1 of water usage (PWC) was noticed. Whereas, under control conditions, a wide range of variation was noted and ranged from 2.13 to 11.6 g plant−1 with a mean value of 6.03 g plant−1. Similarly, RWC showed a wide range of variation ranging from 76.1 to 97.1% with an average mean of 91.1% in control and 27.1 to 95.2% with an average mean of 71.4% under drought stress conditions. On the other hand, the stomatal conductance (gs) indicated a high variability ranged from 32.8–214.6 mmol m−2s−1 in control and 16.1–112 mmol m−2s−1 in stress (Supplementary Table S2, Figure 1C).



The highest and lowest reduction in PWC was observed in G39 (95.5%) and G12 (47.8%) respectively as compared to the control. Likewise, the highest and lowest reduction in RWC was noted in the irrigated land reference line G35 (70.6%) and landrace variety G7 (−10.5%) respectively. On the other hand, the highest and lowest reduction in gs occurred in G27 and G42 respectively (Supplementary Table S2). Overall, G12 showed a better response to PEG induced osmotic stress as compared to other genotypes and corresponding reference Chinese spring wheat cultivars (Supplementary Table S2 and Figure 1A–C). The overall means across 43 bread and durum wheat genotypes decreased significantly by 83.0% (PWC), 21.6% (RWC) and 61.6% (gs) under stress conditions as compared to its control (Supplementary Table S2).




3.2. Root Length, Shoot Length, and Their Biomasses


Growth traits such as root length (RL), shoot length (SL), root length/shoot length (Rt/St), shoot fresh weight (SFW), shoot dry weight (SDW), root fresh weight (RFW), and root dry weight (RDW) were investigated in 43 bread and durum wheat genotypes after subsequent severe drought stress imposed by 20% (w/v) PEG-6000 and Hoagland nutrient solution (control). Our findings showed that the effect of drought treatment (Trt), genotypes (G), and their interaction (Trt × G) was highly significant (p < 0.001) except SDW (Table 1) but the genotypes respond differently for all the investigated traits (Figure 2A–F). PEG simulated drought stress had significantly declined RL, SL, SFW, SDW, RFW, and RDW by 30.4%, 42.2%, 64.9%, 25.1%, 34.8%, and 55.2%, respectively as compared to the control (Supplementary Table S2). The mean value of growth attribute traits ranged from 9.9–35.1 cm (RL), 7.3–33.2 cm (SL), 42.7–160.3 mg (SFW), 4.1–21.3 mg (SDW), 38.3–130.3 mg (RFW), and 6–41.3 mg (RDW) in control (Supplementary Table S2). A prominent effect of PEG stress on growth attribute traits was noted and ranged from 7.7–22.4 cm (RL), 6.3–27.6 cm (SL), 6.7–87.3 mg (SFW), 3.3–18.9 mg (SDW), 15–98 mg (RFW), 3.7–12.7 mg (RDW) (Supplementary Table S2). Under the water-deficit condition, a plant with deep rooting and reduced shoot length can better escape the stress than shallow root and long leave types. Based on this, the Chinese standard cultivars G34 and G35 showed both better RL performance with reduced SL. Whereas G30 and G32 showed better RL and SL than the standard Chinese cultivars (Supplementary Table S2 and Figure 2A,B) under PEG stress conditions.




3.3. Photosynthesis Pigments


To examine the response of photosynthesis pigments among wheat genotypes towards PEG mediated stress, healthy and fully extended leaves were collected and extracted for OD readings from both stress and non-stress treatments. In this study, we observed that drought stress treatment had significantly (p < 0.001) affected photosynthetic pigments (Table 1). In the control conditions, Car, Chla, Chlb and ChlT ranged from 0.45–1.37, 1.13–3.35, 0.41–1.42; 1.54–4.77 mg g−1FW respectively, and G39 showed the highest mean performance in all photosynthetic pigments. In contrast, under drought stress conditions, wheat genotypes responded differently towards stress and showed a considerable change in their quantities (Supplementary Table S2 and Figure 3A–D). Mean values of Car, Chla, Chlb and ChlT ranged from 0.36–0.90; 0.94–2.50; 0.35–1.04 and 1.30–3.38 mg g−1FW respectively and genotypes G39, G22, G8, and G27 showed the highest mean values in Car, Chla, Chlb and ChlT respectively (Supplementary Table S2 and Figure 3A–D). The overall means across 43 bread and durum wheat genotypes decreased significantly by 20.5% (Car), 20.0% (Chla), 21.1% (Chlb), and 19.4% (ChlT under stress conditions as compared to its control (Supplementary Table S2).




3.4. Proline Accumulation and Root Length to Shoot Length Ratio


An increase in root length to shoot length ratio (RL:SL) and proline accumulation in the leaf of the chloroplast is an indicator of drought stress. The increase in RL:SL ratio also showed a similar trend in proline accumulation in the leaf of wheat germplasms as shown in Figure 4. All wheat genotypes exhibited a low level of free proline under control conditions except G5 and G35, which showed a high level of proline as compared to other genotypes (Figure 4B). Under control condition, proline content (PC) ranged from −1.09 to 45.0 with an average mean of 9.27 µmole g−1FW. Whereas, under drought stress PC exhibited a significant increase in all genotypes except G13, G20 and G42 and ranged from 0.71 to 141.2 with an average mean of 28. 3 µmole g−1FW (Supplementary Table S2 and Figure 4B). As shown in Figure 5B, the standard Chinese dryland cultivars (G33 and G34) showed a small increase in PC while the irrigated land cultivar (G35) showed a considerable increase in PC accumulation under stress conditions.



