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Abstract


The current study aimed to quantify the effects of two drought intensities achieved by deprivation of watering for 45 and 65% of the volumetric soil moisture content (VSMC) for 14 days after wheat anthesis to identify physio-biochemical and molecular changes associated with drought tolerance in six genotypes with different drought tolerance. Drought at 65% of VSMC induced a significant decrease in the chlorophyll a content in the drought-sensitive genotype, which indicated a strong loss of photosynthetic reaction centres. Further, in the drought-tolerant genotype, the content of carotenoids, which could play a vital role in resisting water shortage stress, tended to increase. The increased production of malondialdehyde showed that the antioxidant system in the drought-sensitive genotypes was not properly activated. A significant decrease in catalase (CAT; EC 1.11.1.6) was observed at a 45% reduction in VSMC, compared to the control, in the drought-sensitive genotype, and at a reduction in VSMC of 65%, in all medium sensitive genotypes. Further, the drought-tolerant and -medium tolerant genotypes responded to drought with a decline in total glutathione concentrations with the intention to reinforce their defence system. Thereby, dehydroascorbate reductase (DHAR; EC 1.8.5.1), monodehydroascorbate reductase (MDHAR; EC 1.6.5.4), and glutathione reductase (GR; EC 1.6.4.2) were critical enzymes involved in the ascorbate–glutathione cycle together with CAT, showing their main role in the detoxification of ROS produced with the reduction in VSMC by 65%. The results of gene expression analysis showed that severe drought increased the levels of the DHN5 and WZY2 genes (that were significantly positively correlated) in the drought-tolerant genotype, whose grain weight, area, and length did not change in maturity. Also, it was seen that DHN5 expression showed a significant positive correlation with grain length and proline content at a 45% reduction in VSMC. The identification of different mechanisms under drought can contribute to the selection of drought-tolerant genotypes.
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1. Introduction


Wheat (Triticum aestivum L.) is the basic food for an estimated 35% of the population, with a global production of 700 million tons [1]. Also, wheat is one of the four major crops grown worldwide, and drastic environmental and climatic changes dramatically influence grain yields [2]. Among stresses, drought is a major abiotic stress limiting wheat productivity worldwide and resulting in grain yield losses of up to 86% [3]. The fact is that climate change has altered the average amount of precipitation on land, which has increased the frequency of droughts [4]. Drought is also characterized by a reduction in water in the atmosphere and soil, which causes wastage of water transpiration and evaporation [5]. Hence, global food security is threatened by drought events that are declared a major stress on crop production, due to the low amount of precipitation and high temperatures associated with them [6]. Therefore, to satisfy the needs of the world’s fast-increasing population and to ensure food security, wheat production must double by 2050 [7]. In the current context of both climate changes and increasing population over the globe, the main challenge for breeders is to enlarge the wheat yields.



During the growing season, wheat plants are under the influence of many biotic or abiotic stresses, each affecting the development of plants. As a consequence, severe morphological, biochemical, and physiological changes might occur in wheat plants. Drought affects all growing stages of wheat causing a delay in the germination of seeds, tillering, booting, heading, anthesis, grain filling, and maturity [8]. Hence, it has a negative impact on physio-morphological traits such as shoot and root length, relative water content, photosynthesis activity, and leaf area in wheat plants [9]. It was previously reported that the most sensitive periods to drought are the anthesis and grain filling stages when the highest grain yield losses are expected [10]. It was described that the initiation of flowering and inflorescence are badly affected by drought [11]. Thus, the reduction in grain yield may vary from 1% to 30% during mild drought in the post-anthesis stage or even reach 92% in the case of prolonged mild drought in the anthesis stage and during grain formation. Finally, a water deficit can negatively affect plant growth and development by modifying different agro-physiological and biochemical processes and pathways [12]. However, plants can cope with drought by different mechanisms: (i) by finishing the life cycle before the occurrence of severe drought; (ii) through water-conserving mechanisms such as the closure of stomata and a reduction in leaf area; (iii) through osmotic adjustment and increased cell wall elasticity; (iv) through increased antioxidant metabolism [13]. Drought influences photosynthesis due to limitations in the CO2 influx, resulting in damage to chloroplast and chlorophyll structure, thylakoid membrane, and photosystem II and in the disruption of electron transport. Also, the earliest affected process under drought is photosynthesis [14]. The first modification that occurs in wheat tissue during drought events is the closure of the stomata as a result of other processes, such as a reduced water content in guard cells [15]. The activity of Rubisco is also disturbed, resulting in reduced photosynthesis rate [16]. Further, the rate of photorespiration increases dramatically, causing the production of reactive oxygen species (ROS) and lipid peroxidation [17]. Mitochondria are the most important sources of ROS, such as superoxide and hydrogen peroxide (H2O2), and ROS-scavenging systems try to eliminate them [18]. After ROS production, an increase in the expression of genes encoding antioxidants will start, leading to the intensification of the antioxidative system activity. ROS can be eliminated by both enzymatic and non-enzymatic antioxidative defence [19]. Enzymatic defence involves superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione peroxidase (GPX), glutathione reductase (GR), glutathione S-transferases (GST), ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), and dehydroascorbate reductase (DHAR) [20]. Usually, MDHAR, DHAR, and GR are important in maintaining redox homeostasis under drought [21]. One of the most common non-enzymatic antioxidants is glutathione (GSH), which influences the stability of the redox state in all parts of the plant cell [22]. Further, a non-enzymatic antioxidant defence system includes proline, tocopherol, phenolic compounds, and carotenoids. In the case of genotypic sensitivity to drought, the plant response will fail, resulting in cell damage. It was previously reported that traits associated with drought tolerance include high soluble sugar and chlorophyll content, low gas exchange, increased proline and carbohydrate content, and decreased superoxide dismutase concentration [12]. However, the physiological responses of plants to drought can vary in different stages of plant development, and the responses in the final stages of wheat growth are not very much explored.



As mentioned, the physiological as well as the biochemical responses to drought are controlled by an extensive modification of gene expression [23]. One of the most characterised transcription factor families involved in plant abiotic stress is the apetala2/ethylene-responsive element-binding protein (AP2/EREBP) family including dehydration-responsive element-binding proteins (DREBs), which regulates developmental, physiological, and metabolic processes [5,24]. The DREB subfamily can influence the expression of multiple dehydration-regulated (DRE)/C-repeat element (CRT) genes through their dehydration- or cold-regulated (RD/COR) gene promoters, which respond to drought and low temperatures [25,26]. It was shown that in wheat, many genes encoding different DREB transcription factors are regulated under drought, thereby improving tolerance to drought [27,28,29]. According to research by Abedini et al. [30], the accumulation of dehydrin transcripts or proteins was positively correlated with drought tolerance. Several studies reported that overexpression of the dehydrin gene DHN5 resulted in tolerance to osmotic and salt stress in Arabidopsis plants as a consequence of the regulation of proline content and improved antioxidative response [31,32], while the dehydrin gene WZY2 may have a main role in the signalling pathway of ABA through interaction with 2C protein phosphatases, influencing the expression of stress-responsive genes in wheat [28]. It was previously observed that proline accumulation is the cause of increased osmotic stress tolerance in wheat [33]. Therefore, the expression of the P5CS gene encoding the enzyme pyrroline-5-carboxylate synthase (P5CS) in wheat was enhanced under osmotic stress in positive correlation with the proline content [33]. Also, it was observed that in drought, the overexpression of the P5CS gene in wheat transgenic plants resulted in increased stress tolerance [34].



