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Abstract

:

Drought stress is a serious problem around the globe and particularly in the Republic of Iraq. Rice is the third most consumed crop for the Iraqi people; however, its cultivation and production is very low due to several challenges including drought. The current study was performed to evaluate five Iraqi rice cultivars along with relevant (drought-tolerant and drought-susceptible) controls under drought stress, either by treatment with 10% PEG (polyethylene glycol) or through water withholding to induce natural drought stress. The phenotypes of all the cultivars were evaluated and the transcriptional responses of key drought-responsive candidate genes, identified through the EST-SSR marker-based approach, were studied. We also studied transcript accumulation of drought-related transcriptional factors, such as OsGRASS23, OsbZIP12, and OsDREB2A. Moreover, the reference cultivars also included a drought-tolerant inter-specific cultivar Nerica 7 (a cross between Oryza sativa ssp. indica X O. glaberrima). Among the cultivars, the more drought-tolerant phenotypic characteristics and higher transcript accumulation of drought-related marker genes OsE647 and OsE1899 and transcriptional factors OsGRASS23, OsbZIP12, and OsDREB2A were observed in four (out of five) significantly drought-tolerant Iraqi cultivars; Mashkab, followed by Furat, Yasmen, and Amber 33. On another note, Amber Barka was found to be significantly drought susceptible. Mashkab and Amber Barka were found to be the most drought-tolerant and-susceptible cultivars, respectively. The identified tolerant cultivars may potentially serve as a genetic source for the incorporation of drought-tolerant phenotypes in rice.
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1. Introduction


Rice is the staple food of more than three billion people in the world [1], and it plays a key role in food security in Iraq and different countries [2]. Due to its semi-aquatic nature, rice can be cultivated in different ecological conditions, such as rain-fed uplands or lowlands and irrigated lands, depending upon water availability. Its growth and production have been adversely affected by different biotic and abiotic factors, especially drought.



Drought is considered a natural phenomenon and is commonly defined as a period without significant rainfall (shortage of water), resulting in extensive damage to crops, and an immense loss of yields [3,4]. The effect of water-deficiency-causing drought in the Republic of Iraq is a serious problem, which is considered as a major threat to the Middle Eastern countries [5,6]. Different organisms show different responses to environmental stress, depending on age, developmental stage, and previous stress experiences [7]. Different effects occur in plants following stress exposure at different levels, such as molecular, physiological, and biochemical changes, depending on implied factors, including genotype, stress severity, and developmental stage [8,9]. The yield under severe drought stress conditions is significantly reduced by 70% compared to the yield under normal conditions [10]. Hence, drought mitigation through developing drought-tolerant varieties with higher yields suitable for water-limiting environments is a key factor in improving production once the average yield drops [11]. In the last couple of decades, understanding the mechanism of how plants respond to water deficit stress at a molecular level, as well as a whole plant, has increased [12,13]. Plants show different mechanisms and specific physiologic responses to drought stress including reduced plant growth and productivity, decreased CO2 assimilation, membrane injury and damage of the affected tissues, and in some cases even inhibition of enzyme activity [14]. Plants can adapt to drought stress through drought escape, drought avoidance, and drought tolerance mechanisms [15]. Several drought-responsive genes such as OsGRAS23 [16], DREB2A [17], and bZIPs [18] with their specific roles have been identified in different plants through molecular and genomic analyses, especially in rice. The signaling pathways are induced and different components play their role, such as transducers, stress signals, transcription regulators, and stress-responsive gene expression, after exposure to drought stress [19]. First, stress is perceived by plants, and then specific stress-responsive genes are expressed. According to several investigations, abscisic acid and reactive oxygen species are produced as a response to drought stress, and these compounds induce stomatal closure and stress-responsive gene expression, as well as transcription factors that regulate drought-related genes expression [20]. Different plant species and cultivars that have good natural drought-resistant properties have been recommended by researchers, hoping to reduce drought stress on the lands growing the crops [21,22]. Hence, various rice genotypes with drought tolerance must be identified which can be used for direct cultivation and as gene donors in breeding programs for developing high-yielding drought-tolerant varieties.



