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Abstract

:

Drought stress is one of the main environmental challenges that dramatically reduce global rice production within several agricultural ecosystems. Breeding drought-tolerant rice genotypes is an important sustainable strategy to overcome this constraint. In this work, drought tolerance levels were assessed according to biochemical, anatomical, and molecular aspects, which led to selecting three promising crosses (Sakha 107 × Sakha super 300, Sakha 107 × M206, and Sakha 107 × Sakha 108) that were compared with their parents as controls. The antioxidant capabilities of the chosen potential crosses, such as the ascorbate peroxidase activity (APX), superoxide dismutase activity (SOD), catalase activity (CAT), and total phenolics, were significantly higher compared with their parents under drought stress. Moreover, the promising selected crosses could accumulate greater proline and chlorophyll contents. The potential superiority of the three selected rice crosses was anatomically represented throughout cross-sections of roots, stems, and leaves, which recorded higher values of cross-section diameter, epidermal thickness, cortex thickness, mesophyll thickness, and bundle sheath thickness as well as a broader range of xylem vessel diameters than their parents under a water deficit. The observed superiority of the antioxidant activities in the overall drought-tolerance mechanisms and anatomical characteristics reflected their protective role in the adaptation process under water stress. Molecular analyses using inter-simple sequence repeat (ISSR) markers suggested two promising crosses (Sakha 107 × Sakha super 300 and Sakha 107 × M206) to be the most suitable crosses for saving water. They had the highest similarity values and were grouped in a distinct cluster. The relative gene expression of OsACS2, OsCML31, OsCYP94C2a, and OsSRO1c was significantly elevated in the two selected drought-tolerant rice genotypes (Sakha 107 × Sakha super 300 and Sakha 107 × M206).






Keywords:


rice; drought stress; biochemical changes; anatomical changes; inter-simple sequence repeats (ISSRs); gene expression












1. Introduction


Rice (Oryza sativa L.) is the primary source of caloric intake for more than half of the world population [1,2]. Drought, salinity, heavy metals, cold, and high temperatures are many forms of abiotic stress that rice experiences during the growth stage [3]. Drought has mainly reduced rice yields by 25.4% over the previous two decades [4], making it one of the most severe stress factors that prevent rice grain yields to reach optimal production. Rice is a crop that is very sensitive to drought stress and notoriously consumes a large amount of irrigation water [5]. Rice’s vulnerability to drought stress has hindered efforts to minimize water use related to this semi-aquatic crop [6]. Thus, the greatest method to boost rice output is to create new drought-resistant rice genotypes with high yield potential [7].



According to the USDA’s Foreign Agricultural Services (FAS) in Cairo, Egypt’s rice output is expected to exceed 4.0 million metric tons (MMT) in 2020/2021, with cultivated land covering 451,164 hectares [8]. The amount of irrigation water accessible from the Nile River is not only limited; it is also annually declining. In addition, a shortage of water reduced the yields of 15.2% of the rice fields [9]. As a result, breeding for drought-tolerant rice lines is critical for Egypt’s rice cultivation.



Drought resistance is a multifaceted feature that is regulated by four main physiological mechanisms: escape, avoidance, tolerance, and recovery [10]. The characteristics of drought tolerance might be morphological, physiological, or yield-related. Drought-tolerant genotypes may be easily identified by testing for many drought-tolerance-related traits simultaneously [11]. One of the main goals of drought tolerance is to breed a new genotype with the best yield potential [12,13].



Rice has a relatively efficient antioxidant defense system to counter ROS-induced oxidative damage [14]. There is a greater increase in antioxidant enzyme and metabolite concentrations in tolerant cultivars than in susceptible cultivars [15]. Abscisic acid (ABA), which is transported from roots to the canopy, causes water shortages in the leaf organs [16]. Rice cultivars with varying levels of drought tolerance should possess better antioxidant defense systems and proline contents.



Water deficiency can alter anatomical traits at the level of damage and trigger a successful adaptive response [17]. Drought-exposed leaf, stem, and root tissues exhibit variations in their responses [18]. The likely contributions of leaf, stem, and root structures to rice genotypes’ drought resistance may be addressed succinctly by analyzing variations in tissue structures from distinct genotypes under normal and drought circumstances [19].



Molecular methods indirectly aid in determining complicated features without the requirement for extensive and labor-intensive phenotypic assessments by facilitating the identification of genomic regions connected to traits of interest [20]. ISSR markers are PCR-based markers that are useful in various phases of the breeding process and are very informative and cost-effective in finding genetic linkages between different rice genotypes [21,22]. ISSR markers have been employed to investigate cereal genetic diversity and evolutionary relationships [23] as well as gene tagging in molecular assisted selection [24] and DNA fingerprinting [25].



Given the above, the biochemical and anatomical reactions in the new promising rice crosses were used to investigate the degree of tolerance under drought stress. Furthermore, ISSR markers and gene expression were recruited to evaluate genetic diversity and identify new promising crosses with distinct responses to drought.




2. Materials and Methods


Rice is grown annually in Egypt during the summer season, which ranges from April until the end of October, and is distributed in the Nile Delta areas, which resemble Mediterranean climates, especially the Kafr-El-Sheikh Governorate (31.3° N 30.93° E).



The average temperatures were 28.30 °C; 28.30 °C; 31.32 °C; and 32.33 °C during the rice growth periods from May to August for 2020 and 2022, respectively.



The research was carried out at the experimental farm of the Rice Research and Training Center (RRTC) of the Sakha Agricultural Station at Kafr El-Skeikh and the Agricultural Genetic Engineering Research Institute (AGERI) of Egypt’s Agricultural Research Center (ARC) during the period from the 2020 to 2022 seasons. Line by tester system analyses were used in the 2020 season to identify superior crosses based on various vegetative and yield characteristics during the 2021 season. Moreover, a gene expression analysis was conducted during the 2022 season.