The traditional drought tolerance assessments are largely based on determining survival rates, yield, and other growth indicators, with less attention given to physiological and cellular-level oxidative stress responses, such as chlorophyll content, malondialdehyde (MDA) levels, proline content, and changes in the antioxidant enzyme system. These enzymes, including SOD, CAT, and APX, play crucial roles in regulating plant adaptation to drought. The existing standards may not fully consider these biochemical parameters, potentially overlooking the link between plant antioxidant capacity and drought tolerance.



Furthermore, the choice of flag leaves as the study subject and the initiation of measurements 14 days post-anthesis is due to the significant role of flag leaves in photosynthesis and biomass accumulation in wheat, directly affecting grain weight and yield. The two weeks post-anthesis represent a critical period in wheat development, during which drought can directly impact the grain yield. Given this, the current study aims to develop a new set of evaluation standards that consider both enzymatic and non-enzymatic physiological indicators to more comprehensively assess the drought tolerance of wheat genotypes. By systematically analysing the activity of antioxidant enzymes and key physiological indicators in flag leaves, we hope to reveal the intrinsic connections between these parameters and wheat drought tolerance, providing more precise selection criteria for breeding work.




2. Materials and Methods


2.1. Plant Material and Experimental Layout


In the current study, six winter wheat genotypes (Bubnjar, Pepeljuga, Anđelka, Rujana, Fifi, and Silvija) from the Agriculture Institute Osijek were investigated at different levels of drought in the anthesis stage. These genotypes were previously characterised in the study of Duvnjak et al. [8] and sorted according to their drought tolerance (Table 1). After the germination stage, seedlings of each wheat genotype were moved in a plant growth chamber for a period of vernalisation of six weeks under conditions of 12 hours of day/12 hours of night (4/3 °C). After vernalisation, the plants were moved into a greenhouse (Gis Impro d.o.o., Vrbovec, Croatia). Each genotype was subjected to three treatments: a control treatment (C) with regular irrigation and two drought treatments at different intensities (T1 and T2). In the control treatment (C), the volumetric soil moisture content (VSMC) was maintained at 30–35%, while in the drought treatments, the water content was reduced by 45% (T1) and 65% (T2). The measurement of VSMC was carried out daily by a soil moisture measuring device (TDR 150 Soil Moisture Meter, Spectrum Technologies, Aurora, IL, USA). After simulating drought during two weeks, the flag leaves of the plants were sampled, frozen in liquid nitrogen, and stored at −80 °C. Prior to extraction for further analyses, the flag leaves were ground in 10 mL stainless steel jars together with a grinding ball for 1 min at 30 Hz in a TissueLyser II bead mill (Qiagen, Hilden, Germany).




2.2. Determination of the Photosynthetic Pigments


The photosynthetic pigments were determined by a method described by Lichtenthaler [35]. The mass of sample for pigment analysis was 0.01 g. The lyophilized wheat flag leave tissue powder obtained after grinding was homogenised in absolute acetone. Further, extraction was carried out for 15 min at 4 °C and centrifugation for 15 min at 16,000× g and 4 °C. This procedure was repeated until the plant material was uncoloured. The absorption of the extracted material was measured spectrophotometrically at 470, 645, and 662 nm, and the photosynthetic pigment concentrations are reported as mg g−1 DW.




2.3. Determination of Malondialdehyde (MDA)


The malondialdehyde (MDA) content was measured using thiobarbituric acid (TBA) [36]. The procedure was based on the production of a red colouration from lipid peroxidation breakdown products with TBA. Frozen flag leaf tissue powder (0.2 g) was homogenised in a 0.1% trichloroacetic acid (TCA) solution (1/5, w/v) and centrifugated at 10,000× g for 10 min at 4 °C. The incubation of the reaction mixture that consisted of 0.5 mL of tissue extract and 1 mL of reagent (0.5% TBA in 20% TCA) was carried out for 30 min at 95 °C on a TS-100 Thermo-Shaker (Biosan, Riga, Latvia). The reaction mixture was cooled in an ice bath, and the red colouration was measured at 532 and 600 nm on a LAMBDA 25 UV-Vis equipped with UV WinLab v6.0.4 software package (PerkinElmer, Waltham, MA, USA). The results were calculated as nmol g−1 FW.




2.4. Determination of the Proline Content


The proline content was evaluated according to the method described by Carillo et al. [37]. To extract proline, 0.03 g of lyophilized tissue powder incubated in 40% ethanol overnight at 4 °C was used. The homogenate was centrifuged at 14,000× g for 5 min at 4 °C after cold extraction. Incubation of an aliquot of extract (50 μL) with 0.1 mL of ninhydrin reagent (1% (w/v) in 60% (v/v) acetic acid and 20% ethanol (v/v)) was performed at 95 °C for 20 min on a TS-100 Thermo-Shaker (Biosan, Riga, Latvia). Then, 100 μL of the reaction mixture was transferred to a microplate after cooling for 5 min and a brief centrifugation at 2500× g for 1 min at 4 °C. The absorbance was measured at 520 nm and 25 °C using a Spark multimode microplate reader with SparkControl software (Tecan, Männedorf, Switzerland). The proline content was measured using a proline standard curve and is expressed in nmol mg−1 DW.




2.5. Determination of the Glutathione Content


The total glutathione (tGSH) content was calculated by a modified microplate assay using a kinetic method based on the continuous reduction of 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) to 5-thio-2-nitrobenzoic acid (TNB) by reduced glutathione (GSH), where NADPH reduces GSSG in the presence of GR [38]. Greiner UV Star 96-well plates on a Spark multimode microplate reader were used for the measurements. For tGSH content determination, frozen flag leaf tissue powder was homogenised in a 5% 5-sulfosalicylic acid solution (1/10, w/v) and centrifuged for 10 min at 16,000× g and 4 °C. The subsequent reaction mixture consisted of 10 μL of the resulting supernatant, 0.03 mg mL−1 of DTNB, 0.12 U mL−1 of GR, 1 mM EDTA, and 100 mM phosphate buffer (pH 7.0). Incubation was performed for 5 min at room temperature, and after that, the addition of NADPH initiated the reaction. For 5 min every 15 s, the formation of TNB was measured at 412 nm and 25 °C. The final amount of tGSH was calculated using a standard curve of GSH and is expressed as nmol g−1 FW.




2.6. Antioxidant Enzyme Activity Determination


Homogenisation of flag leaf tissue powder obtained by grounding the leaves in cold 100 mM phosphate buffer (pH 7.0) containing 1 mM EDTA (1/5, w/v) was performed. The homogenates were moved onto ice for 15 min and centrifuged at 19,000× g for 15 min at 4 °C. The supernatants were stored at −80 °C until further analysis. Then, 96-well plates were used for the measurement of enzyme activities with a Spark Multimode microplate reader with SparkControl software version 2.1 (Tecan, Männedorf, Switzerland). Bovine serum albumin was used as a protein standard for the determination of protein concentration in the enzyme extracts by the Bradford method [39] modified for microplate assay analysis. Incubation was performed with the Bradford reagent (Sigma-Aldrich, Steinheim, Germany) for 5 min at room temperature. After the incubation was finished, a Spark multimode microplate reader was used for the measurement of the intensity of the resulting blue colour at 595 nm.



