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Editorial on the Research Topic 


Multiple abiotic stresses: Molecular, physiological, and genetic responses and adaptations in cereals


Cereal crops provide approximately 40% of the energy and protein components of the human diet and are vital to the food security of the world (Dunwell, 2014). With the increasing incidence of global warming (expected 1.2–1.9°C higher than ambient during 2021–2040) and extreme weather events, the intensity of various climatic constraints is expected to accelerate, ultimately affecting global cereal crop production (IPCC, 2021). Most of the climatic constraints are abiotic stresses (drought, heat, cold, waterlogging, salinity, mineral deficiency, heavy metal stress, and ultraviolet-B (UV-B), etc.) causing extensive yield losses (Paul et al., 2019; Chaudhry and Sidhu, 2021; Rivero et al., 2022). Estimates have shown that each degree Celsius rise in the global mean temperature may lead to yield losses of 6.0, 3.2, and 7.4% in major cereals, i.e., wheat, rice, and maize, respectively, without effective adaptation and genetic improvement (Zhao et al., 2017).

The occurrence of abiotic stresses singly has less effect than when occurring in combination at different growth stages (Mittler, 2006; Suzuki et al., 2014; Shaar-Moshe et al., 2017). Under field conditions, frequently occurring combined stresses are drought and heat (Mittler, 2006; Lamaoui et al., 2018; Lawas et al., 2018; Nasser et al., 2020), drought and salinity (Paul et al., 2019; Abobatta, 2020), and salinity and waterlogging (Lamaoui et al., 2018; Lawas et al., 2018). The effect of these stresses in combination on crop plants depends on the nature of the interactions between them (Ramu et al., 2016). These multiple stresses induce unique mechanisms (morphophysiological, biochemical, molecular, and genetic) in crop plants for adaptations and cannot be predicted by simply studying each of the different stresses (Suzuki et al., 2014; Zandalinas et al., 2021). Understanding the mechanisms of plant response to multiple stresses is crucial to unravel the complexities of plant responses to stress combinations for the development of climate-resilient crops for future food security (Rivero et al., 2022). Therefore, keeping the above under consideration, the present Research Topic has been designed to demonstrate the current level of research and progress in the study of molecular, physiological, and genetic responses and adaptation strategies toward multiple abiotic stresses in cereals. The insights of this Research Topic are divided into the following headings:


1 Genetic studies and genome-wide association mapping

Characterization and identification of the differential responses of crop plants are one of the major essential steps for the development of climate-resilient crop plants. Amro et al. studied the growth responses and genetic variation among wheat genotypes for salinity tolerance (seawater) and identified a high genetic diversity among the studied genotypes, which could be utilized for breeding programs. Likewise, Radha et al. reviewed the individual and interactive effects of various abiotic stresses (drought, salinity, high temperature, eCO2, submergence, nutrient deficiency) and their combined effect on rice physiology with the possible adaptation strategies for improving grain quality parameters and yield traits. With the advancement of various tools in system biology (high-throughput phenotyping and genome sequencing), different approaches have been developed, such as quantitative trait locus (QTL) mapping, candidate gene association studies, and genome-wide association studies (GWAS), in order to link phenotypes and genotypes in crop plants for the identification of genetic factors associated with the various traits under consideration (Mir et al., 2019). Among them, GWAS is one of the most powerful tools for investigating complex traits associated with single or multiple abiotic stresses. It detects marker–trait association (MTA) using conserved linkage disequilibrium (LD) present in the selected panel of accessions (Myles et al., 2009; Saini et al., 2022). GWAS has a high capacity to identify small-effect genes/MTAs on a genome-wide scale by efficiently using the multiple historical crossover events that occur in the diverse association panel used (Saini et al., 2022; Xiao et al., 2022). In the present Research Topic, Devate et al. used a 35k SNP wheat breeder’s genotyping array to identify 57 unique markers associated with various traits across the locations for drought and heat tolerance in wheat. Out of these associations, 23 MTAs were deemed to be stable. Similarly, in another study, Devate et al. identified six unique marker–trait associations for grain iron (GFeC), zinc (GZnC) contents, and thousand-grain weight (TGW) under drought and heat stress conditions in wheat. These identified MTAs could be utilized in the breeding program after validation through marker-assisted selection (MAS).



2 Marker-assisted selection and abiotic stresses

The trait-specific markers (linked markers) allow the efficient introgression of targeted genomic loci from the donor genotype into an elite breeding line, facilitate indirect selection for difficult traits (i.e., root traits under drought stress conditions), and cut the number of genes/QTL into a single genotype using the marker-assisted selection approach (Pandurangan et al., 2022; Rai and Pandey-Rai, 2021). This method is very rapid and cost-effective for genetic improvement after the identification of tightly linked markers associated with the trait under consideration. It is effectively implemented for the improvement of multiple abiotic stress tolerance in various crops, i.e., rice (heat tolerance (Lang et al., 2015); submergence and drought tolerance (Kumar et al., 2020); drought, salinity, and submergence (Muthu et al., 2020); drought and heat stress (Withanawasam et al., 2022), wheat (drought tolerance (Ciucă et al., 2009; Merchuk-Ovnat et al., 2016; Rai et al., 2018; Gautam et al., 2021), and maize (drought (Ribaut and Ragot, 2007)). Similarly, in the present Research Topic, Sunilkumar et al. introgressed the rust resistance gene Lr24 and QTLs linked to moisture deficit stress tolerance in the background of HD3086 (a high-yielding, stress-susceptible genotype of wheat) from the HI1500 donor genotype.