2.1. Plant Materials


Giza 177, Sakha 105, Sakha 106, Sakha 107, Sakha 108, GZ10101-5, Hispagran, Sakha super 300, and M206 were chosen for our current research to represent a broad range of genetic variation and various responses to drought. That year’s growing season yielded a total of 18 crossbreeding combinations of the genotypes described above. During the rice-growing season of 2020, the parental lines were crossed, and during the 2021 season the parents and their F1 crosses were assessed in normal and drought circumstances. These genotypes were tested for their morphological, physiological, grain yield, and other characteristics. Three novel drought-tolerant potential crosses and their parental genotypes were chosen for the research based on the outcomes of these studies. Listed below are the genotypes’ codes, names, pedigrees, and drought tolerance levels (Table 1). The Agricultural Research Center, Egypt, provided the genotypes.




2.2. Drought Stress Induction


A cyclic irrigation system was imposed two weeks after transplanting every 4 and 12 d in the cases of normal irrigation and the drought condition, respectively. After 21 d, the water supply was terminated after complete flooding with 5 cm of standing water.




2.3. Biochemical Analysis


Rice genotype leaves were investigated under normal and drought conditions for biochemical alterations to better understand how drought affects plants’ biochemical processes. A pre-chilled mortar and pestle were used to grind the leaves for 20 min at 4 °C in an extraction buffer comprising a 100 mmol/L potassium phosphate buffer (pH 7.0), 0.5% Triton X-100, and 1% polyvinylpyrrolidone (PVP). Enzyme tests were performed using the centrifuged supernatant as a sample. The technique described by Nakano et al. in 1987 [26] was used to assess the APX activity. The assessment of SOD activity was performed using a previously described technique [27]. The CAT activity was measured using a standard technique [28]. The Total Soluble Phenols (TSPs) assay was conducted using a previously described method [29]. Proline content determination was performed using a related assay [30]. Finally, the total chlorophyll (Chl.) concentration was determined as mg/g fresh weight per 1 g of fresh leaves overnight at 5 °C using 5 mL of dimethylformamide, where chlorophyll a, chlorophyll b, and the carotenoid concentration were separately spectrophotometrically determined at wavelengths of 663, 645, and 470 nm [31].




2.4. Anatomical Investigation


Drought stress caused certain anatomical alterations in the structure of the rice genotypes’ leaves, stems, and roots, which were anatomically investigated. Samples were obtained from the tip of the second leaf, 0.5 cm after the second stem node, and 0.5 cm from the tip of the chosen genotypes. A series of butyl alcohols were used to kill, fix, wash, and dehydrate the specimens (56–58 °C). Sections with a thickness of 15 µ were produced using a model 820 rotary microtome, dyed with a safranin–light green combination, glued on slides, and mounted on Canada balsam [32]. Photographic micrographs were taken after microscopic examinations of the slides. Scientists used a Zeiss Axiostar plus Research Microscope that could be upgraded to a professional digital image processing system to conduct the morphometric analyses (Carl Zeiss Axiovision Product Suite DVD 30). Measurements of various cells and tissues were taken with an ocular micrometer, where the exact values were calculated with a factor derived by comparing the ocular with stage micrometers.




2.5. Molecular Analysis


These genotypes were genetically selected for their ability to cope with drought. A previously described procedure [33] was used to harvest genomic DNA from 5–6 fresh seedling leaves for each genotype. Using a spectrophotometer and ethidium bromide staining of a 0.5% agarose gel, the quality and amount of DNA were determined. A sterile TE buffer was used to dilute the stock DNA accessions to working concentrations of 10 mg/mL, which were then used in the PCR analysis. For the research, ‘IDT, Integrated DNA technologies’ produced 10 ISSR-PCR (inter-simple sequence repeat–polymerase chain reaction) primers (Table 2). It was necessary to perform the amplification reactions using the previously provided instructions [34]. For the electrophoresis of ISSR products, agarose gels containing 1.4% (w/w) agarose were immersed in 1x TBE buffer and then stained with a solution of ethidium bromide for 20 min. Genomic DNA was analyzed using Biorad’s Gel Documentation System employing a UV trans-illuminator (USA). We conducted the PCR procedures three times for each primer to ensure the repeatability and reliability of the ISSR markers. A Bio-Rad Ladder (100 pb) was run in the gel as a standard size marker to assess ISSR fragment sizes. The amplified bands were given a score of 1 if they were present and a score of 0 if they were absent. A dice coefficient was used to obtain the genetic similarity coefficient (GS) among the genotypes analyzed [35]. The cluster analysis made use of a similarity matrix. Taxonomies were created using a cluster analysis that helped to organize the observed data. As a first stage, the distances between each accession were specified by the distance metric used for that accession (dice coefficient). However, the average distance between all pairs of accessions in two separate clusters was used to compute the distance between two clusters after numerous accessions had been connected. This technique is known as the Unweight Pair Group Method with Arithmetic Mean (UPGMA) [35].




2.6. Gene Expression Analysis


The relative expression of the OsACS2, OsCML31, OsCYP94C2a, and OsSRO1c genes in response to drought stress (osmotic treatments) was investigated in the three promising crosses (Sakha 107 × M206, Sakha 107 × Sakha super 300, and Sakha 108 × M206), along with a drought-sensitive check cross (Giza 177 × Hispagran). To analyze the expression pattern of these genes, the kernels of all selected rice genotypes were manually de-husked and then surface-disinfected [36] during the 2022 season. The seeds were soaked in 70% EtOH for 1 min and then washed two times with dH2O. Subsequently, the seeds were treated with a 1% solution of NaClO (sodium hypochlorite) plus a few drops of tween 20% for 30 min with gentle agitation. The seeds were then washed 5 times with sterilized H2O under a hood and allowed to air dry for 5 min on sterile fertile paper. The seeds were then sown on sterile manually made cotton beads settled in sterile glass baby food jars. The seeds were hydrated with sterilized H2O and allowed to grow until the age of 10 d. At this time, the third leaf should have been well extended. At this stage, the osmotic stress of a −0.5 MPa osmotic potential was triggered by removing the water from the jars and replacing it with 205 mM sorbitol. The control plants were supplied with new dH2O. Both the control and treated plants were incubated at room temperature (23 ± 1 °C) for 3 d until the osmotic stress symptoms started to be noted. The third leaves of at least 3–5 plants were dissected and immediately transitioned into Liquid Nitrogen (LN) and then stored at −80 °C for subsequent molecular analysis.