Similarly, the RL:SL ratio showed a relative reduction in almost all genotypes ranged from 0.45 to 3.29 with an average of 0.97 (Supplementary Table S2) except G34, G19, G13, G25, and G3 which showed considerable mean performance under control conditions. Whereas, under drought stress conditions, RL:SL ratio ranged from 0.39 to 2.97 (Supplementary Table S2), and genotypes G35, G36, G33, G39, G8, G31, and G10 showed the highest mean values (Figure 4A and Supplementary Table S2). The overall mean value of RL to SL ratio and PC had increased by 30.7% and 205.1% respectively as compared to the control (Supplementary Table S2). The relative change due to drought stress revealed that the Rt/St length ratio had increased in almost all tested genotypes except G24(4%), G26(8.8%), G20(13.1%), G22(14.8%), G3(16.7%), G34(18%), G23(36.4%), G13(36.6%), G25(37.5%) and G19(43.6%) lower than the controls (Supplementary Table S2).




3.5. Multivariate Analysis


3.5.1. Principal Component Analysis (PCA)


To visualize the ratio of total variance explained by different components and variables, PCA was computed for control and stress treatments separately (Table 2). Results from PCA demonstrated that under control conditions, the first five PCs explained Eigenvalues more than unity and explained a cumulative variance of 79.58%. Among these, the first two PCs such as PC-1 and PC-2 explained 32.26% and 22.21% of phenotypic variation respectively. The major contributors (more than 30%) for PC-1 were PWC, Car, Chla, Chlb, and ChlT. Likewise, SL, SFW, and SDW were highly contributed to PC-2 in the control condition (Table 2). Similarly, under drought stress conditions, the first five PCs explained Eigenvalues more than unity and explained a cumulative variance of 80.86%. Among these, the first two PCs (PC-1 and PC-2) explained 32.12% and 22.76% of total variance respectively. The major contributors for PC-1 were PWC, gs, SL, SFW, and STI. While Car, Chla, Chlb, and ChlT were found to be the major contributors for PC-2 (Table 2).



To elucidate the relationship between variables, a PCA biplot based on correlation was performed for the control and stress treatments. Under normal conditions, PC-1 was positively associated with SL, SDW, SFW, RFW, Gs, PWC, RWC, SPAD, RDW, Chla, Chlb, Car, and ChlT. Whereas, PC-2 was negatively associated with RL, PC, and RL:SL (Figure 5A). Likewise, under PEG stress, PC-1 was positively associated with PWC, RWC, Gs, SL, SFW, SDW, RDW, RFW, and STI, Chla, and ChlT. Whereas PC-2 was negatively correlated with Car, Chlb, RL, RL:SL, and PC (Figure 5B).



A PCA biplot analysis of control and stress treatment presented in Figure 6A,B demonstrated the distribution of T. aestivum and T. durum based on the estimated value of the measured variables. To further elucidate the influence of PEG mediated drought stress on genotypes, the combined PCA biplot was constructed (Figure 6C). As a result, the high-value quantitative traits of control treatments (blue fonts) were distributed on the 1st and 4th quadrant whereas; the drought stress treatments (red fonts) were distributed on the 2nd and 3rd quadrants. Genotypes having the same performance appeared in the same square box/quadrant and genotypes with different performance also appeared in different quadrants as also discussed by Arteaga et al. [77] in common bean. Interestingly, G35, G11, and G12 appeared on 2nd, 3rd, and 4th quadrants respectively in both control and stress treatments (Figure 6C) which suggested that these genotypes have the same performance in both normal and drought stress conditions. Therefore, PCA in our study helped us to distinguish the correlation between variables and screening of potential genotypes extracted from the large dataset.




3.5.2. Agglomerative Hierarchical Clustering (AHC)


Cluster analysis based on Euclidian distance groups similar data into clusters and allowed us to determine the inter-relationship between genotypes. To group the studied wheat genotypes according to their dissimilarity; AHC analysis was performed in XLSTAT add-in software. Based on standardized drought tolerant-related morpho-physiological data, all the studied wheat genotypes were clustered into four groups such as cluster II (C-II) and cluster III (C-III) accounted for the highest number (12) followed by cluster IV(C-IV) (11) (Figure 7). All drought tolerant genotypes were grouped in cluster III and sensitive genotypes in cluster II. The other two clusters (C-I and IV) containing moderately tolerant genotypes. Furthermore, the genotypes with similar characteristics were clustered in the same group and summarized in Supplementary Table S3.