3 Omics-based approaches and transgenics for multiple abiotic stresses

Understanding differential levels of plant mechanisms under multiple stress conditions is essential for combating their effect. Adopting different omics approaches (genomics, transcriptomics, proteomics, and metabolomics) and understanding their overall phenotypic effects on crop plants under abiotic stress conditions are crucial to developing strategies for designing crops with superior tolerance mechanisms (Bhardwaj et al., 2021; Jeyasri et al., 2021). Among the different omics approaches, transcription factors (TFs) are crucial for recognizing the appropriate molecular processes and pathways under stress conditions (Muthuramalingam et al., 2018; Muthuramalingam et al., 2020). In the present Research Topic, Annum et al. studied a phospholipase C (PLC) signaling pathway in spring wheat and evaluated its four AtPLC5 overexpressed (OE)/transgenic lines under heat and osmotic stresses through 32Pi radioactive labeling. The results indicate that heat stress and osmotic stress activate several lipid responses in wild-type and transgenic wheat conforming to osmotic stress tolerance. Kumar et al. studied the differential transcript expression of K+ transport genes in different tissues (root, stem, and leaf) under different abiotic stresses, such as salt, drought, heat, and cold, to elucidate their role in ion homeostasis and stress tolerance mechanisms in sorghum. Maheshwari et al. reviewed paclobutrazol (PBZ) as a plant growth regulator and multistress protectant; they discussed current findings and the prospective application of PBZ in regulating crop growth and ameliorating abiotic stresses. In another study, Kumar et al. used the 20S proteasome gene family in rapeseed and identified 20S proteasome genes for α- (PA) and β-subunits (PB) through systematically performed gene structure analysis. Out of 82 BnPA/PB genes, three exhibited high expression under abiotic stresses. Likewise, Ahmed et al. proposed a novel activation function, the Gaussian Error Linear Unit with Sigmoid (SIELU), for the deep learning (DL) model along with other hyperparameters for the classification of unknown abiotic stress protein sequences from cereal crops.

The papers presented in the current Research Topic are associated with the multiple abiotic stresses on various crops and show wider scope to understand the molecular, physiological, and genetic responses of multiple abiotic stresses. At the same time, the findings of the papers presented show a wide range of advanced scientific approaches and research ideas to understand and identify the effects of multiple abiotic stress and the implementation of their adaptation strategies for the development of climate-resilient crop plants.
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The ensuing heat stress drastically affects wheat plant growth and development, consequently compromising its grain yield. There are many thermoregulatory processes/mechanisms mediated by ion channels, lipids, and lipid-modifying enzymes that occur in the plasma membrane and the chloroplast. With the onset of abiotic or biotic stresses, phosphoinositide-specific phospholipase C (PI-PLC), as a signaling enzyme, hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) which is further phosphorylated into phosphatidic acid (PA) as a secondary messenger and is involved in multiple processes. In the current study, a phospholipase C (PLC) signaling pathway was investigated in spring wheat (Triticum aestivum L.) and evaluated its four AtPLC5 overexpressed (OE)/transgenic lines under heat and osmotic stresses through 32Pi radioactive labeling. Naturally, the wheat harbors only a small amount of PIP2. However, with the sudden increase in temperature (40°C), PIP2 levels start to rise within 7.5 min in a time-dependent manner in wild-type (Wt) wheat. While the Phosphatidic acid (PA) level also elevated up to 1.6-fold upon exposing wild-type wheat to heat stress (40°C). However, at the anthesis stage, a significant increase of ∼4.5-folds in PIP2 level was observed within 30 min at 40°C in AtPLC5 over-expressed wheat lines. Significant differences in PIP2 level were observed in Wt and AtPLC5-OE lines when treated with 1200 mM sorbitol solution. It is assumed that the phenomenon might be a result of the activation of PLC/DGK pathways. Together, these results indicate that heat stress and osmotic stress activate several lipid responses in wild-type and transgenic wheat and can explain heat and osmotic stress tolerance in the wheat plant.

Keywords: heat stress, osmotic stress, PA, PIP2, 32Pi, wheat


INTRODUCTION

Sustainability in agriculture depends on growing suitable crops for a particular climate in the defined areas. Prolonged exposure to high temperatures drastically affects crop productivity. Elevated temperatures also result in osmotic stress from the water evaporation within the soil causing excessive salt accumulation. Heat, drought, and salt are the major abiotic stresses affecting crop yield. These stresses in combination are becoming quite common in heat and drought-hit areas. Among cereals, wheat is domesticated first and considered a major staple food crop globally (Tack et al., 2015; Abhinandan et al., 2018). Heat negatively affects the wheat grain yield. It is estimated that every 1°C rise in temperature results in 6% yield losses in wheat crops; however, it depends on the specific growth stage of the crop, time, duration, and intensity. An increase in temperature above the optimum value before and during anthesis results in embryo abortion in developing seeds, reducing the grain number/ear without affecting the grain weight, whereas, after anthesis, the onset of high temperature does not affect the number of grains per ear but reduce the grain size and weight by hampering grain filling ultimately affecting the crop yield (Foulkes et al., 2002; Weldearegay et al., 2012; Schmidt et al., 2020).