2.6.1. Total RNA Isolation and First-Strand cDNA Synthesis


Total RNA was isolated from control and treated rice leaves (approximately 100 mg for each sample) using Direct-zolTM RNA miniprep (Zymo Research, Irvine, CA, USA) according to the manufacturer’s instructions. The quality of the isolated RNA was spectrophotometrically examined using a Nanodrop system (Thermo Fisher Scientific, Waltham, MA, USA) and visually examined using 1.5% agarose gel electrophoresis stained with ethidium bromide to a final concentration of 0.5 µg/mL. The samples were separated using a Mupid-exu electrophoresis (Mupid, Tokyo, Japan) cell unit by applying an electric current of 7 V/cm; applicably, 100 V was applied for 10 min for all casted agarose gels. Consequently, agarose gel images were obtained using a Gel Documentation System (Biorad, Hercules, CA, USA). The first-strand cDNA was synthesized using 400 ng of total RNA for all samples to normalize the expression level using a COSMO cDNA synthesis kit (Willowfort, Birmingham, UK). The synthesized cDNA was diluted at a ratio of 1 to 5 using DNase/RRNase-free water and was then used for subsequent PCR tests to measure the relative expression of several drought stress marker genes [37,38].




2.6.2. Quantifying Relative Gene Expression


The relative gene expression was quantified via a Gel express method using a conventional PCR assay [39]. The PCR test for each sample constituted (I) 10 µL of PCR master mix including Taq DNA polymerase, buffer, MgCl2, and dNTPs mix (amaR OnePCR, Genedirex, Taiwan); (II) 0.5 µL of each forward and reverse primer (10 µM each); (III) 5 µL of diluted cDNA; and (IV) 4 µL of sterilized dH2O. The thermal cycler program (T100 Thermal Cycler, Biorad, USA) was as follows: 94 °C for 3 min as an initial denaturation; 29 cycles of 94 °C for 1 min, 58 °C for 30 s, and 72 °C for 1 min; then incubation at 72 °C for 5 min as a final extension step. The reaction was stopped by incubating the samples for at least 20 min at 4 °C. Four target genes were investigated in this work in addition to the reference gene. They are listed in Table 3. As an essential part of the Gel express method, PCR amplicon products were visualized in 1.5% agarose gels. All PCR samples were typically electrophoresed under the same conditions. The agarose gels were stained with 0.5 µg/mL ethidium bromide (final concentration), the loaded PCR product volume for each sample was ideally 5 µL, and the applied current was 100V for 10 min. Image production was achieved using the Gel Doc System (Biorad, Hercules, CA, USA), meaning that each gel image was ideally produced under the same conditions for the zoom value, image enhancement, agarose gel size, and number of wells.





2.7. Statistical Analyses


The selected promising crosses and their parents were subjected to a separated randomized complete block design (RCBD) with three replications under cyclic normal irrigation (every 4 d) or water deficit (every 12 d). An analysis of variance (ANOVA) was used to test for significant differences among different drought levels (PTreatments), rice genotypes (PGenotypes), and their interaction (PTreatments × genotypes). Tukey’s honestly significant difference (HSD) test was used for post hoc analysis (PTreatments × genotypes < 0.05). On the other hand, all other trials were performed in a completely randomized design [40]. An ANOVA followed by an HSD test was used to test the significant differences among different rice genotypes (p < 0.05).





3. Results


3.1. Effect of Drought Stress on the Biochemical Characterization of Leaves of New Promising Rice (Oryza sativa L.) Genotypes and Their Parents under Normal and Drought Conditions


The activities of APX (Figure 1A), SOD (Figure 1B), CAT (Figure 1C), and TSP (Figure 1D) were significantly increased to various extents in the leaves of the promising rice genotypes under drought stress compared to the normal irrigation. The highest activity was recorded with the crosses of Sakha 107 × Sakha super 300 and Sakha 107 × M206. The results also noted that the proline accumulation varied across all genotypes. The proline quantity of the dryness-subjected plants’ leaves dramatically grew (Figure 1E). A significant enhancement in proline accumulation was noted with Sakha 107 × Sakha super 300 and Sakha 107 × M206 compared to the remaining crosses and parents. The Chl concentration was decreased in all genotypes under drought stress compared to the normal conditions. However, in the Sakha 107 × Sakha super 300 and Sakha 107 × M206 crosses, the Chl concentration was increased significantly compared with the other genotypes under drought conditions (Figure 1F).




3.2. Effect of Drought Stress on Root Anatomical Features of New Promising Rice (Oryza sativa L.) Genotypes and Their Parents under Drought Conditions 60 d after Sowing


Figure 2 elucidates the differences in root anatomical parameters between the promising crosses and their parental lines when grown during a water shortage. The crosses Sakha 107 × Sakha super 300 and Sakha 107 × M206 showed larger root diameters (Figure 2A) compared to their parents. Anatomical parameters such as the thickness of the epidermis (μm) (Figure 2B), the thickness of the cortex (μm) (Figure 2C), and the vascular cylinder diameter (μ) (Figure 2D) were increased in the promising crosses compared to their parents. However, the xylem vessel numbers (Figure 2F) were markedly increased in the parents Sakha 107 and M206, and the xylem vessel diameters (μ) (Figure 2E) in the promising crosses were greatly increased compared to those in their parents.




3.3. Effect of Drought Stress on Stem Anatomical Features of New Promising Rice (Oryza sativa L.) Genotypes and Their Parents under Drought Conditions 60 d after Sowing


Figure 3 reflects the underlying results of stem anatomical parameter measurement during drought stress. The stem cross-sectional (Figure 3A) (µm) and xylem vessel diameters (Figure 3G) (µm) increased in the crosses Sakha 107 × M206 and Sakha 107 × Sakha super 300 compared to their parents. In addition, the epidermis thickness (Figure 3B) (µm) and cortex thickness (Figure 3C) (µm) were significantly increased in the same crosses compared to their parents. The vascular bundle number (Figure 3E) (µm) of the crosses’ stems was unchanged from that of their parents. However, a significant increase in the vascular bundle diameter was observed in the promising crosses’ stems.