For the measurement of ascorbate peroxidase (APX, EC 1.11.1.11) activity [40], the reaction mixture consisted of the enzyme extracts (10 μL), 0.7 mM ascorbic acid, 5 mM H2O2, and 0.1 mM EDTA in 50 mM potassium phosphate buffer (pH 7.0). Incubation was performed for 3 min at room temperature, after which, the decrease in absorbance was monitored at 290 nm for 3 min every 15 s. APX activity was measured using a molar extinction coefficient (ε = 1.71 mM cm−1) and is expressed in U mg −1 protein.



For catalase (CAT, EC 1.11.1.6) activity [41], the reaction mixture consisted of 0.036% H2O2 in 50 mM phosphate buffer pH (7.0), while the reaction started with the addition of 10 μL of diluted protein extract. The decrease in absorbance was measured at 240 nm for 3 min every 15 s. CAT activity was measured using the molar extinction coefficient (ε = 0.04 mM cm−1) and is expressed as U mg−1 protein.



Glutathione S-transferase (GST, EC 2.5.1.18) activity was measured based on the formation of glutathione-2,4-dinitrobenzene due to the conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) with GSH [42]. The reaction mixture consisted of 1 mM GSH, 2 mM CDNB, 1 mM EDTA, and 10 μL of protein extract in 100 mM phosphate buffer (pH 6.5). The increase in absorbance was recorded at 340 nm for 3 min every 15 s. GST activity was measured using the molar extinction coefficient (ε = 5.71 mM cm−1) and is expressed as U g−1 protein.



To determine dehydroascorbate reductase (DHAR, EC 1.8.5.1) activity, the method described by Ma and Cheng [43] was used, after modification for microplate assay [44]. The reaction mixture was composed of 0.1 mM EDTA, 2.5 mM GSH, 0.2 mM dehydroascorbate (DHA), and 10 μL of protein extract in 50 mm HEPES buffer (pH 7.0). The increase in absorbance was measured at 265 nm for 3 min every 15 s. The calculation of DHAR activity was performed using the molar extinction coefficient (ε = 8.33 mM cm−1), and the activity is expressed in U g−1 protein.



The measurement of monodehydroascorbate reductase (MDHAR, EC 1.6.5.4) activity was performed according to [45] with modifications for the microplate assay. The reaction mixture was composed of 2.5 mM ascorbate, 0.5 mM NADH, and 10 μL of protein extract in 50 mM Tris-HCl buffer (pH 7.6). The incubation was performed for 3 min at room temperature, while the reaction was started by the addition of ascorbate oxidase at a final concentration of 0.14 U. The decrease in absorbance was measured at 340 nm for 3 min every 15 s. The calculation of MDHAR activity was performed using the molar extinction coefficient (ε = 3.7 mM cm−1), and the activity is expressed in U g−1 protein.



For the determination of glutathione reductase (GR, EC 1.6.4.2) activity [44,46], the reaction mixture consisted of 50 mM HEPES buffer (pH 8.0), 0.5 mM EDTA, 0.25 mM NADPH, and 10 μL of protein extract. After 10 min of equilibration at room temperature, the reaction was initiated by adding oxidised glutathione (GSSG). The decrease in absorbance was recorded at 340 nm for 5 min every 15 s. GR activity was finally measured by the molar extinction coefficient for NADPH (ε = 3.7 mM cm−1) and is expressed in U g−1 protein.




2.7. Molecular Analysis


2.7.1. RNA Extraction and cDNA Synthesis


RNA was isolated using the NucleoZOL reagent (Macherey-Nagel, Dueren, Germany), according to the manufacturer’s instructions, using 50 mg of frozen wheat flag leaf tissue powder. Further, in the obtained RNA solution, residual DNA was eliminated using rDNase (Macherey-Nagel). For DNA digestion, the rDNase buffer premix (1/10, v/v) was added to the RNA solution, and the mixture was incubated at 37 °C for 10 min. Further, the repurification of RNA was conducted by ethanol precipitation (0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of 100% ethanol were added to one sample volume). The incubation of the samples lasted for 2 h at −20 °C, after which, the samples were centrifuged at maximum speed for 10 min. At this point, 70% ethanol was used to wash the RNA pellet, which was then dried and resuspended in RNase-free water. The NanoPhotometer NP-80 (Implen, München, Germany) was used for the estimation of the purity and concentration of RNA.



The synthesis of first-strand cDNA was carried out according to the manufacturer’s instructions from 3 μg of total RNA using the GoTaq® 2-Step RT-qPCR System (Promega, Madison, WI, USA). The RNA template and the Oligo(dT)15 primer premix were denaturized at 70 °C for 5 min, and cDNA was synthesised in a final volume of 20 μL by combining the denatured premix with the reaction mixture (1× GoScript buffer, 2.5 mM MgCl2, 0.5 mM nucleotide mix, 20 U of ribonuclease inhibitor, and 1U of reverse transcriptase). The MiniAmp Plus Thermal PCR Cycler (Applied Biosystems, Waltham, MA, USA) was used for cDNA synthesis (primer annealing for 5 min at 25 °C, extension for 1 h at 42 °C, and enzyme inactivation for 5 min at 70 °C). Prior to being used in the quantitative PCR (qPCR) step, all cDNAs were diluted 5-fold with nuclease-free water.




2.7.2. QPCR Analysis


The StepOnePlus™ Real-Time PCR System with StepOnePlus™ Software v2.3 (Applied Biosystems, Waltham, MA, USA) and the GoTaq® 2-Step RT-qPCR System (Promega) were used for qPCR analysis to analyse the transcript levels of six genes (P5CS, DHN5, WZY2, DREB1, DREB2, and actin). Specific oligonucleotide primers were designed based on sequences in the GeneBank database using Primer3 software (Table 2). All target sequences were amplified in a 25 μL reaction mixture containing 5 μL of five-fold diluted cDNA template, 200 nmol of each primer, 12.5 μL of GoTaq qPCR Master Mix (2×), and 0.25 μL of the CXR reference dye. Amplification was performed with the following cycling program: GoTaq Hot Start Polymerase activation for 2 min at 95 °C, followed by 40 cycles consisting in denaturation for 15 s at 95 °C, primer annealing, and extension for 1 min at 60 °C. For the quantification, three replicates were used, and the expression of each gene was recorded using three biological replicates. A relative standard curve based on five points was used for relative gene expression and normalised using the geometric average of the reference gene actin [47].





2.8. Grain Morphology


After ripening, the grains of the investigated genotypes from sampled ears in each treatment were analysed. The analyses of grain morphology (weight (g), area (Ø), length (mm), width (mm), and circularity (Ø)) were performed with the MARViN seed analyser (MARViTECH GmbH, Wittenburg, Germany). The grain area and circularity represent 2D projection of a grain to an area and a circle.




2.9. Data Analysis


A randomised complete block design was applied in the greenhouse to minimise the effect of the environment. Six and three replications of pooled tissue of the flag leaf samples, each derived from at least six or three different pots with four plants per pot, were used for the biochemical and molecular analyses, respectively, i.e., the data are based on 18 biological replications. For grain morphology analysis, six biological replications provided the mean values for each treatment (C, T1, and T2). Fisher’s Least Significant Difference (LSD) test (α = 0.05) was used to calculate whether the observed difference in performance between treatments for each genotype separately (control plants vs. plants under two drought stresses) was significant (Statsoft Inc., Tulsa, OK, USA). The error bars represent standard deviations. Correlation analyses were performed at p < 0.05 [48].