Molecular markers are useful for detecting high-degree rice polymorphism [23,24] and are therefore ideal for the studies on genetic diversity. Drought is difficult to manage through conventional phenotypic selection for improving crop yield through marker-assisted selection [25]. It is noteworthy that plant breeding can be developed through molecular marker systems, and the molecular tools have increased the speed and accuracy in getting the desired goals in agriculture. Molecular markers were investigated to significantly detect high-density rice polymorphism [23,24]. Developing molecular markers and using them in genetics are important aspects of studying plant adaptation to drought [26]. Single sequence repeats (SSRs) have been used to evaluate the markers of choice in several areas of genetic diversity studies in rice due to their efficiency, abundance in the rice genome, and high level of polymorphism with reproducible reliable results [27]. The Expressed Sequence Tags (ESTs) can be used as an inexpensive alternative, which is considered as a byproduct of genetic sequence data. They represent transcribed genes that can be developed from another molecular marker, such as SSRs [28]. They are cost-effective and can easily be developed through database mining, using recent bioinformatics tools [29]. Previous studies have shown that the genes OsE647 and OsE1899 are also involved in plant stress responses in various plant species [30,31]. Furthermore, on the bases of a previous study conducted by [32], OsE647 and OsE1899 can be used as a marker gene in studies related to drought stress. Drought stress induces the expression of a series of genes in plants that play a vital role in the stress responses, and their transcription is mostly controlled by transcription factors [33]. In this regard, several TFs have been identified which play a significant role in the regulation of plant responses to stresses [34], such as AP2 TFs including DREB and CBF proteins that bind with dehydration elements to control the transcription of genes involved in stress responses [35]. The osmotic stress-induced OsGRASS23, that acts as a TF, and its overexpression enhances resistance of rice to drought stress [16]. Previous studies have shown that various rice bZIP TFs are also playing a key role in biotic and abiotic stress responses [36]. In the current study, we evaluated the characteristics of Iraqi rice cultivars under drought stress conditions. Furthermore, one of the objectives was to analyze the transcriptional response of plants to water shortage at a significantly early time preferably in hours (for which we analyzed the transcript accumulation of candidate genes identified through EST-SSR-based assessment following drought stress) along with the effects of drought stress at later time points. For this purpose, we evaluated the target varieties using both hydroponic and soil-based approaches. Hence, using the robustness of hydroponics to determine early responses and late responses from soil grown plants.




2. Materials and Methods


2.1. Plant Materials and Growth


The experiment was conducted during June–July 2019 in the growth chamber and in the greenhouse, at the Kyungpook National University, Daegu, Republic of Korea. A total of 10 rice cultivars of the Japonica and Indica origins were used in the current study. IRAT 112 (O.sativa subsp. indica) [37] and Nagdong (O.sativa subsp. japonica) [38] cultivars were used as the drought-tolerant control, whereas IR64 O.sativa subsp. indica) [39,40] and Ilmi (O.sativa subsp. japonica) [41] were used as the drought-susceptible control. Nerica 7 (a cross between African and Asian (Japonica) origins, i.e., Oryza. sativa (Indica) and O. glaberrima (Japonica) was used as a tolerant cultivar, being well-adapted to upland and lowland ecosystems [42,43]. The list of the candidate and control cultivars is given in Table 1.



A total of 120 seeds per candidate and control cultivars were surface sterilized in prochloraz solution at a proportion of 125 µL/250 mL of distilled water for 3 h using an electric shaker, followed by rinsing thrice with distilled water for 3 h. The seeds were then germinated on a plate lined with tissue paper at an average temperature of 25 °C and 16-h/8-h light-dark cycle for 5 d. Thereafter, vigorous and uniform seedlings were transferred to the corresponding medium, either soil or hydroponic culture media for an additional 9 days before exposing them to water-deprived conditions. Finally, 14-day-old rice seedlings were put under drought stress conditions in a growth chamber. To induce PEG (polyethylene glycol)-mediated drought stress, the seedlings were grown in Hoagland solution added with 10% PEG 6000 (Daejung Chemicals Siheung-si, Republic of Korea) under growth chamber conditions. For the experiments to be conducted in soil trays or pots, horticulture soil was obtained from Hungnong, Republic of Korea. After sterilization, the soil was cooled down to room temperature and filled in plastic trays (58.5 cm × 28 cm). The trays were then irrigated and covered with transparent lids until the soil was saturated with water and ready for transferring the vigorous seedlings. The trays transplanted with the seedlings were then transferred to the greenhouse.