3.4. Effect of Drought Stress on Leaves’ Anatomical Features in New Promising Rice (Oryza sativa L.) Genotypes and Their Parents under Drought Conditions 60 d after Sowing


Figure 4 reveals the structural changes in leaves of crosses and parents under drought stress. The leaf thickness (Figure 4A) (µm) and mesophyll thickness (Figure 4B) (µm) significantly increased in the crosses Sakha 107 × M206 and Sakha 107 × Sakha super 300 compared to their parents. In terms of vascular components, the two mentioned crosses showed considerable increases in the xylem and vascular bundle diameters (Figure 4F) (µm) compared to their parents. We discovered a considerable increase in the mid-vein leaf thickness (Figure 4D) (µm) of crosses for the mid-vein parameters. Furthermore, analogously with their parents, the bundle sheath thickness (Figure 4C) (µm) was dramatically increased in the leaf mid-vein of the promising crosses.




3.5. Molecular Analyses of Rice Genotypes


Genetic relationships among the genotypes (parents and crosses) with different responses to drought, namely, Sakha 107 × Sakha super 300, Sakha 107 × M206, Sakha 108 × M206, Sakha 107, Sakha 108, Sakha super 300, and M206, were determined via ISSR analysis. Ten ISSR primers were used to measure the similarity degree among the selected genotypes (Table 4 and Figure 5). The 10 primers yielded a total of 82 alleles, including 44 polymorphic and 38 monomorphic markers. Primer 3 was found to have a high polymorphism rate of 92.30%. Primers 6, 7, 9, and 10 were, inversely, found to have a low polymorphism rate of 0.00%. Polymorphism rates ranged from 42.85 to 77.77% for the other primers. In the seven chosen genotypes, the overall proportion of polymorphic markers for all primers was 53.33%, indicating modest genetic diversity. The ISSR-5 primer amplified the most ISSR loci (14 bands); however, the ISSR-3 primer had the greatest polymorphism ratio of 92.30% (Table 4).



The genotypes were divided into two major groups by a distance tree demonstrating the genetic distance using a cluster analysis (Figure 6). The first major cluster had just one genotype: Sakha 108. Meanwhile, there were two sub-clusters in the second major cluster of genotypes. The first sub-cluster consisted of one genotype: Sakha 108 × M206. The second sub-cluster was divided into two groups: Sakha 107 × Sakha Super 300, Sakha 107 × M206, and Sakha 107 grouped together in the first group, and the two genotypes Sakha Super 300 and M206 grouped together in the second group. Table 5 tabulates the pair-wise genetic similarity estimates for the seven genotypes utilized herein. The similarity coefficient varied between 88.2 and 78.1%. The crosses Sakha 107 × Sakha Super 300 and Sakha 107 × M206 had the most similarities (88.2%). The cross Sakha 107 × Sakha Super 300 and its parent Sakha 107 had the second greatest similarity (88.1%), while the cross Sakha 107 × M206 and Sakha 107 had the third highest similarity (88.0%). By considering the large distances among other genotypes, these results were also substantiated by the fact that these genotypes have different origins with a high genetic variation level.




3.6. Gene Expression Changes in the Rice Genotypes due to Drought Stress


The relative expression of osACS2 (encodes 1-aminocyclopropane-1-carboxylic acid synthase, a key ethylene biosynthesis enzyme) was investigated in four rice genotypes (Giza 177 × Hispagran, Sakha 108 × M206, Sakha 107 × M206, and Sakha 107 × Sakha Super 300) under control and drought stress conditions. It was found that OsACS2 was highly expressed in response to drought stress compared to the control condition, with the Sakha 107 × M206 and Sakha 107 × Sakha Super 300 genotypes showing 3.4- and 2.7-fold increases, respectively (Figure 7A,C). Furthermore, both rice genotypes showed a higher level of expression of OsACS2, averaging a 7.25-fold increase compared to the genotypes Giza 177 × Hispagran and Sakha 108 × M206. The OsCML31 gene encodes the calcium signaling protein calmodulin-related sensor protein. As portrayed in Figure 7B,D, the two rice genotypes Sakha 107 × M206 and Sakha 107 ×Sakha super 300 significantly elevated their expression of CML31 compared to control conditions. The stressed genotype Sakha 107 × Sakha super 300 elevated OsCML31 expression to approximately 21 times higher than in the control plants, while the genotype Sakha 107 × M206, under stress conditions, could increase OsCML31 expression by nearly 130-fold compared with the control condition. Both rice genotypes could express the OsCML31 gene more than the other two genotypes (Giza 177 × Hispagran and Sakha 108 × M206), with an average increase of 6.2-fold.



The expression of OsCYP94C2a (Cytochrome P450 of the subfamily CYP94 subclade C member 2a) was also quantified. Like the previous findings of OsACS2 and OsCML31, both the Sakha 107 × M206 (2.2-fold) and Sakha 107 × Sakha super 300 (5.1-fold) genotypes increased the expression of OsCYP94C2a in response to drought stress compared to the control condition (Figure 8A,C). In addition, the expression of OsCYP94C2a in the Sakha 107 × M206 and Sakha 107 × Sakha super 300 genotypes was the highest under drought stress, with a 5.7-fold average increase compared to Giza 177 × Hispagran and Sakha 108 × M206 (Figure 8A,C). The expression of OsSRO1c (encodes Similar to Radical-induced cell death One protein) was also quantified and was found to be significantly up-regulated in all investigated genotypes in response to drought stress (Figure 8B,D). Nevertheless, the expression of OsSRO1c was drastically higher in drought-stressed Sakha 107 × M206 and Sakha 107 × Sakha super 300 plants compared to the Giza 177 × Hispagran and Sakha 108 × M206 genotypes relative to the corresponding control ones. Furthermore, the former two genotypes expressed the gene OsSRO1c significantly more than the last two genotypes, with an average increase of 4-fold.



The mean performances of three chosen superior crosses for some yields and their components compared with their parental lines are presented in Table 6. The line Sakha 108 and tester M206, as the parental genotypes, as well as their cross combinations Sakha 108 × M206 and Sakha 107 × M206 had superior values for panicles/plant numbers under both normal and water stress conditions.