3. Results


3.1. Content of Chlorophylls and Carotenoids


At a reduction in VSMC of 45%, compared to the control, the genotypes Rujana, Bubnjar, and Anđelka showed significant increases in the content of chlorophyll a (Chl a), chlorophyll b (Chl b), and chlorophyll a + b (Chl a+b), while at the same time, the content of total carotenoids increased by 43% in the flag leaves of Bubnjar (Figure 1A–D). Bubnjar also showed the highest significant increases in Chl a, Chl b, and Chl a+b, corresponding to 33, 34, and 32%, respectively, compared to the other genotypes. The drought-stressed-plants of Silvija at a 65% reduction in VSMC showed a strong decrease in Chl a (25%), compared to the control, while more drought-tolerant and -medium tolerant genotypes reported the same Chl a level as the control.




3.2. Content of Malondialdehyde (MDA) and Proline


At a reduction in VSMC of 45%, the MDA content in most genotypes was the same as in the control conditions, while it was significantly reduced in Anđelka and Pepeljuga (Figure 2A). The drought-sensitive and -medium sensitive genotypes showed significantly elevated MDA levels at a reduction in VSMC by 65%, in contrast to the drought-tolerant and -medium tolerant genotypes that showed the same MDA level as the control or a significantly reduced level, as found for Anđelka. The highest significant increase in MDA content was observed in Rujana (40%), followed by Silvija (12%) and Fifi (11%).



The proline content was at the same significant level in the control and at a 45% reduction in VSMC in all genotypes, except for Rujana and Anđelka, in which it significantly increased by 267 and 30%, respectively (Figure 2B). At 65% reduction in VSMC, Bubnjar, Rujana, Silvija, Anđelka, Pepeljuga, and Fifi showed a significantly increased proline content by 378, 306, 227, 168, 93, and 72%, respectively.




3.3. Content of Total Glutathione (tGSH)


The content of tGSH significantly increased in the drought-sensitive and -medium sensitive genotypes by 226% (Rujana), 78% (Fifi), and 67% (Silvija) at a 45% reduction in VSMC (Figure 3). On the contrary, in the drought-tolerant and -medium tolerant genotypes, the tGSH level significantly decreased, such as by 42% in Anđelka, or remained at the same level, such as in the flag leaves of Bubnjar and Pepeljuga. Further, at a 65% reduction in VSMC, Rujana, Fifi, and Silvija showed significant increases in the tGSH content by 230, 162, and 42%. Pepeljuga and Anđelka reported significantly reductions of 74 and 62%, while in Bubnjar, it remained at the same level.




3.4. Enzymatic Activity


3.4.1. Activity of Ascorbate Peroxidase (APX)


At a 45% reduction in VSMC, APX activity in the flag leaves was significantly reduced in the drought-sensitive genotype Silvija by 26%, while in other genotypes, APX did not significantly change (Figure 4A). APX showed higher activity by 15% in the flag leaves of Silvija at a 65% reduction in VSMC, while in the other genotypes, APX activity significantly decreased, compared to the control, except in Pepeljuga, in which it remained at the same level.




3.4.2. Activity of Glutathione Reductase (GR)


In Silvija, GR activity was significantly reduced by 39% at a reduction in VSMC by 45%, while in the other genotypes, it remained at the same level as in the control (Figure 4B). At a 65% reduction in VSMC, the drought-sensitive and -medium sensitive genotypes, namely, Rujana, Silvija, and Fifi, showed significant reductions in GR activity by 24, 23, and 12%, respectively.




3.4.3. Activity of Dehydroascorbate Reductase (DHAR) and Monodehydroascorbate Reductase (MDHAR)


DHAR activity was significantly reduced in Silvija and Rujana by 21 and 16% at a reduction in VSMC by 45%. No significant difference was obtained in MDHAR activity between control conditions and the drought treatment with a reduction in VSMC of 45% for Anđelka, Bubnjar, Pepeljuga, and Fifi (Figure 4C). Rujana and Fifi exhibited significantly reduced DHAR activity by 34 and 32% at a reduction in VSMC of 65%.



MDHAR activity was significantly reduced in Silvija and Rujana by 30 and 10% at a reduction in VSMC of 45% (Figure 4D). Rujana, Fifi, and Silvija showed significantly reduced MDHAR activity by 26, 18, and 10%, respectively, at a reduction in VSMC of 65%.




3.4.4. Activity of Catalase (CAT)


At a reduction in VSMC of 45%, CAT activity significantly decreased in Silvija by 25% and an increased in Fifi by 21% (Figure 4E). At a reduction in VSMC of 65%, the drought-sensitive and -medium sensitive genotypes displayed significantly reduced CAT activity: Rujana by 27%, Fifi by 26%, and Silvija by 10%. On the other hand, the drought-tolerant and -medium tolerant genotypes showed the same CAT activity level in control and drought conditions.




3.4.5. Activity of Glutathione S-Transferase (GST)


GST activity was significantly reduced in Silvija by 22% at a reduction in VSMC of 45% (Figure 4F). Rujana presented significantly reduced GST activity by 28% at a reduction in VSMC of 65%.





3.5. Relative Expression of Genes


Only Rujana showed significantly increased DHN5 expression in milder drought conditions, i.e., at a reduction in VSMC by 45%, while the other genotypes showed the same expression level (Figure 5A). A significant increase in severe drought, at a reduction in VSMC of 65%, was recorded in the genotypes Silvija, Fifi, and Bubnjar. Although WZY2 gene expression under both drought treatments was upregulated in all tested genotypes, significant increases in milder drought were recorded only in the genotypes Rujana and Silvija, while in severe drought, a significant increase was recorded in all genotypes except Rujana and Pepeljuga (Figure 5B). The highest expression of both genes in severe drought was recorded in the genotype Bubnjar (577-fold higher for DHN5 and 58-fold higher for WZY2).



In milder drought, at a reduction in VSMC of 45%, a significantly increased expression of P5CS was recorded only in the genotype Rujana (Figure 5C). P5CS gene expression was significantly increased due to severe drought at a reduction in VSMC of 65% in the genotypes Silvija, Fifi, and Anđelka. In both drought treatments, no significant changes in gene expression were recorded only in the genotypes Bubnjar and Pepeljuga.



Significant changes in DREB1 expression were recorded only in Rujana, which showed significantly increased expression at a reduction in VSMC of 45% (Figure 5D). Considering the expression of DREB2, only Rujana reported a significantly increased level at a reduction in VSMC of 45%, while Bubnjar exhibited significantly decreased expression (Figure 5E). The other genotypes did not show significant differences.




3.6. Grain Morphology


Rujana, Anđelka, and Fifi showed a significant decrease in grain weight at a reduction in VSMC of 45%. There were no significant differences in grain weight in Bubnjar at a reduction in VSMC of 65%, while in all other genotypes, a significant decrease was observed (Figure 6A). The highest significant decrease in grain weight was observed in Fifi (47%) and Silvija (41%).



No significant differences were obtained for grain area between control and 45% reduction in VSMC, for all genotypes (Figure 6B). At a 65% reduction in VSMC, the grain area of all genotypes showed no significant changes, except for those of Bubnjar, which significantly increased by 9%, and Fifi, which significantly decreased by 13%.



At a reduction in VSMC of 45%, the grain width of all genotypes was not significantly different, compared to that in control conditions (Figure 6C). At a reduction in VSMC of 65%, Silvija, Fifi, and Pepeljuga showed a significant reduction in grain width by 10, 5, and 5%, respectively.



At a reduction in VSMC of 45%, the grain length of all genotypes showed no significant differences, except for that of Fifi, which was significantly reduced by 4% (Figure 6D). At a reduction in VSMC of 65%, the drought-sensitive genotype Silvija showed a significantly decreased grain length by 3%, while the drought-tolerant genotype Bubnjar reported a significantly increased grain length by 5%.