2.2. Evaluation of Rice Cultivars under PEG and Water-Deprived Conditions


Two types of approaches were used to assess the response of the cultivars under drought stress. In the first one, plants were subjected to 10 % PEG 6000 as described earlier [45]. Briefly, the germinated seedlings were carefully transplanted in six-well tissue culture plates (SPL Life Sciences Gyeonggi-do, Republic of Korea) containing Hoagland solution [46]. The plants were allowed to acclimatize in these plates for 2 weeks in a growth chamber. After 2 weeks, a modified Hoagland solution, having 10% polyethylene glycol [47], was added to the plants in the culture plates. Samples for gene expression assessment were taken at 3 and 6 h after PEG treatment along with the untreated controls for comparison. For symptom development evaluation, the plants were allowed to grow for 14 d more. Data on root and shoot development and leaf drying percentage was calculated for plants under PEG-induced stress and normal conditions. In the second approach, candidate and control cultivars were also transferred to pots containing soil. The pots were half-filled with water to simulate flooded field conditions. The plants were grown under these conditions for 2 weeks for acclimatization and then subjected to drought stress by draining the remaining water and not watering them for 5 d [48]. The phenotypes were evaluated and photos were taken from the drought-stressed plants in comparison with the plants growing under normal conditions. The drought-stressed plants were then re-watered to allow recovery for 1 week. After a week, the phenotypic responses were observed, and data on the number of green tillers out of the total tillers were recorded to indicate recovery from drought stress. The cultivars were scored for drought tolerance according to the scale previously described by [49], as shown in Table 2.




2.3. Measurement of Chlorophyll Content (SPAD Value)


The chlorophyll contents in the leaves were measured during and after recovery from the stress period [3,51]. A SPAD meter (SPAD-502., Minolta Co., Ltd., Japan.) was used, following the method previously described [52].




2.4. Quantitative Real-Time PCR (qRT-PCR) Analysis


Total RNA was extracted using the Trizol reagent (Tri-SolutionTM, BSK-BIO, Daegu, Republic of Korea) method as per manufacturer standard protocol. About 1 µg RNA was used to make complementary DNA using the BioFACT RT kit (BioFACT™, Daejeon, Republic of Korea). The synthesized cDNA was then used as a template in the Eco™ real-time PCR machine (Illumina, San Diego, CA, USA) to evaluate the transcript accumulation of selected genes as previously described [53]. A 2X real-time PCR mix (including SYBR® Green I BioFACT™, Daejeon, Republic of Korea), along with 100 ng of template DNA and 10 nM of each primer in a final volume of 20 mL was used as reaction mixture for each sample. A no-template control [54] having nuclease-free water instead of template DNA was used as a negative control. A two-step PCR reaction was set up for 40 cycles under the following conditions: polymerase activation at 95 °C for 15 min, denaturation at 95 °C for 15 s, annealing, and extension at 60 °C for 30 s. The melting curves were assessed at 60 °C for verification of amplicon specificity for each primer pair, and actin was used as the internal reference gene. In this study, we used three key genes (OsbZIP, OsDREB2, and OsGRASS23) related to the drought stress-related TFs and two EST-SSR marker genes (OsE647 and OsE1899) to evaluate the expression of these selected genes under the PEG-induced drought stress. The detailed list of drought-related markers used in this study are given in (Supplementary Table S1).




2.5. Statistical Analysis


All the experiments were performed three times. Each time, all the treatments were replicated at least three times. Data from all the replicates of all the experiments were pooled and means were calculated. All the data were statistically analyzed through Duncan’s multiple range test (DMRT) using the Statistic Analysis System (SAS 9.1). The level of significance was p < 0.05. The data was then visualized using GraphPad Prism software (version 6.0, San Diego, CA, USA).





3. Results


3.1. Evaluation of the Rice Cultivars after PEG-Induced Stress


Our results revealed that after 24 h, the Iraqi rice cultivars Yasmen and Mashkab, together with control cultivar Nerica 7, showed the highest and fastest seed germination, attaining 100% germination after 48 h, compared with the rest of the cultivars (Supplementary Figure S1). Furthermore, 10% PEG solution was applied to induce drought stress conditions. The results indicated that the Iraqi rice cultivar Ambar Barka was the most sensitive to PEG-induced drought stress, having a 100% leaf drying area. However, the drought-sensitive controls IR64 and ILMI showed 33.6% and 38.3% leaf drying area, respectively (Figure 1A). On another note, the most tolerant Iraqi cultivars were Mashkab, Furat, and Yasmen, having 6.2%, 10.4%, and 12% leaf drying area, respectively. The drought-tolerant controls, Nagdong, Nerica 7, and IRAT112, exhibited 16.27%, 20.5%, and 23% leaf drying area, respectively (Figure 1A). For visual reference, the leaves of the 10 tested cultivars grown under normal conditions (Hoagland only) and drought stress conditions (modified Hoagland, i.e., Hoagland + 10% PEG) were photographed (Figure 1B).