3.5.3. Correlation Analysis


Correlation is the measure of the degree of association between two variables or factors. The association of growth and physio-biochemical traits under control and stress conditions were computed separately by Pearson’s correlation coefficient (r = 1) using XLSTAT add-in excel software (Table 3). A significant and positive correlation was found between PWC and Gs; PWC and SL; PWC and SFW; RWC and Gs; RWC and SL and RWC and SFW in both growing conditions. Moreover, a significant and positive correlation was also noted between PWC and RWC; RWC and SL; and RWC and SFW under stress conditions only. In contrast, PWC and RDW were positively correlated with all photosynthetic pigments (Car, Chla, Chlb, and ChlT) in control but did not show any correlation under stress conditions.



Photosynthetic pigments showed a strong and positive correlation with each other in both growth conditions. On the other hand, a significant and negative correlation was found between PWC and RL:SL; SL and RL:SL; SFW and PC in both growth conditions. Moreover, PC exhibited a negative correlation with RL under stress conditions and also showed a non-significant positive correlation in control. STI showed a significant and positive correlation with PWC, SL, SFW, SDW, and negative correlations with RL:SL under stress conditions.





3.6. Screening of Wheat Genotypes Using Stress Tolerance Index (STI)


Based on a dry matter (SDW), drought stress indices were computed using iPASTIC: an online toolkit developed by Pour et al. [76]. Based on the STI bar graph (Figure 8) genotypes such as G12, G25, G40, G20, G16, G38, and G18 are categorized as drought-tolerant genotypes whereas, G13 (0.91), G17(1.11), G19(0.85), G21(1.04), G26(1.07), G27(0.83), G37(0.87), G43(0.93), G14(0.87), G23(1.01) and G39(0.86) were categorized as medium tolerant and the remaining as susceptible. Interestingly, the Chinese standard dryland G33(0.74), G34(0.17) and irrigated land G35(0.27) cultivars showed STI < 0.82 (median value). However, predicting the drought tolerance and sensitivity of genotypes using a single trait may not be easy. Therefore, average sum of rank (ASR) was computed using all the drought stress indices (Supplementary Table S2), and genotypes having low ASR values were regarded as drought tolerant and high ASR as sensitive. Based on ASR G12, G25 and G16 have low ASR values and are categorized as the best drought-tolerant, and G6, G42, G4, G11, and G9 as bottom 5 sensitive genotypes with high ASR value.





4. Discussion


Among environmental factors, drought causes huge damage to the plant’s morphological, physiological, biochemical, and molecular processes at all growth stages [30,40]. Breeding for drought tolerance is a major objective of plant breeders to enhance grain yield and maintain productivity under environmental stress. Landraces, often called “farmer varieties”, were evolved from their wild progenitor’s since the dawn of agriculture, and were grown on farmers’ own land with the potential sources of genetic diversity and resistance to biotic/abiotic stresses [66,78] useful in the breeding of climate change-resilient modern cultivars. In this regard, many researchers speculated that Ethiopian durum wheat landraces have a potential source of genetic diversity and also have useful traits that can confer resistance to biotic and abiotic stresses [13,14,79]. Therefore, the identification and selection of promising genotypes possessing useful morpho-agronomic and physiological responses under water stress environment is one of the key steps of breeding [80]. The present study was conducted to identify the best performing drought-tolerant genotypes by complementing morphological and physio-biochemical traits under stress and non-stress conditions at the seedling stage.



It is well known that introducing PEG solution in the growth medium simulates drought stress similar to the natural condition without entering the plant cells [61]. Polle et al. [31] reported that drought-tolerant wheat genotypes condition themselves after imposed drought stress. Several researchers also documented that plant growth parameters such as shoot and root length and their biomasses were significantly affected by drought stress created by PEG osmoticum (plural: osmotica) and their significance for drought stress screening in wheat [24,49,61,63,81,82,83,84,85] and barley [57] have been extensively studied. In the present study, the effect of genotypes (G), treatment (Trt), and their interaction (Trt × G) was highly significant (p < 0.001) for the studied growth attribute traits except for SDW (Table 1) which is also in agreement with previous reports in wheat [31,43,81,86] and rice [87].



The root is the main organ of the plant for water and mineral acquisition from the soil. Deprivation of water in the soil causes a root system plasticity [84] which further reduces root proliferation and ultimately inhibits the upstream water and mineral transportation and largely reduces grain yield [56]. More recently, Ahmed et al. [58] reported that wheat plants with a deeper root growth and suppressed shoot system are an indicator of drought tolerance, as they have increased root to shoot ratios. In the present study, though drought stress had a significant effect (p < 0.001) on the shoot and root length and their fresh and dry biomasses, some of the wheat genotypes exhibited better root and shoot length under stress conditions (Supplementary Table S2), which might suggest that a smaller root to shoot ratio increased the transpiration rate as the water is not adequately transported via the root and the higher shoot may in turn, facilitate the transpiration rate [88,89] and eventually lead to wilting and senescence. Interestingly SFW was highly affected by PEG mediated drought stress (64.9%) followed by gs (61.6%) and RDW (55.2%) (Table 1) as compared to the control and other growth attribute traits. In contrast, root to shoot length ratio showed an increment (30.7%) in most of the genotypes which are in agreement with Agathaokleous [90] findings who found a considerable increase in root to shoot ratio and concluded that the increment of root:shoot ratio during stress condition is an indicator of plant health status.