With respect to the 1000-grain weight, the parent M206 recorded the highest mean value (29.63 g) under the normal irrigation system, whilst the Sakha 107 rice cultivar reached the peak value (28.64 g) under the water stress condition. However, the peak mean value for the 1000-grain weight was recorded with the cross of Sakha 108 × M206 under the normal irrigation system (33.35 g), while the highest 1000-grain weight value was recorded with the cross of Sakha 107 × M206 (31.59 g) under water stress conditions. Regarding the grain yield/plant, both Sakha 108 and M206 significantly maximized the mean and par values (47.96 and 47.64 g/plant), followed by Sakha super 300 (45.06 g/plant) and Sakha 107 (44.56 g/plant), under the normal irrigation system. Meanwhile, Sakha 107 showed remarkable superiority (41.54 g/plant), followed by the rest of the parental cultivars, which significantly recorded the par values 39.84, 39.54, and 39.35 g/plant with the M206, Sakha super 300, and Sakha 108 rice cultivars under water stress conditions, respectively. On the other hand, the chosen cross Sakha 108 × M206 recorded the peak mean value for grain yield/plant (55.63 g/plant), followed by the second chosen cross Sakha 107 × M206 (55.21 g/plant), under the normal irrigation system. Under the drought stress condition, the opposite arrangement of the chosen crosses occurred and the cross Sakha 107 × M206 recorded the highest mean grain yield value (48.06 g/plant), followed by the two remaining selected crosses (46.91 and 46.84 g/plant, respectively).





4. Discussion


Rice, which requires a lot of water for growth and development [41], has a significant challenge during a water shortage. As a result, one of the most significant environmental variables restricting plant growth and development is drought [42]. The lack of knowledge of the genetics and inheritance of drought tolerance characteristics, alongside a full misunderstanding of physiological drought tolerance features and drought processes, is a huge setback in drought tolerance breeding. Selecting secondary features that contribute to drought tolerance in breeding programs may also boost the production and roots in water-limited conditions. To find the true potential of drought-resistant genotypes, we combined the findings of phenotypic, physiological, and grain yield research with genomic data and genetic diversity studies.



When plants are subjected to drought, their generation of reactive oxygen species (ROS) rises, resulting in lipid peroxidation, protein denaturation, DNA mutation, and cellular oxidative damage [43]. Induced antioxidant enzyme activities in plants are a natural way for plants to combat oxidative damage in a hostile environment [44]. Herein, we measured antioxidant enzyme activities. In a drought setting, APX, SOD, and CAT exhibited a greater degree of induction. The level of TSP was similarly increased in the promising crosses. Antioxidant enzymes and phenols are critical for scavenging H2O2 toxicity. The joint action of CAT and SOD turns the lethal superoxide radical (O2) and hydrogen H2O2 into the water and molecular oxygen under unfavorable conditions such as drought stress (O2) [45,46].



Additionally, the drought stress dramatically increased the content of proline in rice crosses’ leaves. These findings indicated that plants’ production of these osmotic modifications is a widespread response to drought. Osmotic adjustment via buildup of a cellular solute, such as proline, has been proposed as one of the probable ways to overcome osmotic stress produced by a decrease in cellular water [47]. Proline is a non-protein amino acid that develops in most tissues when they are exposed to water stress and is quickly reduced when a drought is terminated [48]. Proline is important for maintaining cell membrane integrity, the stability of enzymes, and proteins [49].



The observed changes in Chl agreed well with a previous study [50], which revealed that the synthesis of photosynthetic pigments being lost or reduced under drought stress is a common avenue and is directly associated with plant biomass and yield reduction. The two crosses Sakha 107 × Sakha super 300 and Sakha 107 × M206 had the greatest Chl among all genotypes when drought stress occurred. According to these results, drought stress reduced the chlorophyll variability in rice leaves in possibly tolerant genotypes [51].



Anatomical root, stem, and leaf alterations are required to explain the differences between parents and crosses under water stress, and therefore, to comprehend the processes utilized by promising crosses to cope with drought. The obtained results indicated that the root and xylem vessel diameters significantly increased in promising crosses. These findings fit well with those of Al-Khalifah et al. (2006) [52], who illustrated a link between the xylem channel diameter and water conductivity maintenance. Drought-tolerant genotypes may grow bigger xylem vessels and roots with greater diameters only on rare occasions to enhance water intake when it becomes available. The thickness of the epidermis (μ), cortex (μ), and vascular cylinder (μ) were all enhanced compared with their parents. Recently, the root cortex thickness has been shown to be decreased in sensitive rice cultivars exposed to water deprivation [53]. In the promising crosses subjected to water shortage, the cross-sectional stem area, pith, and xylem vessel diameter all increased. The epidermis, cortex thickness, and number of vascular bundles were also significantly increased in the crosses compared to the parents. Most leaf anatomical structures are strongly impacted by water deprivation in plants [54]. Since leaves are the principal organs of internal water removal, drought-tolerant rice genotypes perform leaf anatomical modifications to conserve water. Similarly, it was discovered that the mid-vein thickness of leaves, mesophyll, and bundle sheaths for the promising crosses significantly increased compared with the parents’ values. Overall, from the anatomical point of view, stems were more resistant to water shortage than roots and leaves. However, the rice cultivars with greater stem areas and higher stem xylem diameters maintained high leaf water potential under water restriction [55]. There was a positive link between the total stem and leaf xylem areas of drought-stressed rice [56]. All these qualities gave the morphological foundation for drought tolerance in promising rice genotypes via the capacity to modify their root, stem, and leaf structures. Consequently, they may live and develop in water-stressed circumstances.



For drought improvement, several studies have relied on phenotypic selection. As a result, developments in DNA molecular markers and their capacity to identify genomic areas linked with significant features would be more beneficial (e.g., drought tolerance). ISSR markers are useful because they offer a rapid, accurate, and comprehensive method that may also be utilized to develop genetic and genomic fingerprinting [57]. ISSR markers were employed herein to measure the genetic diversity and to identify the prospective crosses by comparing these parents at the molecular level.