The results of the PEG-induced stress also revealed varying degrees of reduction (%) in shoot lengths of the tested cultivars, compared with plants grown under normal conditions. The maximum shoot length reduction was recorded for the Iraqi cultivar Furat (54%), followed by ILMI (28.4%), then IR64 (25.3%). The minimum shoot length reduction was recorded for the cultivar Yasmen (3.8%), followed by the drought-tolerant japonica control Nagdong (8.1%), then Amber Barka (9.5%). The drought-tolerant indica control (IRAT112) revealed a reduction of 11.7% in its shoot length under PEG-induced stress conditions. Shoot length reduction data of all the tested cultivars are presented in (Figure 2A).



On another note, PEG-induced stress also resulted in varying levels of root length reduction of all tested cultivars, compared with normally grown plants. The minimum root length reduction was recorded for IRAT 112, with only 1.7% in comparison to its root length without PEG-induced stress. Among the Iraqi cultivars, Mashkab (6%) was the least affected cultivar in terms of root length reduction under stress conditions, followed by Yasmen (10%), and then Amber 33 (11.2%). The drought-sensitive indica control (IR 64) and Amber Barka revealed similar maximum root length reduction (34.7%), followed by the drought-sensitive japonica control ILMI (31.6%). The moderately tolerant japonica (Nagdong) cultivar reduced its root length by 17.6% under the PEG-induced stress. The inter-specific cultivar Nerica 7 (drought-tolerant) had a root length reduction of 8.5%. The results of this parameter are given in (Figure 3A).



Plants of all the cultivars continuously exposed to PEG-induced stress for 10 d were transferred to new six-well tissue culture plates, and Hoagland solution was added without 10% PEG to get the plants out of the stressed conditions to evaluate the cultivars’ recovering ability. The 10%-PEG-treated plants’ parametric values were quantified, and the recovery percentage was calculated after the recovery period (7 days). Based on the results, the maximum recovery (50%) was attained by the Iraqi cultivar Mashkab, followed by IRAT 112, Furat, and Nerica 7 with 41.6% each. The minimum recovery percentage was recorded for Amber Barka (8.3%) and ILMI (16.6%). Interestingly, the IR64 (drought-susceptible indica control) and the Nagdong (moderately drought-tolerant japonica control) recovered by 25% each. These results are presented in (Figure 4A).




3.2. Molecular Characterization of the Rice Cultivars under PEG-Induced Drought Stress


The transcript accumulation of the key drought-responsive transcription factor (TF) genes was assessed for the molecular characterization of rice cultivars under PEG-induced drought stress. The results revealed differential expression of the marker genes in the evaluated cultivars. The highest transcript accumulation of the OsbZIP TF gene was recorded for Mashkab at 3 h of exposure to PEG-induced stress, followed by IRAT112, Amber 33, and Nerica 7. Furat, Yasmen, and Nagdong have increasing trends at 3–6 h post-treatment. Amber Barka and ILMI revealed a lower expression of OsbZIP (Figure 5A). OsDREB2A was another important marker gene that was evaluated. The highest accumulation of OsDREB2A was in Yasmen, followed by Mashkab at 3 h of the treatment, but the expression was decreased at 6 h of the treatment (Figure 5B). After 6 h, the transcript accumulation of OsGRASS23 was upregulated in Yasmen and drought-tolerant control Irat112 (Figure 5C). After 3 h, the transcript accumulation of the OsE647 marker gene was higher in Mashkab, followed by Yasmen, Furat, IRAT112, and Nagdong. In the drought-sensitive IR64 and ILMI, OsE647 expression was lower. For Amber 33, an increasing trend was observed later at 6 h of 10% PEG treatment (Figure 6A). The highest transcript accumulation of the OsE1899 marker gene was revealed for IRAT 112 and Mashkab at 3 h of PEG treatment, followed by Furat, and Yasmen. Interestingly, the expression of this gene was increased at 3 h of the treatment while decreased in all of the cultivars at 6 h of treatment. The expression was lower in drought-susceptible control ILMI, followed by Amber Barka and Amber 33 (Figure 6B).




3.3. Phenotypic Evaluation of Rice Cultivars under Water Deficit Conditions (Greenhouse)


3.3.1. Induction of Drought Stress under Greenhouse Conditions


To evaluate the plants under water deficit conditions to induce the drought stress, plants grown in pots in greenhouse for 15 days after transplantation and submergence in water, were exposed to water deficit by shifting the pots containing plants to dried trays. The plants were deprived of water for 5 d to induce drought stress. It was observed that among the tested cultivars the drought-tolerant cultivar was Mashkab whereas, the susceptible one was Amber Barka. At 96 h of water deficit conditions in the greenhouse, drought stress was observable in all the cultivars, and the wilting, rolling, and curling symptoms typical to drought stress were prominent (Figure 7).