Plants need sufficient water during their life cycle [91]. Estimation of water status in the plant is therefore important to determine the drought tolerance and sensitivity of the plant under drought stress conditions. Previous studies indicated that physiological processes such as relative water content (RWC), transpiration rate, stomatal conductance (gs), leaf water potential, and canopy temperature are the key determinant of plant water relations [89]. In the current study, we measured PWC, RWC, and gs and the effect of PEG stress on these parameters was significant (Table 1). Total water consumption by the plant (PWC) is an important trait that signifies the amount of water consumed by the plant under normal and drought stress conditions [92]. Our data showed that drought-tolerant genotypes utilized more water under stress conditions as compared to sensitive types. In this regard, G12 was efficiently utilized more water (4.73 g plant−1) under stress conditions as compared to the Chinese irrigated land spring wheat cultivar G35 (0.53 g plant−1) and dry land cultivars G33 (0.67 g plant−1) and G34 (0.87 g plant−1) showed the least water usage by the plant. Moreover, a narrow range of water consumption (0.43–4.73 g plant−1) was observed under stress condition than plants grown in the normal condition (2.13–11.57 g plant−1) (Supplementary Table S2, Figure 1A). The wide range of variation pronounced in the plant water consumption under drought stress might be due to the osmotic stress created by PEG which strongly influence root hair traits and gradually inhibits the water and mineral absorption. It has been claimed that severe osmotic stress reduced root growth and root apical meristem (RAM) [93] and therefore the efficiency of water uptake and plants adaptation under drought stress condition depends on the root architecture [93], root length density [94] and osmotic adjustment of the plants [95,96]. In another study, Nakhforoosh et al. [97] identified four water use strategies (area type, spender type, conductance type and water saver types) as revealed by morphological (early stage shoot phenotyping) and physiological (stomatal conductance) techniques in the studied 12 world-wide durum wheat collections. According to this study, most of the landraces fall under area type that is due to the extensive leaf area, while modern cultivars showed high stomatal conductance which is the basis for high dry matter per unit leaf area. On the other hand, cuticular transpiration is a type transpiration under circumstance of maximum stomata closure and acting as a predictor of drought resistance [98,99]. Though it was not considered in this study, further investigations are needed to identify the effect of cuticular transpiration per unit of leaf area on plants water consumption in the future.



Leaf RWC is the most common physiological method used in drought screening to assess the sensitivity of the plant tissue and cell dehydration tolerance [37,100,101]. Several researchers also documented that drought-resistant genotypes retain more water in their leaf as compared to the sensitive genotypes [30,58,61,86]. Our results revealed that drought stress significantly declined RWC by 21.6% which is consistent with Pour et al. [37] findings who reported that drought stress decreased RWC in wheat. To reveal the drought sensitivity of Ethiopian wheat genotypes, a comparative assessment was done with the known drought resistant and sensitive Chinese spring wheat cultivars. Accordingly, the irrigated land Chinese spring wheat cultivar (G35) showed a maximum reduction of RWC (70.6%) as compared to dry land cultivars G33 (11.7%), and G34 (20.1%) and other investigated genotypes such as G12 (−0.30%), G1 (−0.60%) and G7 (−10.5%) which showed considerable water retention in their leaf under stress condition (Supplementary Table S2 and Figure 1B). This suggested that RWC is species-dependent [102] and different genotypes may have different threshold levels to maintain cell dehydration under stress and normal growth conditions. Nonetheless, plants regulate gas exchange (i.e., uptake of carbon dioxide) and loss of water via transpiration through sophisticated tiny pores located on the leaf epidermis called stomata [103]. Stomatal conductance (gs) is a measure of the degree of stomata opening and can be used as an indicator of plant water status [103,104]. Ratzmann et al. [89] reported that stomatal closure is induced by reduction of leaf water potential which in turn reduced transpiration and ultimately leading to a lowered gs. A strong and positive correlation found between RWC and gs (Table 2) revealed that an increase in RWC opens stomata and thereby increases gs which is in agreement with previous studies [105]. In the present study, a profound effect of PEG stress on gs (61.6%) (Table 1) was observed consistent with previous works in wheat [37] and maize [106] findings, which found a considerable reduction of gs under drought conditions. Moreover, the wide range of variation that existed in the normal (32.8–214.6 mmol m−2s−1) and drought stress (16.1–112.0 mmol m−2s−1) (Supplementary Table S2 and Figure 1C) conditions may be due to the high genetic variability among wheat genotypes.