The obtained results indicated that molecular polymorphisms were detected among the selected genotypes using 10 ISSR markers. Six of the ten tested primers showed polymorphisms for genotypes. A total of 44 amplified polymorphic fragments were detected, and the highest numbers of alleles were detected with the primers ISSR 6, 10, 9, 18, 3, and 5, with 12, 10, 9, 7, 3, and 3 alleles, respectively. These polymorphic bands were used to determine the drought tolerance in rice genotypes. The clustering pattern and similarity index indicated that there was a close relationship between Sakha 107 × Sakha super 300 and Sakha 107 × M206, mostly because they were developed from the tolerant parent (Sakha 107). On this premise, the crosses Sakha 107 × Sakha super 300 and Sakha 107 × M206 are proposed as the most acceptable crosses for drought tolerance, which have the greatest similarity value and clustered in a unique cluster.



These findings also suggest that ISSR markers may be a superior tool for studying drought tolerance. A relationship between GA repeats and rice variety abiotic stress resistance (salinity, drought, and flood) was previously claimed [58]. The results indicate that ISSR markers linked to GA 8 YG may be used to identify genes/new alleles associated with the three abiotic stresses in rice germplasm and can be used to differentiate three groups of stress-tolerant genotypes. ISSR markers based on AG and GA repeats were also employed to differentiate geographically different Oryza nivara accessions [59]. As previously reported for rice and tomato [58,59], the primer (GATA) might assist in recognizing all kinds and is acceptable for fingerprinting.



Drought tolerance is a multiplex plant trait with broad integrated molecular responses, which mainly comprise two main steps: (i) stress sensing/signaling and (ii) promoting molecular, physiological, and phonological adaptive changes [60]. The fine-tuning of hormone homeostasis is crucial for creating an adaptive and efficient link among different molecular responses to drought stress in a spatio-temporal manner [61]. Ethylene (C2H2) is a well-acknowledged gaseous plant stress hormone that contributes to plant development and the response to drought, flooding, low temperature, and salinity stress [62]. Under drought stress mimicked by osmotic stress, the expression of OsACS2 (encodes 1-aminocyclopropane-1-carboxylic acid synthase, a key ethylene biosynthesis enzyme) was significantly elevated in the two most drought-tolerant rice genotypes (Sakha 107 × M206 and Sakha 107 × Sakha super 300). Ethylene was reported to be associated with enhancing plant antioxidative machinery under stress. The two drought-tolerant rice genotypes obviously accumulated higher amounts of proline [63]. Furthermore, the ethylene-responsive factor OsWR1 was induced in transgenic rice lines and enhanced drought tolerance by increasing wax production in rice [64].



In this study, the contribution of calcium signaling in rice under drought stress was noted. Like OsACS2, the most drought-sensitive genotypes showed the highest level of OsCML31 gene expression. OsCML31 was reported to be significantly responsive under drought, salt, and alkalinity stress in rice [36]. Calcium ions are crucial second messengers in plants and are essential for efficient stress sensing and signal transduction, the process that eventually could trigger an adaptive response to drought stress in terms of early stomatal closure and H2O2 production [65,66]. This assumption could be supported by the significant up-regulation of OsSRO1c (related to stomatal closure) in the two drought-tolerant crosses Sakha 107 × M206 and Sakha 107 × Sakha super 300 in response to osmotic stress compared to other rice genotypes. OsROC1c is a rice homologue of SRO (similar to RCD one), which was identified as a direct target gene of SNAC1 (stress-responsive NAC 1), which is involved in the regulation of the stomatal aperture and the oxidative response [67,68].



Finally, the catabolic turnover of jasmonic acid was found to be associated with rice’s tolerance to abiotic stress [37]. OsCYP94C2a, which encodes the jasmonic-acid-degrading enzyme Cytochrome P450 of the subfamily CYP94 subclade C member 2a, was highly expressed in rice under osmotic and salt stress in the Egyptian rice genotype Sakha 101 [38]. In this study, OsCYP94C2a was strongly expressed in the most drought-sensitive rice genotypes. Jasmonic acid (JA) is a growth-inhibiting stress hormone associated with retarded root and shoot growth [68]. It is believed that the regulation of JA biosynthesis/turnover is essential in setting up the balance between growth and adaptation in plants under abiotic stress. Yang et al. (2012) [69] reported that jasmonic acid could interfere with the gibberellic acid signaling cascade and inhibit growth in favor of defense by re-allocating carbon energy towards adaptation or resistance mechanisms. It could be assumed that drought-tolerant genotypes could efficiently degrade jasmonic acid using the enzyme CYP94C2A more than other rice genotypes under drought stress [70].



It could be concluded that crossing genotypes with varying degrees of drought tolerance, as shown in this study, may have resulted in valuable transgressive segregates with improved drought resistance. The results have significant implications for rice breeding, particularly in terms of choosing drought-tolerant genotypes at the molecular level in the lab and facilitating drought breeding programs. Drought stress has become a severe threat to food security in the developing world as well as in Egypt. Although water is required during all growth periods of the rice plant, there are some critical growth stages when drought stress has a serious impact and creates massive reductions in the quantities of yields.



Rice’s responses to drought stress and its tolerance level can be measured by monitoring different anatomical, biochemical, and molecular changes during a drought period. The responses of plants to drought are complex, and different morphological and biochemical mechanisms are involved within plants during drought.



These mechanisms can occur via different avenues. One avenue was the genetic background of the parental lines that were used in the crosses to develop new combinations that were more tolerant to abiotic stress, especially water stress. According to the yield trails, the parents Sakha 108 and M206 registered higher numbers for panicles/plant, 1000-grain weight, and grain yield/plant under normal irrigation, while under drought stress the parents Sakha 107 and M206 recorded the highest values for all yield attributes. The cross of Sakha 108 × M206 occupied the first position for all studied yield trails under normal conditions. Similarly, under stress, the cross combinations Sakha 107 × M206 and Sakha 107 × Sakha super 300 ranked first and second for all yield attributes, respectively. With regards to the annual average temperature fluctuation during the life span of rice plants, it increased by 2 0, as the temperature was higher in 2022 than in the previous season, which resulted in earlier flowering and led to a greater yield. Secondly, the selected superior crosses showed remarkable evidence for their anatomical, biochemical, and molecular advanced differentiation and tended to be more tolerant to drought stress. Thirdly, drought is escaped by rapid development, which allows plants to finish their life span before severe water stress. Fourthly, drought is avoided by increasing water uptake and reducing the transpiration rate, stomatal conductance, and leaf area. Fifthly, drought tolerance is increased by maintaining tissue turgor during water stress via osmotic adjustment, allowing plants to maintain growth under water stress. The biosynthesis of the most famous amino acid (proline, which is related to the enzyme pyrroline-5-carboxylate synthetase) as an osmo-protectant indicates water stress.