3.3.2. The Recovery Phase of Drought-Stressed Plants


After exposure of the plants to drought stress induced by water deficit conditions for 5 d, the plants were re-watered. Plants were monitored for 7 d as a recovery phase. (Figure 8A) reveals the recovery (%) in terms of green tillers after the recovery phase for all of the cultivars. Cultivars with less than 50% recovery were considered as drought-sensitive, otherwise drought-tolerant. Based on the experiment, the Mashkab revealed a maximum recovery of 100%, being the most drought-tolerant cultivar, followed by Furat, Nerica 7, Amber 33, and Nagdong with 85.6%, 82.6%, 79.5%, and 61.2% recovery, respectively. ILMI was the most sensitive among the cultivars, with 19% recovery, whereas IR64 had a 36.8% recovery. Two cultivars, Yasmen and Amber Barka, also revealed to be sensitive, with 46% and 41% recovery, respectively (Figure 8A). All tested cultivars were photographed after the recovery phase along with the control plants for comparison. The images are presented in (Figure 8B) for better visual comparison.





3.4. Chlorophyll Content of the Plants


Drought conditions reduced the chlorophyll content of the plants, and that is why in the current experiment, the chlorophyll contents of the drought-stressed plants were measured and compared with the plants grown under normal conditions. The results revealed that the chlorophyll content of the drought-sensitive ILMI cultivar was reduced by 85.3%, compared with plants grown under normal conditions, followed by Nagdong, being drought-tolerant, but a reduction of 52.7% chlorophyll content was observed. The least affected cultivar in terms of chlorophyll content was Nerica 7, with an 8.6% reduction. Mashkab exhibited the least reduction in chlorophyll content among the Iraqi cultivars, with only 9.1% reduction, followed by Furat, Amber 33, and IRAT 112 with 15.3%, 19.4%, and 21.5% reduction, respectively (Figure 9).





4. Discussion


Drought stress is a major threat to global food security because it adversely affects crop production. Rice is among the major crops grown in Iraq, and it consumes more water in comparison to other crops. Unfortunately, Iraq is on the list of countries that may potentially face a major drought threat in the near future, which has been estimated to result in large-scale famine [55]. Dry seasons often coincide with the winter as well as summer crops in Iraq. In 2018, facing an unusually harsh drought, the agriculture ministry suspended the cultivation of rice, corn, and other cereals, which need large quantities of water. The decision slashed the income of rice farmers, who usually earn between 300,000 and 500,000 dinars ($240 to $400) a year per dunum (https://phys.org/news/2018-07-iraq-treasured-amber-rice-crop.html). The same year, the total area under cultivation was reduced by 50% (https://www.thenational.ae/world/mena/iraq-s-cultivated-areas-reduced-by-half-as-drought-tightens-grip-1.756996).



Therefore, it is high time to evaluate existing rice cultivars in Iraq for drought tolerance. The current study was performed to evaluate the drought response of multiple rice cultivars grown commonly throughout Iraq. The results revealed that the Iraqi cultivars Yasmen and Mashkab are the fastest germinating cultivars, as shown in Table 1, and faster germinating abilities are considered among the desirable traits of crops like rice [56,57]. The plants which show early leaf rolling during drought stress are drought-susceptible as indicated by the level of leaf drying [58]. The Amber Barka revealed to be the most sensitive cultivar among the tested cultivars, in terms of leaf drying percentage, having 100% drying percentage and rolling of its leaves under PEG-induced drought conditions compared to control conditions (Figure 1A). On another note, Mashkab proved to be tolerant in terms of leaf drying under the stress conditions, as it had only a 6.2% leaf drying percentage (Figure 1A). In general, the plants challenged with water deficit conditions showed reduced shoot growth and the number of roots [59]. Our results for the shoot reduction percentage suggested that the Yasmin cultivar was least affected whereas Furat the most, among the tested cultivars towards drought stress (Figure 2A). Except for the shoot reduction percentage, other phenotypic evaluation such as leaf drying percentage (Figure 1A,B), root length reduction percentage (Figure 3A,B), and recovery percentage from PEG-induced drought condition (Figure 4A,B) suggested that Mashkab is the most tolerant while Amber was the most sensitive cultivar among the tested Iraqi cultivars. These traits indicate the tolerance levels of the cultivars, which implies that their drought tolerance response is actively regulated, and the genetic composition of the tolerant cultivars is better than the sensitive cultivars in terms of drought tolerance. The responses of all the cultivars under study to PEG-induced drought stress in a hydroponic culture, and drought stress treatment in a pot experiment have been summarized in Supplementary Tables S2 and S3. Previous reports suggest that drought stress affects seed germination, seedling growth, and other physiological parameters [39,60,61]. Root development is significant for plants during adaptation to drought stress since water and nutrients are acquired from the soil or any other nutrient solution in the case of plants grown in a hydroponic medium [62]. Properties, such as root growth and size, are considered the earliest morphological characteristics in selecting drought-tolerant varieties. Other reports also discussed the significance of roots under drought conditions and suggested that roots suffer the ill effects of water deficit more than shoots [63]. Therefore, a deep rooting system is a desirable trait in rice improvement programs under drought stress [64].