The grain circularity of all genotypes showed no significant differences between control and 45% and 65% reductions in VSMC, except for that of Silvija, which showed a significant reduction of 2% at a reduction in VSMC of 65% (Figure 6E).




3.7. Correlation Analysis


Under control conditions, APX showed a significant positive correlation (p < 0.05) with DHN5 (Supplementary Figure S1A). CAT, DHAR, and MDHAR displayed a significant positive correlation, while DHAR and MDHAR reported a significant negative correlation with tGSH and a significant positive correlation with DHN5. In contrast, DHN5 was negatively correlated with tGSH. GR was positively correlated with MDA, and MDA with carotenoids. Chlorophylls were significantly positively correlated, while Chl b showed a significant positive correlation with Car. DREB1 exhibited a significant positive correlation with P5CS. Grain area and width were significantly negatively correlated with Chl a and Chl a+b, while grain area and length showed a significant positive correlation with proline content. Grain length and circularity were significantly positively correlated. Grain weight presented a significant positive correlation with grain length and circularity, and length with grain area.



Under drought with 45% reduction in VSMC, APX had a significant negative correlation with tGSH and a significant positive correlation with MDA, DHAR, and MDHAR (Supplementary Figure S1B). CAT, DHAR, and MDHAR displayed a significant positive correlation, and CAT was positively correlated with GST. DHAR and MDHAR were significantly negatively correlated with tGSH, while DHAR exhibited significant positive correlation with MDA. Chlorophylls were significantly positively correlated, while Chl b was significantly positively correlated with Car. Proline was significantly positively correlated with DHN5, P5CS, DREB1, and DREB2. P5CS, DREB1, and DREB2 displayed a significant positive correlation. Grain area was significantly negatively correlated with chlorophylls, while grain length showed a negative correlation with Chl b and Chl a+b and a positive correlation with DHN5 and grain area.



At a 65% reduction in VSMC, MDHAR reported a significant positive correlation with APX (Supplementary Figure S1C). GR was significantly negatively correlated with DREB1, and DREB1 was significantly positively correlated with P5CS. tGSH showed a significant negative correlation with Chl a+b and a significant positive correlation with DHN5 and WZY2, while Chl a was significantly positively correlated with Chl a+b. MDA exhibited a significant positive correlation with DREB2, while DHN5 showed a significant negative correlation with CAT and a significant positive correlation with WZY2. Grain area showed a negative correlation with MDHAR and Chl a+b and a significant positive correlation with grain length and width, while grain width revealed a negative correlation with GR. Grain length was negatively correlated with Chl a, Chl a+b, and carotenoids and positively correlated with proline, while proline exhibited a significant negative correlation with Chl a+b and significant positive correlation with grain area and length.





4. Discussion


Drought in wheat refers to external influences that adversely affect plant growth, development, or grain productivity. However, plants have defence mechanisms consisting of enzymatic and non-enzymatic defence systems such as carotenoids and proline. Pompelli et al. [49] reported that the elevation in the activity of enzymatic and non-enzymatic systems, defending plant tissues against oxidative injury, is the result of decreased amounts of MDA, H2O2, and proline. The ascorbate–glutathione (AsA-GSH) cycle is a major antioxidative system that detoxifies ROS and is composed of MDHAR, DHAR, APX, and GR.



4.1. Pigments Involved in Photosynthesis during Drought


Photosynthates and assimilates are transported to the developing grain after photosynthesis in the flag leaf and from pre-anthesis reserves in tissues such as the stem and the ear. The chloroplast is an organelle that contains the photosynthetic pigment chlorophyll and is the site of the earliest abiotic injury visible in plants [50] due to the photo-oxidation of pigments and the degradation of chlorophyll. In the current research, in most of the wheat genotypes, Chl a, Chl b, and Chl a+b tended to increase in the flag leaves at a 45% reduction in VSMC, while some genotypes showed no significant changes. García-Valenzuela et al. [51] showed that an increase in chlorophyll accumulation may be the result of osmotic stress. In the present study, at a reduction in VSMC of 65%, all wheat genotypes exhibited the same amount of chlorophylls as in the control conditions, except the most sensitive genotype, Silvija, which showed a significantly reduced level of Chl a. It was demonstrated that drought in wheat reduced the chlorophyll content and photosynthesis in the leaf [3]. In previous research, a reduced content of Chl a, Chl b, total Chl, and carotenoids was reported under drought [52]. Thus, the chloroplast structure could be changed, or inhibition of the biosynthesis of Chl or its precursors might occur. Thereby, decreased concentrations of pigments involved in photosynthesis can directly limit the photosynthetic efficiency.



One of the main causes of a reduced photosynthetic activity is the formation of ROS such as superoxides and hydroxyl radicals, which impair the photosynthetic machinery where the ROS-scavenging system is not induced properly [53]. Thus, in the current research, mild stress, with a reduction in VSMC of 45%, resulted in an increase in chlorophyll content. If the concentration of the chlorophyll pigment increases, the photosynthetic systems should be efficient in ROS scavenging [54]. Further, other pigments, such as carotenoids, protect photosystems as a result of a reaction with lipid peroxidation products and scavenging singlet oxygen [55]. In the present study, only the drought-tolerant genotype Bubnjar showed a significantly increased level of carotenoids in mild drought, with a production of MDA that did not significantly change in both types of drought stress. It was reported that carotenoids, with ascorbate, GSH, and α-tocopherol, might be good indicators of drought tolerance [56].



In the current research, different metabolic processes in severe drought, at a reduction in of by 65%, were affected, leading to a significant reduction in chlorophyll content in the drought-sensitive genotype (Silvija). The loss of chlorophyll content can be the first sign of the inactivation of photosynthesis. Those genotypes that exhibited higher chlorophyll contents under drought could lead us to the conclusion that they turned on the ROS-scavenging system to some extent. It was also shown that chlorophylls were significantly positively correlated in mild stress, while Chl b showed a significant correlation with carotenoids, while in severe stress, only Chl a+b presented a positive correlation with Chl a. Similar findings were obtained by Ahmed et al. [9], who showed that chlorophylls were positively related among themselves under drought conditions. This shows the significance of these attributes for drought in future wheat breeding programs.




4.2. Content of Malondialdehyde (MDA) and Proline


The structure and function of cellular membranes could be damaged during drought via lipid peroxidation, in particular, the thylakoid membranes within the chloroplast [57]. Hence, the stability of the cell membrane is determined in the screening of drought-tolerant genotypes [58]. Lipids, the main components of the cellular membrane, are the primary target of ROS, undergoing lipid peroxidation. The cell membranes are damaged the earliest during oxidative stress by ROS, which will result in lipid peroxidation and, consequently, membrane injuries, enzyme inactivation, and protein degradation. The product of lipid peroxidation is MDA, which is usually used as a marker for oxidative hurt and antioxidant status. From the data of the current research, it is obvious that the drought-sensitive and -medium sensitive genotypes displayed elevated MDA levels at a reduction in VSMC of 65% in contrast to the drought-tolerant and -medium tolerant genotypes. Similar results were obtained by Sultan et al. [59], who reported that drought-tolerant genotypes showed significantly increased proline and relative water content, while the MDA content decreased under drought conditions. Vuković et al. [22] also highlighted that lipid peroxidation was induced by drought in wheat genotypes, with a higher increase in MDA in seedlings of drought-sensitive genotypes. In the current research, with both drought intensities, the MDA level was reduced or significantly unchanged in the genotypes Bubnjar, Pepeljuga, and Fifi, thus indicating a stronger antioxidative response in them. The enhancement of enzymatic and non-enzymatic systems that have a role in plant tissues protection against oxidative injury was evidenced by the lower amounts of MDA in the flag leaves in mild than in severe drought, except for the drought-tolerant and -medium tolerant genotypes. However, the drought-sensitive and -medium sensitive genotypes under mild drought did not differ significantly in MDA content. The differences between drought-tolerant or -medium tolerant and drought-sensitive or -medium sensitive genotypes became evident as the degree of the stress increased, where the drought-sensitive genotypes experienced more stress injury.