5. Conclusions


From this study, it could be concluded that the crosses Sakha 107 × Sakha super 300 and Sakha 107 × M206 were tolerant of drought stress based on the positive responses of the antioxidant enzymes. Furthermore, the various structural factors may have aided drought tolerance, allowing the plant to alter its root, stem, and leaf structures, which were identified as highly significant outcomes for drought tolerance in the Egyptian rice genotypes. The genetic analysis using ISSR markers, gene expression, and polymorphic bands identified genetic markers that might be used to examine the speed of drought-tolerant genotypes that can be detected using a molecular laboratory. These crosses could be used in a breeding program to obtain a new promising hybrid that is more applicable during a water shortage.
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Figure 1. Biochemical characterization of leaves of new promising rice (Oryza sativa L.) genotypes and their parents under normal and drought conditions. (A) Ascorbate peroxidase (APX) activity, (B) superoxide dismutase (SOD) activity, (C) catalase (CAT) activity, (D) total phenols, (E) proline content, and (F) total chlorophyll. Data presented are the means ± SDs of three biological replicates. Significance letters were generated based on the p-value of the interaction between treatments (as the main plots) and genotypes (as subplots) that were mentioned (p treatment × genotypes). Different letters indicate statistically significant differences among treatments according to Tukey’s honestly significant difference (HSD) test (p Treatment × genotypes ≤ 0.05), whereas the same letters indicate no statistically significant differences among them. 
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Figure 2. Root anatomical features of new promising rice (Oryza sativa L.) genotypes and their parents under drought conditions 60 d after sowing. (A) Root diameter, (B) epidermis thickness, (C) cortex thickness, (D) vascular cylinder diameter, (E) xylem vessel diameter, and (F) number of xylem vessels. Data presented are the means ± SDs of three biological replicates. Different letters indicate statistically significant differences among treatments according to Tukey’s honestly significant difference (HSD) test (p ≤ 0.05), whereas the same letters indicate no statistically significant differences among them. 
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Figure 3. Stem anatomical features of new promising rice (Oryza sativa L.) genotypes and their parents under drought conditions 60 d after sowing. (A) Stem thickness, (B) epidermis thickness, (C) cortex thickness, (D) vascular bundle diameter, (E) number of vascular bundles, (F) xylem diameter, and (G) pith diameter. Data presented are the means ± SDs of three biological replicates. Different letters indicate statistically significant differences among treatments according to Tukey’s honestly significant difference (HSD) test (p ≤ 0.05), whereas the same letters indicate no statistically significant differences among them. 






Figure 3. Stem anatomical features of new promising rice (Oryza sativa L.) genotypes and their parents under drought conditions 60 d after sowing. (A) Stem thickness, (B) epidermis thickness, (C) cortex thickness, (D) vascular bundle diameter, (E) number of vascular bundles, (F) xylem diameter, and (G) pith diameter. Data presented are the means ± SDs of three biological replicates. Different letters indicate statistically significant differences among treatments according to Tukey’s honestly significant difference (HSD) test (p ≤ 0.05), whereas the same letters indicate no statistically significant differences among them.



[image: Agronomy 13 02542 g003]







[image: Agronomy 13 02542 g004] 





Figure 4. Leaf anatomical features of new promising rice (Oryza sativa L.) genotypes and their parents under drought conditions 60 d after sowing. (A) Leaf thickness, (B) mesophyll thickness, (C) bundle sheath thickness, (D) mid-vein thickness, (E) vascular bundle thickness, and (F) xylem vessel diameter. Data presented are the means ± SDs of three biological replicates. Different letters indicate statistically significant differences among treatments according to Tukey’s honestly significant difference (HSD) test (p ≤ 0.05), whereas the same letters indicate no statistically significant differences among them. 
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Figure 5. Amplification profiles of 10 ISSR markers in 7 new promising rice (Oryza sativa L.) genotypes and their parents under drought conditions 60 d after sowing. 
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Figure 6. UPGMA tree declaring the genetic relationships among 7 new promising rice (Oryza sativa L.) genotypes and their parents based on ISSR markers. 
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Figure 7. Quantifying gene expression profile of OsACS2 (encodes 1-aminocyclopropane-1-carboxylic acid synthase, a key ethylene biosynthesis enzyme) and OsCML31 (encodes Calmodulin-related calcium sensor protein) in response to osmotic stress in 4 new genetically different Egyptian rice lines. (A,B) Agarose gel electrophoresis shows the migration of PCR products representing OsACS2 and OsCML31 genes under control and salinity stress, respectively. (C,D) represent the quantification of relative OsACS2 and OsCML31 gene expression depending on image analysis of (A) and (B), respectively. M indicates 100 bp DNA ladder. The lowercase letters in (C,D) indicate statistically significant differences at p < 0.05. 
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Figure 8. Quantifying gene expression profile of OsCYP94C2a (Cytochrome P450 of the subfamily CYP94 subclade C member 2a) and OsSRO1c (encodes Similar to Radical-induced cell death One protein) in response to osmotic stress in 4 new genetically different Egyptian rice lines. In (A) and (B), agarose gel electrophoresis shows the migration of PCR products representing OsCYP94C2a and OsSRO1c genes under control and salinity stress, respectively. (C,D) represent the quantification of relative OsACS2 and OsCML31 gene expression depending on image analysis of (A) and (B), respectively. M indicates 100 bp DNA ladder. The lowercase letters in (C,D) indicate statistically significant differences at p < 0.05. 
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Table 1. Codes, names, drought tolerance degrees, and pedigrees of rice genotypes that were used in this study.
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	No.
	Genotype Code
	Genotype Name
	Drought Tolerance Degree
	Pedigree