The response of different genotypes to drought stress is different depending upon their innate molecular mechanism and thereby the expression and regulation of drought-stressed related genes [65]. We, therefore, sought to determine the transcript accumulation of key drought-related genes associated with drought-related markers (OsE647 and OsE1899) and transcriptional factors (OsBZIP, OsDREB2A, and OsGRAS23). There are a number of genes and/or transcription factors that have reported roles in drought tolerance in rice. A comprehensive detail of these genes is given in a review article by [66]. Based on the availability of marker genes and available resources, we have focused on the transcription factors that are commonly used in drought stress such as OsBZIP, and the novel OsGRAS23 transcription factor. OsBZIP TFs are already known for their role in drought responses. OsDREB2A has been shown to respond to drought stress at an early time point ranging from 40 minutes to 10hrs [67]. OsGRAS23 is a novel drought responsive transcription factor induced by drought, NaCl, and jasmonic acid, and is located in a drought-resistant QTL interval on chromosome 4 of rice [16]. This shows that the genes under study are representative drought-responsive genes. The expression of these genes/TFs was to validate the phenotypic response of the tested cultivars towards drought stress and were not marker-based selection. Our study will help in selection of plant material for such studies for example, and also will help the farmers to prioritize cultivars for growth when a drought condition is expected. Our results suggested that Mashkab shows more transcript accumulation of OsE647 and OsE1899 at 3 h of PEG treatment (Figure 6A,B) suggesting that the tolerant response of Mashkab might be due to the early induction of transcriptional machinery. This was further confirmed by the high induction of OsbZIP and OsDREB2A, the two important drought-related transcription factors after 3 h of PEG treatment (Figure 5A,B). The previous research evaluated that OsE647 and OsE1899 are involved in the response to stress in other plant species [30,31]. OsGRAS23, a rice GRAS transcription factor gene, is involved in drought stress response through regulating the expression of stress-responsive genes [16]. Transcription factors of the basic leucine zipper [68] family have a significant role in stress mitigation in all eukaryotes. In plants, bZIPs regulate major development and physiological processes including photomorphogenesis, leaf and seed formation, energy homeostasis, and abiotic and biotic stress responses [18]. The dehydration-responsive element-binding protein2a (DREB2A) transcription factor controls drought-related inducible gene expression and requires post-translational modification for its activation [17]. So, keeping in mind the role of the above drought-related TFs, we measured their expression in all rice cultivars which were used in this study. In the current study, the expression of the above TFs was significantly high in Mashkab, which indicates that this is the most drought-tolerant cultivar and could be a potential source of drought-tolerant genes.



Although there are some statistical similarities in the expression of marker genes between the tolerant check (Nerica 7) and identified susceptible cultivar Amber Barka, the relatively similar expression patterns of markers genes OsE647, and OsE1899 in Ambar Barka and the drought-tolerant check Nerica 7, alone are not enough to warrant drought-tolerance responses in Amber Barka as all the other parameters studied indicated that Ambar Barka is the most susceptible cultivar. It is already known that plant stress responses are regulated at several different levels ranging from phenotypic features to regulation at transcriptional and proteome level. Furthermore, the expression patterns of the above-mentioned makers in Amber Barka are completely different from the other drought-tolerant check Irat112, indicating different mechanisms of drought tolerance in different cultivars.