Chlorophyll and carotenoids are the main pigments for photosynthesis in plants which are sensitive to drought stress [107], and therefore their decrease during stress is an indicator of plant health status. In the present study, the effect of drought stress on the chlorophyll and carotenoid content among genotypes behaved differently within a narrow range, and the concentration of Chla was found higher than Chlb (Supplementary Table S2 and Figure 3A–D). These results are in agreement with Ahmad et al. [105] who reported that the effect of drought stress on Chla was 3 times higher than Chlb. As a result, the significant degradation of Chla over Chlb ultimately impaired photosynthesis which might also be attributed to the lowering of ribulose-1.5-bisphosphate (RuBP) activity [102]. Desiccation tolerant plants maintain their metabolic process by employing several strategies such as substantial accumulation of proline in their leaves. Proline is an osmolyte acting also as an osmotic regulator and has an antioxidant activity by scavenging reactive oxygen species (ROS) and maintaining plants from further oxidative damage and cell death [108]. Several studies reported that the higher free proline accumulation is associated with drought tolerance and the lower for sensitivity [42,108]. Although proline was increased when exposed to drought stress in all considered wheat genotypes, the degree of proline accumulation varied, and the increment was noticed on sensitive genotypes including Chinese drought-sensitive cultivar G35 (Supplementary Table S2 and Figure 4B). Similar studies from Rampino et al. [30] in wheat and Ibarra et al. [109] in maize reported that the level of free proline increased as RWC decreased in all sensitive wheat genotypes. A positive and non-significant correlation between proline and other chlorophyll pigments (Chla, Chlb, Car, and ChlT) (Table 3) highlights the increase in proline content in the leaf has little effect on the amount of chlorophyll as also indicated on Figure 3A–D and Figure 4B. Though proline increases during drought stress, the role of proline accumulation in conferring toward drought stress tolerance remained controversial. Therefore, further study is required to avoid the discrepancies regarding whether or not the increase in proline levels can help plants cope during drought stress.



Among several drought stress indices, STI is the most widely used index to evaluate drought tolerance genotypes since it discriminates drought-tolerant and sensitive genotypes [86] having better biomass, stress tolerance potential [37,85,110], and its strong correlation with other indices. In this study, STI was computed based on the dry matter to identify the best drought-tolerant wheat genotypes under PEG simulated drought stress conditions (Supplementary Table S2 and Figure 8). Our result showed a wide range of STI values, that ranged from 0.17–4.28 in all 43 genotypes. Pour et al. [37] reported that STI is the best method to identify drought tolerance genotypes and found STI values (0.08–0.75) that were less than our finding. The difference in the value of STI might be due to the genetic variability of the study materials used, the stage and duration of drought stress application. Based on STI, our result revealed that Ethiopian wheat genotypes showed a better performance towards drought stress as compared to standard Chinese wheat cultivars (Figure 8). Several researchers also reported that genotypes having the maximum STI value are considered drought tolerant [76,111]. Accordingly, G12 and G25 were selected as the best drought-tolerant wheat genotypes having the highest STI value and G6, G4, G9, and G11 as the most drought-sensitive types (Figure 8) which is in agreement with previous reports.



A wide range of coefficient of variation (CV) was found in this study, ranging from 3.23% to 47.3%; the highest value being in SDW (47.3%) followed by PC (44.63%) and RDW (36.03%) (Table 1). Our result revealed that there was high genetic variability between these traits. A similar study from Pour et al. [37] found that the genetic variation found on SDW and other traits in the studied species of Ae. tauschii and Ae. crassa were genetically determined and therefore, drought stress breeding based on these traits on the identified drought-tolerant genotypes might be plausible.



Plant physio-morphological traits are very important and widely used for selection of better performed genotypes [112]. However, drought tolerance is a complex trait which is controlled by polygenes. Therefore, the identification of key genes that encode for drought stress in the identified wheat genotypes is very important for marker assisted breeding (MAB) program [113].