Proline is an amino acid that accumulates under different stresses. It is an osmolyte and a reservoir of carbon and nitrogen, but it also protects plants against free-radical-induced damage, and its accumulation is related to high temperatures and drought [60]. The increase in osmolytes, like proline or glycine betaine, and in late-embryogenesis-abundant proteins, which have a role in the protection of lipid membranes, stabilises the membrane [61]. Peršić et al. [62] reported that there are contrasting results on the relation between proline content and drought tolerance. According to some research, it is believed that an increased proline content is an indicator of drought-induced stress, while other authors believe that proline is associated with sensitivity to drought [63,64,65]. In the current research, all genotypes showed a significantly higher proline content in severe drought, and four genotypes in mild stress. Similarly, Anjum et al. [55] observed that the accumulation of proline and other osmolytes in maize plants increased with the severity of drought. Also, the increased proline content in plants under severe drought conditions could have important role in recovery after stress [66]. In the current research, it was observed that proline displayed a significant positive correlation with P5CS, DREB1, and DREB2 in mild drought but not in severe drought. However, it was observed that the proline content was significantly positively correlated with grain area and length. It was previously reported tha there was a strong correlation between elevated enzymatic activity of P5CS and proline content [33].




4.3. ROS-Scavenging System


An increased content of ROS at the cell level influences protein degradation, the inhibition of enzymes, oxidative damage to DNA and RNA, and lipid peroxidation in membranes, causing the death of cells [67]. Among the antioxidant enzymes involved in the degradation of ROS during drought, the best described are CAT, SOD, GPX, APX, and GR [22,68,69]. For instance, the activity of the enzymes of the AsA-GSH scavenging pathway (APX and GR) was elevated under drought [66]. Drought led to the upregulation of APX in the endosperm, while GR, CAT, and POD activity increased in the shoots of seedlings in drought-tolerant genotypes of wheat [70]. The same authors concluded that a genotype is likely to be drought-tolerant if any of the specified enzymes’ activities is upregulated in specified tissues under drought. According to Foyer and Noctor [71], the main ROS detoxification process is under the influence of the enzymes, including APX, GR, DHAR, and MDHAR, involved in AsA-GSH metabolism. CAT predominantly scavenges H2O2 in the peroxisomes. Therefore, CAT can neutralise H2O2 by decomposing it into molecular oxygen and water. Under stress conditions, a strong elevation in CAT activity in the leaves may protect the chloroplasts, the principal generators and targets of ROS, thus supporting persistent electron fluxes [72]. Thus, the stability of CAT activity in the leaves is likely responsible for the elimination of photorespiratory H2O2. In the current research, significant reductions in CAT in response to drought appeared in the drought-sensitive and -medium sensitive genotypes, especially at a 65% reduction in VSMC. Hence, we may assume that CAT activity in drought-tolerant genotypes is a critical and accessory component of photosynthesis that prevents ROS accumulation. Similar results were obtained by Chakraborty and Pradhan [52], who reported that the CAT and SOD activity decreased in all periods of drought in more drought-sensitive wheat genotypes. Anjum et al. [55] also observed that the activities of some enzymes, such as POD and CAT, decreased with drought severity. Further, Vuković et al. [22] reported a negative correlation between reduced CAT activity and lipid peroxidation levels, suggesting that the absence of CAT induction resulted in increased lipid peroxidation. Similar results were obtained in the current research, where the drought-sensitive and -medium sensitive genotypes showed significantly elevated MDA levels in severe drought, with a decrease in CAT activity. It could be seen that CAT exhibited a significant negative correlation with DHN5 in severe drought.



APX is an integral component of the AsA-GSH cycle that has the ability to reduce H2O2 to H2O and DHA, using ascorbic acid in the cytosol and chloroplasts [68]. DHA is further reduced to ascorbate by the action of DHAR, with an expenditure of GSH or NADPH. The second line of antioxidant defence is more activated with an increase in stress when APX activity is elevated [73]. Silvija could increase APX activity in flag leaves, trying to detoxify ROS and minimise the photooxidative damage during severe drought. Similar results were observed by D’Arcy-Lameta et al. [74] when the transcript levels of the cytosolic and peroxisomal APX genes appeared elevated in a genotype sensitive to drought. According to that, we can assume that APX was expressed much earlier in the more drought-tolerant genotypes that managed to decrease the MDA content.



Glutathione is involved in multiple metabolic functions, such as the protection of membranes, by maintaining the reduced form of both α-tocopherol and zeaxanthin, preventing the oxidative denaturation of proteins under stress [75]. GSH is also the substrate of GPX reactions and GST, which also participates in the removal of ROS. It was reported that an elevation in tGSH in the flag leaves of wheat implies its role in drought tolerance [76]. In the current research, the tGSH content significantly increased in the drought-sensitive and -medium sensitive genotypes in both types of drought stress, thus showing that the decline in tGSH concentration in the drought-tolerant and -medium tolerant genotypes indicated sufficient defence capacities. Loggini et al. [77] reported that more drought-tolerant genotypes did not increase the enzyme activity because its present activity was enough to tolerate stress, whereas the more drought-sensitive genotype reinforced its defence systems. However, GSH is also a protector of chlorophyll biosynthesis enzymes, which might be related to a higher chlorophyll content [78]. In the current research, the drought-sensitive and -medium sensitive genotypes showed a significantly elevated tGSH level, which might protect the chlorophyll structure. For example, adding exogenous GSH enhanced non-enzymatic and enzymatic components in some plants [79]. Further, genotypes with different drought tolerance showed a decrease in the tGSH level and a higher GSH/GSSG ratio after one month of drought [77]. However, in the current research, it was observed that an increase in tGSH activity was only observed in the drought-sensitive and -medium sensitive genotypes. It might be assumed that different genotypes depend on tGSH to decrease oxidative stress, whereas enhanced antioxidative functioning in drought-tolerant and -medium tolerant genotypes might occur early to withstand drought, compared to drought-sensitive and -medium sensitive genotypes, where tGSH content significantly increased later. After two weeks of drought, the drought-sensitive and -medium sensitive genotypes were still not able to defend themselves, thus elevating tGHS content



GR catalyses GSSG reduction to GSH using NADPH, and the reduced GSH is further utilised for the regeneration of ascorbic acid [19]. This helps in regulating the ratio of GSH/GSSG and suppling GSH to GPX and DHAR. Due to the maintenance of a favourable GSH/GSSG ratio, GR provides stress tolerance in plants [80]. The drought-sensitive and -medium sensitive genotypes showed significantly reduced GR activity at a 65% reduction in VSMC, which thus did not contribute to the detoxification of ROS. Due to the decreased GR activity in these three genotypes, GSH could not be recycled sufficiently, as shown by the significant increase in tGSH in the drought-sensitive and -medium sensitive genotypes in both types of drought stress. In contrast, the drought-tolerant genotype showed no significant differences in tGSH in control and drought conditions, thus minimising the formation of ROS. It was observed previously that tGSH increased contribution to the redox potential could compensate for the modest increase in GR activity in roots under drought [19]. Similar results were observed in the current research, where the drought-tolerant and -medium tolerant genotypes had a tendency to decrease the tGSH level, maintaining GR activity significantly unchanged in flag leaves. Also, it could be seen that GR showed a significant negative correlation with DREB1 as well as with grain area and width in severe drought. According to the research of Chakraborty and Pradhan [52], increased POD and GR activity was the most influential factor conferring drought tolerance.