The effects of drought stress on the chlorophyll content of the plants were a result of photosynthetic efficiency (yield) decrease [69]. Therefore, we were interested to see the reduction in chlorophyll content in both tolerant and sensitive cultivars. We observed that Mashkab exhibited the least chlorophyll content reduction (9.1%) compared to other tested Iraqi cultivars while Yasmin and Amber Barka showed more reduction in chlorophyll contents (Figure 9A). An overall view of the results indicates that among the cultivars under study Furat, Yasmen, Mashkab, and Amber 33 either performed better than or statistically similar to the drought-tolerant checks for most of the parameters such as the reduction in root length, number of plants recovered following drought stress and the expression of DREB2A, GRASS23, E647, and E189. Furthermore, Mashkab was found to be the most drought-tolerant cultivar with significantly higher values for the different parameters under study. An obvious and interesting feature of the drought-tolerant cultivars under study, the response was found to be most significant after 3hrs of the treatment than after 6hrs of the treatment indicating a significantly robust control of drought-responsive mechanisms in these plants. The observed differences in the transcriptional responses at 3 and 6hrs might be due to the strategy of the plant to reserve metabolic energy for other processes [53]. Therefore, a gene might be induced when is required and may come to basal level after the desired function is completed. Furthermore, the drought-tolerant checks Irat112 and Nerica7 are both indica type. Irat112 was developed in 1983 by hybridization with the mutant variety IRAT13 (obtained by irradiation with chronic gamma rays). Higher tillering, early maturity, and drought tolerance are the main attributes of the variety [70]. Nerica7 (New Rice for Africa) was released in the year 2000 and developed by crossing O. sativa and O. glaberrima (often called African rice). It is one of the eighty-two different upland and lowland African rice varieties adapted for rain-fed or irrigated environments [71].




5. Conclusions


Rice is an important cereal that serves an important food source for people all over the world. Though we only tested all the cultivars at an early vegetative growth stage, our results indicate that among the tested Iraqi cultivars, Mashkab could be one of the candidates for developing drought-tolerant cultivars. However further detailed investigation is required to unravel the drought-tolerant capabilities of Mashkab cultivar which could be a great help to solve the issues of drought-induced yield reduction in Iraq and in the surrounding Arabian Peninsula.
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Figure 1. Evaluation of rice cultivars under PEG (polyethylene glycol)-induced stress. Photographs of leaf drying areas of 10 cultivars after exposure to PEG-induced stress continued for 10 d. (A) The symbols (+), (+ *), and (−), represent drought-tolerant, moderately drought-tolerant, and drought-susceptible controls respectively. (B) The symbols (−) and (+) represent plants treated and untreated with 10% PEG. Error bars represent the standard error and each point represents the mean of three replicates. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). 
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Figure 2. Shoot length reduction under PEG-induced stress. (A,B) Shoot length reduction of the tested cultivars exposed to PEG-induced stress for 10 d. (A) The symbols (+), (+ *), and (−), represent drought-tolerant, moderately drought-tolerant, and drought-susceptible controls, respectively. (B) The symbols (−) and (+), represent plants treated and untreated with 10% PEG. Error bars represent the standard error and each point represents the mean of three replicates. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). 
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Figure 3. Root length reduction under PEG-induced stress. (A,B) The effects of 10% PEG on the root length, compared with root lengths under normal conditions. (A) The symbols (+), (+ *), and (−), represent drought-tolerant, moderately drought-tolerant, and drought-susceptible controls, respectively. (B) The symbols (−) and (+), represent plants treated and untreated with 10% PEG. Error bars represent the standard error and each point represents the mean of three replicates. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). 
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Figure 4. Recovery of plants after PEG-induced drought stress. After exposure to PEG-induced drought stress, plants were grown for 7 d in Hoagland solution only (without 10% PEG). (A) Recovery of plants after 10% PEG treatment. The plants resuming growth were counted in each cultivar, and the recovery percentage was calculated. (B) Phenotypes of the indicated cultivars after recovery. Bars represent the mean data of three replicates for each cultivar. Error bars represent the standard error and each point represents the mean of three replicates. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). 
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Figure 5. Relative expression of drought-responsive marker genes after PEG-induced stress. Leaf samples were taken from the plants exposed to PEG-induced stress along with plants without exposure (control). The transcript accumulation of the indicated marker genes was assessed using qRT-PCR. Expression data were normalized against the baseline expression level of the genes in IR64 (drought-sensitive control). (A), (B), and (C) reveal the expression profile of the three drought stress-related marker genes OsBZIP, OsDREB2A, and OsGRASS23, respectively. Error bars represent the standard error and each point represents the mean of three replicates. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). 
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Figure 6. Relative expression of drought-responsive marker genes after PEG-induced stress. Leaf samples were taken from the plants exposed to PEG-induced stress along with plants without exposure (control). The transcript accumulation of the indicated marker genes was assessed using qRT-PCR. Expression data were normalized against the baseline expression level of the genes in IR64 (drought-sensitive control). (A,B) reveal the expression profile of the two drought stress-related EST-SSR markers genes OsE647, and OsE1899, respectively. Error bars represent the standard error and each point represents the mean of three replicates. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). 
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Figure 7. Induction of drought stress under greenhouse conditions. Drought stress was induced in the tested cultivars by creating a water-deprived condition in the greenhouse for 5 days. Typical drought symptoms are evident in all the cultivars. The presented pictures are the representatives of three replicates along with control plants on the left side of each image. The symbols (−) and (+) represent plants treated and untreated with drought stress by water withholding method. 
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Figure 8. The recovery percentage of the plants after drought stress induced by water withholding. (A) The recovery percentage was calculated as the number of green tillers/recovered tillers out of the total number of tillers in each plant. (B) The recovery phase was continued for 7 d by submerging the drought-exposed pots containing the plants. The symbols (+), and (−), represent drought-tolerant, moderately drought-tolerant, and drought-susceptible controls, respectively. The symbols (−) and (+), represent treated and untreated plants. Data presented are the mean values of three replicates, and error bars represent the standard error. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). The background in panel B was modified for better clarity. 
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Figure 9. Reduction in chlorophyll content. Chlorophyll content as measured using SPAD for plants grown under normal conditions and then for drought-treated plants. The difference between the two values was calculated as the percent reduction in the chlorophyll content. (A) The symbols (+), (+ *), and (−), represent drought-tolerant, moderately drought-tolerant, and drought-susceptible controls, respectively. (B) The symbols (−) and (+), represent treated and untreated plants. Data presented are the mean values of three replicates, and error bars represent the standard error. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). The background in panel B was modified for more clarity. 