5. Conclusions


In conclusion, severe drought stress imposed at the early growth stage significantly affected the growth and physio-biochemical traits of wheat seedlings. Among morpho-physiological and biochemical traits, plant water consumption (PWC) was highly affected by drought stress followed by stomatal conductance (gs) and shoot fresh weight (SFW). The combined PCA biplot and ASR analysis of morpho-physiological and biochemical traits demonstrated that G12, G25, and G16 showed better performance under normal and drought stress conditions as compared to standard Chinese wheat cultivars and other studied genotypes. Furthermore, the agglomerative hierarchical clustering dendrogram showed that the identified wheat genotypes were clustered together with standard Chinese drought-tolerant cultivars which supported our conclusion. Therefore, to determine the underlying molecular mechanisms for drought tolerance in these genotypes, further studies are necessary at the molecular and genomic level to enhance them for breeding.
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Figure 1. Graphical presentation of (A) plant water consumption (PWC, g plants−1), (B) leaf relative water content (RWC, %) and (C) stomatal conductance (gs, mmol m−2s−1) of wheat seedlings grown under PEG mediated osmotic stress. G33 and G34 stands for standard Chinese dryland and G35 for irrigated land cultivars. Vertical lines on each bar showed standard error (n = 3). 
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Figure 2. Graphical presentation of (A) root length (RL, cm), (B) shoot length (SL, cm), (C) shoot fresh weight (SFW, mg plant−1), (D) shoot dry weight (SDW, mg plant−1), (E) root fresh weight (RFW, mg plant−1), (F) root dry weight (RDW, mg plant−1) of wheat seedlings grown under PEG mediated osmotic stress. G33 and G34 stands for standard Chinese dryland and G35 for irrigated land cultivars. Vertical lines on each bar showed standard error (n = 3). 
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Figure 3. Graphical presentation of (A) chlorophyll a (Chla, mg g−1FW), (B) chlorophyll b (Chlb, mg g−1FW), (C) carotenoids (Car, mg g−1FW), and (D) total chlorophyll content (ChlT, mg g−1FW) of wheat seedlings grown under PEG mediated osmotic stress. G33 and G34 stands for standard Chinese dryland and G35 for irrigated land cultivars. Vertical lines on each bar showed standard error (n = 3). 
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Figure 4. Graphical presentation of (A) root and shoot length ratio (RL:SL), (B) proline content (PC, µmole g−1FW) of wheat seedlings grown under PEG mediated osmotic stress. G33 and G34 stands for standard Chinese dryland and G35 for irrigated land cultivars. Vertical lines on each bar showed standard error (n = 3). 
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Figure 5. Loading plots of the PCA illustrates the relationship of variables for control (A), and stress (B). Abbreviations of variables are found in Table 1. STI: stress tolerance index. 
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Figure 6. PCA biplot based distribution of 43 bread and durum wheat genotypes under (A) control (B) stress, and (C) control (blue) + stress (red). Blue and red font genotypes in (A,B) stand for T. aestivum and T. durum respectively. Genotypes encircled with green in B stand for best drought tolerant genotypes and yellow encircled genotypes for sensitive ones. Abbreviation of genotypes found in Supplementary Table S1. 
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Figure 7. Agglomerative hierarchical cluster analysis of 43 wheat genotypes based on Euclidean distance of the measured morphological and physio-biochemical traits under stress conditions; Abbreviations of genotypes are found in Supplementary Table S1. The highlighted red font genotype stands for dryland (G33 and 34) and light blue irrigated land (G35) Chinese spring wheat cultivars. Cluster III (blue) (drought tolerant), cluster IV (green) and cluster I (pink) (moderately tolerant) and cluster II (red) (drought-sensitive). 
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Figure 8. Stress tolerance index (STI) of 43 bread (T. aestivum) and durum (T. durum) wheat genotypes. The horizontal red line indicated the median value (0.82). The numbers labeled above the median line indicated STI >0.82. The red font values above the vertical bar are the highest STI which indicated the most drought tolerant genotypes. 
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Table 1. Analysis of variance (ANOVA) and summary statistics for measured morphological and physio-biochemical traits of 43 bread and durum wheat genotypes evaluated under control and PEG stress conditions in the growth chamber.
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Sources of Variation




	

	

	

	

	

	

	

	
Control

	
Stress

	




	
Traits

	
Trt

	
G

	
Trt X G

	
MSerr

	
CV (%)

	
LSD5%

	
Min

	
Max

	
Mean ± SD

	
Min

	
Max

	
Mean ± SD

	
RC (%)






	
DF

	
1

	
42

	
42

	
172

	

	

	

	

	

	

	

	

	