	1
	Sakha 107 × Sakha super 300
	New cross
	Tolerant
	Selected from Sakha 107 × Sakha super 300



	2
	Sakha 107 × M206
	New cross
	Tolerant
	Selected from Sakha 107 × M206



	3
	Sakha 108 × M206
	New cross
	Moderate tolerance
	Selected from Sakha 108 × M206



	4
	Sakha 107
	Cultivar
	Tolerant
	Giza 177/BL1



	5
	Sakha 108
	Cultivar
	Sensitive
	Sakha 101/HR5824-B-3-2-1



	6
	Sakha super 300
	Cultivar
	Moderate tolerance
	Unknown



	7
	M206
	American line
	Moderate tolerance
	M-202/M204










 





Table 2. The ISSR primer sequences utilized to identify variation in novel drought-tolerant crosses and their parents.
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Primer’s Name (ISSR)

	
Sequence of Primers (5′–3′)






	
−1

	
ACACACACACACACACYT




	
−2

	
GTGTGTGTGTGTGTGTYG




	
−3

	
CGCGATAGATAGATAGATA




	
−4

	
GATAGATAGATAGATAGC




	
−5

	
GACAGACAGACAGACAAT




	
−6

	
ACACACACACACACACYA




	
−7

	
AGAGAGAGAGAGAGAGYT




	
−8

	
HVHCACACACACACACAT




	
−9

	
HVHTCCTCCTCCTCCTCC




	
−10

	
HVHTGTGTGTGTGTGTGT




	

	
H = (A, G, or T), V = (C, G, or T), and Y = (A or G).
















 





Table 3. The sequences of forward and reverse primers for target and reference genes.
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Gene Name

	
Gene Function

	
Accession Number (MSU)

	
Primers: Forward (5′ to 3′) and Reverse (5′ to 3′)






	
Actin

	
Reference gene

	
LOC_Os10g36650

	
F:

	
ATG CCA TTC TTC TCC GTC TT




	

	

	

	
R:

	
GCT CCT GCT CGT AGTC




	
OsACS2

	
Ethylene synthesis

	
LOC_Os04g48850

	
F:

	
CACTAACGCACGTCTCTACAA




	

	

	

	
R:

	
GTGTTCTTTCCGATGCAGGTA




	
OsCML31

	
Calcium Signaling

	
LOC_Os01g72530

	
F:

	
CTGATCCCTCCGCTAGCTC




	

	

	

	
R:

	
AACCAATCAAGTGAACTGAGCA




	
OsCYP94C2a

	
Jasmonates Turnover

	
LOC_Os11g05380

	
F:

	
GGAGACTTCACTTCTACTGCAACA




	

	

	

	
R:

	
ACGAGGAAACCATGACGAAC




	
OsSRO1c

	
Stomatal Closure

	
LOC_Os03g12820

	
F:

	
CCGTGGCTGAATTCGACTAA




	

	

	

	
R:

	
CCGTAAACTCCCGAAACTGAA











 





Table 4. The base sequence, total number of alleles, polymorphic bands, monomorphic bands, and percentage of polymorphism revealed by each of 10 primers in chosen rice genotypes that were wholly calculated.
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	Primer’s Name
	Base Sequence
	Number of Alleles
	Polymorphic Bands
	Monomorphic Bands
	Polymorphism (%)





	ISSR-1
	(AC)8 YT
	6
	3
	3
	50



	ISSR-2
	(GT)8YG
	7
	3
	4
	42.85



	ISSR-3
	CGC (GATA)4
	13
	12
	1
	92.30



	ISSR-4
	(GATA)4 GC
	11
	9
	2
	81.81



	ISSR-5
	(GACA)4 AT
	14
	10
	4
	71.42



	ISSR-6
	(AC)8 YA
	6
	0
	6
	0



	ISSR-7
	(AG)8 YT
	4
	0
	4
	0



	ISSR-8
	HVH (CA)7 T
	9
	7
	2
	77.77



	ISSR-9
	HVH (TCC)5
	6
	0
	6
	0



	ISSR-10
	HVH (TG)7 T
	6
	0
	6
	0



	Total
	-
	82
	44
	38
	53.33










 





Table 5. Genetic similarity of 10 ISSR markers among seven rice genotypes.
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	Similarity and Rice Genotypes
	Sakha 107 × Sakha Super 300
	Sakha 107 × M206
	Sakha 108 × M206
	Sakha 107
	Sakha 108
	Sakha Super 300





	Sakha 107 × Sakha Super 300
	-
	-
	-
	-
	-
	-



	Sakha 107 × M206
	88.2%
	-
	-
	-
	-
	-



	Sakha 108 × M206
	81.5%
	79.6%
	-
	-
	-
	-



	Sakha 107
	88.1%
	88.0%
	86.7%
	-
	-
	-



	Sakha 108
	78.1%
	81.4%
	81.8%
	83.0%
	-
	-



	Sakha Super 300
	83.2%
	83.0%
	79.8%
	86.6%
	79.8%
	-



	M206
	82.8%
	82.7%
	83.2%
	88.0%
	79.6%
	84.8%










 





Table 6. Mean performances for some yields and their components of three chosen superior crosses and their parents under normal and drought stress conditions in 2022 growing season.
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Genotypes

	
NOP

	
TGW

	
GY




	
N

	
D

	
N

	
D

	
N

	
D






	
Sakha 107 × Sakha super 300

	
27.00

	
23.00

	
29.92

	
29.69

	
55.07

	
46.91




	
Sakha 107 × M206

	
28.00

	
27.00

	
31.25

	
30.59

	
55.21

	
48.06




	
Sakha 108 × M206

	
29.00

	
26.00

	
33.35

	
28.33

	
55.63

	
46.84




	
Sakha 107

	
20.30

	
19.00

	
29.42

	
28.64

	
44.56

	
41.54




	
Sakha 108

	
23.33

	
18.00

	
29.46

	
28.21

	
47.96

	
39.35




	
Sakha super 300

	
21.17

	
17.00

	
29.28

	
27.51

	
45.06

	
39.54




	
M206

	
22.27

	
18.00

	
29.63

	
28.60

	
47.64

	
39.84








NOP: number of panicles/plant, TGW: 1000-grain weight (g), GY: grain yield/plant (g), N: normal, D: drought.
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