Figure 9. Reduction in chlorophyll content. Chlorophyll content as measured using SPAD for plants grown under normal conditions and then for drought-treated plants. The difference between the two values was calculated as the percent reduction in the chlorophyll content. (A) The symbols (+), (+ *), and (−), represent drought-tolerant, moderately drought-tolerant, and drought-susceptible controls, respectively. (B) The symbols (−) and (+), represent treated and untreated plants. Data presented are the mean values of three replicates, and error bars represent the standard error. The different letters represent significant differences between the means at p ≤ 0.05 (DMRT). The background in panel B was modified for more clarity.
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Table 1. List of rice cultivars.






Table 1. List of rice cultivars.





	Cultivars
	Drought Related Characteristics
	Countries
	Subspecies
	References





	IR64
	Drought susceptible
	Philippines
	O. sativa ssp. indica
	[39]



	Irat112
	Drought Tolerant
	Cote dIvoire
	O. sativa ssp. indica
	[37]



	Furat
	Unknown
	Iraq
	O. sativa ssp. indica
	[44]



	Yasmin
	Unknown
	Iraq
	O. sativa ssp. indica
	[44]



	Mashkab
	Unknown
	Iraq
	O. sativa ssp. japonica
	[44]



	Amber 33
	Unknown
	Iraq
	O. sativa ssp. japonica
	[44]



	Amber Barka
	Unknown
	Iraq
	O. sativa ssp. indica
	[44]



	Nerica 7
	Drought Tolerant
	Cote dIvoire
	Interspecific (O. glaberrima X O. sativa)
	[42]



	ILMI
	Drought susceptible
	Korea
	O. sativa ssp. japonica
	[41]



	Nagdong
	Moderate Tolerant
	Korea
	O. sativa ssp. japonica
	[38]
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Table 2. Leaf symptoms and corresponding drought score.






Table 2. Leaf symptoms and corresponding drought score.











	Scale
	Description (Leaf Drying)
	Description (Drought Scale) 2
	Rate





	1
	No symptoms of stress effects.
	No symptoms
	Highly resistant



	2
	Slight tip drying.
	Slight tip drying
	Resistant



	3
	Tip drying extended up to ¼ length of all leaves.
	Tip drying extended up to ¼
	Moderately Resistant



	4
	Tip drying extended to ¼ length in at most 50% of all leaves.
	Tip drying extended up to ¼
	



	5
	Tip drying extended to ¼ length or more in 50% of all leave.
	One -fourth to ½ of all leaves dried
	Moderately susceptible



	6
	50% of all leaves fully dried.
	One -fourth to ½ of all leaves dried
	



	7
	More than 50% but less than 70% of all leaves fully dried.
	More than ⅔ of all leaves fully dried
	Susceptible



	8
	70% of all leaves fully dried.
	More than ⅔ of all leaves fully dried
	



	9
	More than 70% of all leaves fully dried.
	All plants apparently dead
	Highly susceptible







2 code indicates that the observations were recorded at seedling stages [50].
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