	
PWC

	
1613.85 ***

	
419.5 ***

	
278.6 ***

	
0.16

	
11.3

	
17.47

	
2.13

	
11.6

	
6.03 ± 2.24

	
0.43

	
4.73

	
1.03 ± 0.71

	
83.0




	
RWC

	
24947.2 ***

	
357.5 ***

	
53.6 ***

	
53.6

	
9.0

	
17.47

	
76.1

	
97.1

	
91.1 ± 4.8

	
27.1

	
95.2

	
71.4 ± 15.3

	
21.6




	
Gs

	
291312 ***

	
5238 ***

	
163 ***

	
163

	
16.9

	
30.49

	
32.8

	
214.6

	
109.1 ± 44.8

	
16.1

	
112.0

	
41.9 ± 22.1

	
61.6




	
RL

	
2988.6 ***

	
81.4 ***

	
4.63 ***

	
4.63

	
11.2

	
5.14

	
9.94

	
35.11

	
22.6 ± 5.53

	
7.70

	
22.4

	
15.7 ± 333

	
30.4




	
SL

	
7104.8 ***

	
106.7 ***

	
5.0 ***

	
5.0

	
11.4

	
5.35

	
7.33

	
33.22

	
24.9 ± 4.8

	
6.30

	
27.6

	
14.4 ± 5.41

	
42.2




	
RL:SL

	
9.6 ***

	
1.37***

	
0.09 ***

	
0.09

	
25.7

	
0.73

	
0.45

	
3.29

	
0.97 ± 0.45

	
0.32

	
2.97

	
1.26 ± 0.56

	
−30.7




	
SFW

	
273553 ***

	
3291 ***

	
208 ***

	
208

	
21.3

	
34.4

	
42.7

	
160.3

	
100.4 ± 27.8

	
6.70

	
87.3

	
35.3 ± 25.0

	
64.9




	
SDW

	
568.8 ***

	
88.3 ***

	
24 ns

	
24.01

	
47.3

	
5.14

	
4.07

	
21.33

	
11.8 ± 4.04

	
3.30

	
18.9

	
8.31 ± 2.82

	
25.1




	
RFW

	
51949 ***

	
2636 ***

	
106 ***

	
106

	
15.3

	
24.5

	
38.3

	
130.3

	
81.7 ± 23.8

	
15.0

	
98.0

	
53.3 ± 22.5

	
34.8




	
RDW

	
3657.4 ***

	
99.3 ***

	
19.5 ***

	
19.5

	
36.1

	
10.5

	
6.00

	
41.3

	
17.5 ± 6.91

	
3.67

	
12.7

	
7.03 ± 2.27

	
55.2




	
Car

	
1.47 ***

	
0.13 ***

	
0.001 ***

	
0.001

	
4.8

	
0.07

	
0.45

	
1.37

	
0.74 ± 020

	
0.36

	
0.90

	
0.59 ± 0.12

	
20.5




	
Chla

	
10.05 ***

	
0.82 ***

	
0.003 ***

	
0.003

	
3.1

	
0.14

	
1.13

	
3.35

	
1.97 ± 0.51

	
0.94

	
2.50

	
1.58 ± 0.31

	
20.0




	
Chlb

	
1.61 ***

	
0.16 ***

	
0.01 ***

	
0.01

	
14.9

	
0.21

	
0.41

	
1.42

	
0.75 ± 0.23

	
0.35

	
1.04

	
0.59 ± 0.14

	
21.0




	
ChlT

	
19.7 ***

	
1.67 ***

	
0.021 ***

	
0.021

	
5.9

	
0.34

	
1.54

	
4.77

	
2.69 ± 0.70

	
1.30

	
3.38

	
2.17 ± 044

	
20.3




	
PC

	
23321.8 ***

	
1605.5 ***

	
70.2 ***

	
70.2

	
44.6

	
20.01

	
−1.09

	
45.00

	
9.27 ± 9.78

	
0.70

	
141.2

	
28.3 ± 27.7

	
−205.1








Keys: *** Significant at p < 0.001, ns: non-significant; DF: degree of freedom; PWC: plant water consumption; RWC: relative water content; gs: stomata conductance; RL: root length; SL: shoot length; RL:SL: root to shoot length ratio; SFW: shoot fresh weight, SDW: shoot dry weight, Car: carotenoids, Chla: chlorophyll a, Chlb: chlorophyll b, ChlT: total extracted chlorophyll (a + b), PC: proline content, Mserr: mean square error; Trt: treatment; G: genotypes; CV coefficient of variation (%); LSD: least significant digits (5%); Min: minimum; Max: maximum; SD: standard deviation; RC: relative change due to stress (%); the (−) sign on RC of RL:SL and PC indicated the mean value of the stress were higher than the control.
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Table 2. Principal component analysis of the measured physio-morphological and biochemical traits.
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Stress

	

	
Control




	
Traits

	
PC-1

	
PC-2

	
PC-3

	
PC-4

	
PC-5

	
Traits

	
PC-1

	
PC-2

	
PC-3

	
PC-4

	
PC-5






	
PWC

	
0.323

	
−0.014

	
−0.219

	
0.356

	
−0.234

	
PWC

	
0.310

	
0.173

	
−0.118

	
0.052

	
0.397




	
RWC

	
0.227

	
−0.058

	
−0.356

	
0.222

	
0.529

	
RWC

	
0.143

	
0.086

	
0.440

	
−0.141

	
−0.282




	
gs

	
0.351

	
−0.030

	
−0.182

	
0.048

	
−0.168

	
gs

	
0.264

	
0.173

	
0.184

	
0.275

	
0.097




	
RL

	
−0.032

	
−0.135

	
0.435

	
0.500

	
0.089

	
RL

	
−0.005

	
−0.086

	
0.236

	
0.737

	
0.171




	
SL

	
0.369

	
−0.057

	
−0.019

	
−0.196

	
0.113

	
SL

	
0.142

	
0.306

	
−0.383

	
0.344

	
−0.056




	
RL: SL

	
−0.313

	
0.024

	
0.237

	
0.367

	
−0.158

	
RL: SL

	
−0.075

	
−0.351

	
0.477

	
0.150

	
0.121




	
SFW

	
0.366

	
−0.041

	
−0.006

	
0.193

	
0.056

	
SFW

	
0.252

	
0.368

	
0.047

	
−0.012

	
0.173




	
SDW

	
0.254

	
0.044

	
0.387

	
−0.211

	
−0.271

	
SDW

	
0.227

	
0.371

	
0.029

	
−0.136

	
0.058




	
RFW

	
0.166

	
−0.052

	
0.504

	
−0.241

	
0.150

	
RFW

	
0.175

	
0.184

	
0.453

	
−0.138

	
−0.206




	
RDW

	
0.157

	
−0.031

	
0.151

	
−0.324

	
0.390

	
RDW

	
0.212

	
−0.090

	
−0.072

	
0.381

	
−0.480




	
Car

	
0.009

	
0.483

	
0.073

	
−0.005

	
0.054

	
Car

	
0.341

	
−0.307

	
−0.138

	
−0.041

	
−0.003




	
Chla

	
0.056

	
0.486

	
0.009

	
0.033

	
0.117

	
Chla

	
0.341

	
−0.306

	
−0.104

	
−0.099

	
0.038




	
Chlb

	
−0.013

	
0.478

	
0.001

	
0.096

	
0.014

	
Chlb

	
0.350

	
−0.285

	
−0.091

	
−0.095

	
0.012




	
ChlT

	
0.035

	
0.500

	
0.007

	
0.056

	
0.089

	
ChlT

	
0.337

	
−0.317

	
−0.080

	
−0.044

	
−0.002




	
PC

	
−0.167

	
0.089

	
−0.265

	
−0.368

	
−0.309

	
PC

	
−0.206

	
−0.142

	
0.011

	
−0.016

	
0.555




	
STI

	
0.326

	
0.049

	
−0.012

	
0.032

	
−0.464

	