GST is an enzyme that catalyses the reaction of electrophilic substrates in the removal of ROS and is also related to tolerance to abiotic stresses [54]. It can repair phospholipid damages in the membrane [81]. However, previous research about the importance of GST in drought is not consistent [22]. In the current research, no clear picture was obtained about the role of GST in drought tolerance in wheat genotypes. However, some studies found that an increase in GST might reduce the accumulation of H2O2 and MDA and help to maintain the GSH/GSSG ratio under salt stress [20].



Ascorbate is an efficient primary scavenger of ROS, being oxidised and further recycled back by the activities of MDHAR and DHAR [71]. It was previously concluded that higher ascorbate levels in transgenic plants of rice were due to increased MDHAR and DHAR activities [82]. In the plant antioxidant system, MDHAR is important in maintaining the ascorbate pool by catalysing the reduction of monodehydroascorbate (MDHA) to ascorbate and, therefore, maintains a pool of reduced ascorbate [20]. In the research of Shokat et al. [21], higher MDHAR activity within the leaves of wheat was a predictive biomarker for a higher grain number under drought. In the current research, the drought-tolerant and -medium tolerant genotypes did not show significant changes in MDHAR activity at both drought intensities, while the drought-sensitive and -medium sensitive genotypes showed a tendency to a significant reduction.



DHAR participates in the catalysis of the reduction of DHAR using reduced GSH, yielding ascorbic acid and GSSG and thus keeping an ascorbate redox state [20]. The main role of the AsA-GSH cycle, particularly of DHAR, is in minimising the drought-induced grain yield loss in rice [83]. Therefore, in the current research, the drought-tolerant and -medium tolerant genotypes showed no significant changes in DHAR in the two drought treatments and in control conditions. This indicated that in those genotypes, DHAR activity was sufficient to overcome drought. Also, DHAR activity maintains high levels of chlorophyll and photosynthetic functioning, resulting in delayed leaf ageing [84]. Further, the decrease in DHAR was associated with reduced photosynthesis and increased oxidative injury.




4.4. The Expression of Genes (P5CS, DHN5, WZY2, DREB1, and DREB2) under Drought


Knowledge about the relation of antioxidant defence at both protein and gene expression levels to genetic variation in drought tolerance is important for the identification of predominant or major protection pathways to improve drought tolerance. Thus, in the current research, the expression patterns of the drought-sensitive gene P5CS, of genes encoding dehydrins (DHN5 and WZY2), and of genes encoding transcription factors (DREB1 and DREB2) were analysed.



The elevation in the relative expression of the analysed stress-responsive genes DHN5 and WZY2 was mostly evident under drought conditions. Only Rujana showed a significant increase in the expression of both genes in mild stress, and Silvija showed an increase in WZY2 expression. It is evident from the current research that the most drought-tolerant genotype, Bubnjar, highly overexpressed DHN5 and WZY2 in severe drought, compared to all other genotypes. Previous studies reported that the DHN genes are important in abiotic stress tolerance [85,86,87]. Moreover, the TaDHN genes respond strongly to stresses such as drought, cold, and high salinity [88]. Saibi et al. [32] reported that a higher expression of TtDHN5 elevated tolerance to osmotic and salt stress in transgenic Arabidopsis plants. Also, dehydrin WZY2, whose relative expression was increased in most plants during cold, drought, heat, or other abiotic stresses, was identified as a drought stress-responsive gene [89,90].



Ma et al. [91] showed that under osmotic stress, TaP5CS was overexpressed in transgenic Arabidopsis, which further showed increased proline content and decreased lipid peroxidation. In addition to osmotic stress, the transcription of P5CR was also increased under cold and biotic stress [92,93]. According to the current research, in severe drought (65% reduction in VSMC) P5CS gene expression was significantly increased in Silvija, Fifi, and Anđelka, but only Anđelka displayed a significant reduction in MDA. Rujana showed a significant increase in P5CS already in mild drought, together with an increase in proline content. Furthermore, many studies previously reported that increased P5CS enzyme activity strongly correlated with proline accumulation [33,94], which ultimately led to an increase in stress tolerance [34]. According to Bohnert et al. [95], the DREB genes are grouped into classes based on similarities in their functioning. Two main subgroups of the DREB subfamily include the genes DREB1 and DREB2 [96]. Currently, both genes DREB1 and DREB2 are used in molecular breeding studies to improve the tolerance of wheat to abiotic stresses. It was concluded that the DREB transcription factor plays crucial roles in the abiotic stress response [97]. For example, increased proline content was related to CpDreb2 ectopic overexpression in tobacco [98]. This was similarly observed in the current research, where Rujana was the only genotype with a significant increase in DREB1 and DREB2 in mild drought and in DREB2 in severe drought. This genotype also showed a significant and strong increase in proline in both drought treatments. However, as mentioned before, there is not a clear understanding of the role of proline in drought tolerance.



It was previously reported that the expression of DREB2B under stress was similar to or lower than that in control plants [99], suggesting that this gene does not have a role in tolerance. A decreased expression may simply reflect impairment of the normal metabolic functioning of a plant. In the current research, only Bubnjar (drought-tolerant genotype) showed a significantly decreased DREB2 expression in mild drought. According to the expression of DREB2, we might conclude that the expression levels might serve as indicators of the degree of stress in relation to plant metabolism. Further, the transcriptional activity of several APX genes and the activity of the APX protein were increased in DREB2C overexpressors [100]. It is evident that the most drought-sensitive genotype Silvija showed significantly increased APX activity in severe drought.



According to previous research, more drought-tolerant genotypes of wheat accumulated more DREB1 gene transcripts under drought than sensitive genotypes [27,101]. In contrast, Yousfi et al. [98] reported that drought-sensitive genotypes increased DREB1A expression, compared with tolerant ones, suggesting that the expression of this gene is not related to drought tolerance. It shows that for sensitives genotypes, it is not possible to deal with stress. Due to the significant expression of DREB1 only in one genotype, it is not possible to make a proper conclusion about the role of this gene, although DREB1 showed a negative correlation with GR activity and grain area and width in severe stress. Other genes not investigated in the current research might influence the antioxidant defence.




4.5. Postharvest Traits of Grain Morphology Influenced by Drought


One of the ways to increase the grain yield is the selection for enhanced grain size, as it is directly related to 1000 kernel weight, a component of grain yield. Grain size is related to grain filling and includes grain length, grain width, grain thickness, and grain surface area. Brinton et al. [102] reported that the 5A locus was responsible for an increase in grain weight influencing grain length. Along with that goes the fact that grain length is genetically controlled and stable across environments, has a pleiotropic effect on grain width in the final stage of grain development, and is more variable across environments. In this study, five traits of grain morphology (grain weight, grain area, grain width, grain length, and grain circularity) were analysed after harvest. For milling, the best morphology is that of large and spherical grains [103], while small and shrivelled grains will decrease the yield of milling. Furthermore, grain yield is positively affected by grain size, as the latter increases the grain weight [104,105]. During the grain filling stage, drought affects the accumulation of starch and protein in the grains, which results in a decrease in grain size, thus affecting grain yield and quality [106]. Simmonds et al. [107] reported that grain width genes on chromosome 6A are under the influence of increased grain weight, suggesting that increased grain size could contribute to a higher grain yield. Further, during anthesis, drought will provoke partial or complete sterility of the florets [108]. Grain formation lasts 12–14 days after anthesis and fertilisation of the florets. This is also the time when most of the endosperm is formed, which corresponds to the cell division phase. It is evident that high post-anthesis temperatures or drought reduce the mature grain weight in wheat [109]. On the other hand, terminal drought will reduce the grain number, rather than the grain size, which causes a significant decrease in grain yield in wheat [110].