	

	

	

	

	




	
E.value

	
5.460

	
3.869

	
1.991

	
1.403

	
1.023

	
E.value

	
5.162

	
3.554

	
1.542

	
1.384

	
1.092




	
Var. (%)

	
32.120

	
22.759

	
11.715

	
8.254

	
6.019

	
Var. (%)

	
32.260

	
22.211

	
9.637

	
8.648

	
6.827




	
Cum. (%)

	
32.120

	
54.878

	
66.593

	
74.846

	
80.866

	
Cum. (%)

	
32.260

	
54.471

	
64.107

	
72.755

	
79.582








Keys: PWC: Plant water consumption; RWC: relative water content; stomata conductance; RL: root length; SL: shoot length; RL:SL: root to shoot length ratio; SFW: shoot fresh weight, SDW: shoot dry weight, Car: carotenoids, Chla: chlorophyll a, Chlb: chlorophyll b, ChlT: total extracted chlorophyll (a + b), PC: proline content; STI: stress tolerance index; E.value: Eigenvalue; Var: explained variability (%); Cum.(%): cumulative variation (%).
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Table 3. Pearson’s correlations among growth and physio-biochemical parameters of 43 bread and durum wheat genotypes evaluated in hydroponic solution under control (upper diagonal) and severe stressed (lower diagonal) conditions in the growth chamber.
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	Traits
	PWC
	RWC
	Gs
	RL
	SL
	RL:SL
	SFW
	SDW
	RFW
	RDW
	Car
	Chla
	Chlb
	ChlT
	PC



	PWC
	1
	0.120
	0.588
	−0.009
	0.412
	−0.350
	0.636
	0.595
	0.232
	0.165
	0.373
	0.374
	0.392
	0.331
	−0.157



	RWC
	0.522
	1
	0.303
	−0.038
	0.011
	−0.015
	0.231
	0.218
	0.407
	0.084
	0.082
	0.116
	0.145
	0.119
	−0.197



	Gs
	0.766
	0.479
	1
	0.159
	0.319
	−0.150
	0.460
	0.455
	0.333
	0.340
	0.192
	0.185
	0.243
	0.210
	−0.267



	RL
	−0.014
	−0.075
	−0.157
	1
	0.157
	0.447
	−0.026
	−0.234
	−0.045
	0.196
	0.014
	−0.018
	−0.027
	0.023
	0.089



	SL
	0.476
	0.457
	0.709
	−0.113
	1
	−0.698
	0.541
	0.380
	0.029
	0.190
	0.010
	−0.041
	−0.042
	−0.060
	−0.340



	RL:SL
	−0.395
	−0.506
	−0.540
	0.493
	−0.827
	1
	−0.440
	−0.461
	−0.081
	−0.019
	0.140
	0.158
	0.119
	0.186
	0.193



	SFW
	0.712
	0.537
	0.703
	0.099
	0.697
	−0.530
	1
	0.839
	0.461
	0.030
	0.040
	0.055
	0.087
	0.050
	−0.403



	SDW
	0.164
	−0.113
	0.280
	0.125
	0.552
	−0.365
	0.453
	1
	0.425
	0.121
	−0.017
	0.010
	0.059
	−0.035
	−0.399



	RFW
	−0.039
	−0.138
	0.213
	0.225
	0.386
	−0.157
	0.288
	0.515
	1
	0.143
	0.052
	0.061
	0.095
	0.049
	−0.289



	RDW
	0.104
	0.222
	0.178
	0.001
	0.279
	−0.265
	0.206
	0.251
	0.375
	1
	0.430
	0.362
	0.399
	0.446
	−0.290



	Car
	−0.037
	−0.111
	−0.044
	−0.172
	−0.095
	0.082
	−0.054
	0.139
	−0.006
	0.044
	1
	0.979
	0.953
	0.945
	−0.211



	Chla
	0.038
	0.028
	0.007
	−0.229
	0.028
	−0.066
	0.061
	0.144
	−0.043
	−0.027
	0.897
	1
	0.949
	0.953
	−0.192



	Chlb
	0.007
	−0.095
	−0.049
	−0.161
	−0.142
	0.109
	−0.086
	0.017
	−0.109
	−0.089
	0.868
	0.849
	1
	0.944
	−0.205



	ChlT
	0.029
	−0.009
	−0.012
	−0.212
	−0.028
	−0.009
	0.015
	0.107
	−0.067
	−0.047
	0.919
	0.985
	0.928
	1
	−0.189



	PC
	−0.267
	−0.257
	−0.108
	−0.333
	−0.284
	0.135
	−0.366
	−0.283
	−0.313
	−0.047
	0.137
	0.043
	0.128
	0.072
	1



	STI
	0.757
	0.215
	0.618
	−0.124
	0.493
	−0.444
	0.530
	0.608
	0.132
	0.253
	0.080
	0.128
	0.066
	0.112
	−0.210







Values in bold are different from 0 with a significance level α = 0.05; STI: stress tolerance index.
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