According to the current research, only the drought-tolerant genotype did not significantly change the grain weight and even significantly increased grain area as well as grain length under both intensities of drought. According to the above, we can conclude that the genotype Bubnjar proved to be more tolerant to drought than the other tested genotypes, as was already concluded in previous research [22]. Further, it was seen that DHN5 showed a significant positive correlation with grain length and proline content in mild drought, while in severe drought, proline content showed a significant positive correlation with grain area and length. On the other hand, the drought-sensitive genotype Silvija showed a significant decrease in almost all traits of grain morphology in severe drought. In the early stage of grain filling, the number of endosperm cells and starch granules per cell will be reduced under drought, resulting in a decrease in grain size [111]. It could be seen that when drought occurred at the grain filling stage, grain weight was reduced in almost all genotypes, thus meaning that the rate of grain filling was not optimal. Photosynthetic activity and remobilisation of sugars were probably decreased in other plant parts up to the grain. Drought also triggers early senescence, thus shortening the accumulation period of dry weight in the grains.





5. Conclusions


Compiling all data, the extinguishing of chlorophyll may be a stress indicator as a first-line defence system in the flag leaves of wheat, with increased MDA accumulation. On the other hand, the accumulation of carotenoids may help plants cope with drought. APX and GST expression under drought was genotype-specific and dependent on drought intensity. The results suggest that drought induced oxidative stress and that besides CAT, the enzymes of the AsA-GSH cycle (GR, MDHAR, and DHAR) appeared to function as important components of the antioxidative defence system under severe drought. The relative expression of the DHN5 and WZY2 genes in severe drought was higher in the drought-tolerant genotype (Bubnjar) compared to the other genotypes. These two genes showed a significant positive correlation in severe drought, while in control conditions and mild drought, no correlation was recorded between them. Our results suggest that drought-tolerant and -medium tolerant wheat genotypes can better acclimatize to drought and induce antioxidant systems earlier than drought-sensitive genotypes. Wheat breeders should use these results in the selection of drought-tolerant genotypes and in the development of high-yielding wheat genotypes.
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Figure 1. Content of (A) chlorophyll a (Chl a), (B) chlorophyll b (Chl b), (C) chlorophyll a + b (Chl a+b), and (D) carotenoids (Car) in the wheat flag leaves of six winter wheat genotypes under control and two drought treatments (T1 = VSMC − 45%, T2 = VSMC − 65%). Data are average values of six biological replicates ± SD. Significant differences among treatments for each genotype, separately, were assessed by the Fisher LSD test. Trait means with the same letter do not significantly differ at p < 0.05. 
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Figure 2. Content of (A) malondialdehyde (MDA) and (B) proline in wheat flag leaves of six winter wheat genotypes under control and two drought treatments (T1 = VSMC − 45%, T2 = VSMC − 65%). Data are average values of six biological replicates ± SD. Significant differences among treatments for each genotype, separately, were assessed by the Fisher LSD test. Trait means with the same letter do not significantly differ at p < 0.05. 
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Figure 3. Content of total glutathione (tGSH) in wheat flag leaves of six winter wheat genotypes under control and two drought treatments (T1 = VSMC − 45%, T2 = VSMC − 65%). Data are average values of six biological replicates ± SD. Significant differences among treatments for each genotype, separately, were assessed by the Fisher LSD test. Trait means with the same letter do not significantly differ at p < 0.05. 
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Figure 4. The activity of (A) ascorbate peroxidase (APX), (B) glutathione reductase (GR), (C) dehydroascorbate reductase (DHAR), (D) monodehydroascorbate (MDHAR), (E) catalase (CAT), and (F) glutathione S-transferase (GST) in wheat flag leaves of six winter wheat genotypes under control and two drought treatments (T1 = VSMC − 45%, T2 = VSMC − 65%). Data are average values of six biological replicates ± SD. Significant differences among treatments for each genotype, separately, were assessed by the Fisher LSD test. Trait means with the same letter do not significantly differ at p < 0.05. 
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Figure 5. Relatively expression levels of DHN5 (A), WZY2 (B), P5CS (C), DREB1 (D), and DREB2 (E) in wheat flag leaves of six winter wheat genotypes under control and two drought treatments (T1 = VSMC − 45%, T2 = VSMC − 65%). Data are average values of three biological replicates ± SD. Significant differences among treatments, for each genotype, separately, were assessed by the Fisher LSD test. Trait means with the same letter do not significantly different at p < 0.05. 
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Figure 6. Grain weight (A), grain area (B), grain width (C), grain length (D), and grain circularity (E) after harvest of six winter wheat genotypes under control and two drought treatments (T1 = VSMC − 45%, T2 = VSMC − 65%). Data are average values of six biological replicates ± SD. Significant differences among treatments, for each genotype, separately, were assessed by the Fisher LSD test. Trait means with the same letter do not significantly differ at p < 0.05. 
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Table 1. Origin and tolerance of wheat genotypes to drought.






Table 1. Origin and tolerance of wheat genotypes to drought.





	Wheat Cultivar
	Origin
	Registration Year
	Drought Tolerance





	Bubnjar
	AIO, HR
	2016
	tolerant



	Pepeljuga
	AIO, HR
	2017
	medium tolerant



	Anđelka
	AIO, HR
	2008
	medium tolerant



	Rujana
	AIO, HR
	2017
	medium sensitive



	Fifi
	AIO, HR
	2016
	medium sensitive



	Silvija
	AIO, HR
	2010
	sensitive







Abbreviations: AIO, Agricultural Institute Osijek; HR, Croatia.













 





Table 2. Oligonucleotide primer sequences.






Table 2. Oligonucleotide primer sequences.





	Target Gene
	GenBank

Accession No.
	Product Length (bp)
	Forward Primer
	Tm

and

%CG
	Reverse Primer
	Tm

and

%CG





	P5CS
	KT868850
	85
	ccggtgaatggcagagtaat
	60 °C, 50%
	ccccacggagaactttaaca
	60 °C, 50%



	DHN5
	AY619566
	99
	agaagaagggcatcatggac
	59.1 °C, 50%
	ggcacctccactctcagaag
	60 °C, 60%



	WZY2
	KF112871
	142
	tcgttcgtcgtggtagtctg
	59.9 °C, 55%
	atgaccttgctgtccgtagg
	60 °C, 55%



	DREB1
	DQ195070
	80
	gttggtacccaacccaagtg
	60.1 °C, 55%
	aacagaacgaagcagggcta
	60 °C, 50%



	DREB2
	AY781345.1
	121
	ccacagctcgttcaaagtga
	60 °C, 50%
	atgccattcaaaaaccaagc
	60 °C, 40%



	actin
	AK457930
	215
	tgaccgtatgagcaaggag
	58 °C, 53%
	ccagacaactcgcaacttag
	60 °C, 50%
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