Plants are sessile eukaryotes and are very sensitive to even slight changes in their environment. There are some receptors present on the plant cell membrane that perceive stress (abiotic/biotic) signals and transduce this information downstream for the activation of certain stress-responsive genes. The ultimate product of coordinated action of these genes results in signal transcription/proteins synthesis, protein modification like ubiquitination, glycosylation, methylation, adaptors attachment, and subsequently scaffolding of the plants to adapt/survive under harsh environmental conditions (Trewavas and Malho, 1997; McCarty and Chory, 2000; Gilroy and Trewavas, 2001; Mahajan and Tuteja, 2005; Tuteja, 2007; Tuteja and Sopory, 2008).

Under extreme temperatures, plants tend to maintain their membrane integrity and fluidity, acting as a permeable barrier. According to a rough estimate, the membrane surface of a plant cell is recycled every 90–120 min (Munnik et al., 2021). These lipids have amphipathic properties and can be differentiated as sphingolipids, glycerolipids, and sterols based on their unique chemical structure and biophysical properties (Enrique Gomez et al., 2017). Among glycerolipids, phospholipids are predominantly present in the mitochondrial envelope and plasma membrane (PM), which play a vital role in the development of the plant, regulating their responses against particular environmental stimuli (Dubots et al., 2012; Niu and Xiang, 2018; Wang X. et al., 2020). Plant phospholipases are involved in the hydrolysis of phospholipids and can be divided into four categories, that is, PLA 1 (phospholipase A1), PLA 2 (phospholipase A2), PLC (phospholipase C), and PLD (phospholipase D). Within each category, there are subfamilies with different structures, substrates, and binding sites (Wang X. et al., 2020). Three types of PLCs are reported based on their cellular function and substrates specificity: (1) PI-PLC (Phosphatidylinositol-specific PLCs) hydrolyzes phosphoinositide (PPI); (2) PC-PLC/NPC (phosphatidylcholine-specific PLC/Non-specific phospholipase C) hydrolyzes the commonly present phospholipids like PC and PE; and (3) GPI-PLC (Glycosyl phosphatidylinositol PLC) hydrolyzes the proteins attached to the glycosylphosphatidylinositol (GPI) (Hong et al., 2016).

Extracellular signals activate the PLCs responsible for the production of inositol 1,4,5 trisphosphate (InsP3) and diacylglycerol (DAG). InsP3 travels to the cytoplasm to bind and activate the ligand-gated calcium channel also known as the InsP3 receptor to release Ca+2 from intracellular channels, whereas, DAG deals with the protein kinase C (PKC) family which has a C1 conserved domain. Massive intracellular processes due to increase or decrease in calcium and phosphorylation levels result in the activation and deactivation of various target proteins to respond against extracellular changes (Shiva et al., 2020; Hayes et al., 2021).

The signaling pathway of plant PI-PLC is somewhat different from mammals, for example, in plants, inositol 1, 4, and 5 trisphosphates (InsP3) could phosphorylate further to inositol hexakisphosphate (InsP6), which is responsible for the release of calcium ions from intracellular calcium reserves and similarly, phosphatidic acid (PA) which is a product of diacylglycerol (DAG) might act as a second messenger in this pathway (Munnik, 2014). PIP2 is presumably a substrate of PLC, hardly found in the plasma membrane of flowering plants (Simon et al., 2014; Zhang et al., 2018c). PLC hydrolyze PIP (Phosphatidylinositol 4 monophosphate), that is, also known as the precursor of PLC and can be found in abundance in the plasma membrane, but to date, the typical precursor of PLC in plants is unknown in in vivo analysis (Munnik, 2014). Likewise, DGPP (Diacylglycerol pyrophosphate) can function as an attenuator of PA signaling and as a generator of new signals, but it needs to be investigated further (van Schooten et al., 2006).

Plants tend to upregulate many PLC genes upon the onset of various biotic and abiotic stresses. In Arabidopsis thaliana, 9 PI-PLCs and 6 NPCs genes (Munnik, 2014), 4 PI-PLC and 5 NPCs in Oryza sativa (Rice) (Singh et al., 2013), 12 PI-PLCs and 9 NPCs genes in Gossypium spp. (Cotton) (Zhang et al., 2018a), 5 PI-PLC and 4 NPCs genes in Zea mays L. (Maize), while 12 PLC genes in Glycine max (Soybean) (Wang F. et al., 2015) are reported. An increase in PIP2 and PA had been observed in response to heat, salt, cold, drought, and ABA stresses (Alcázar-Román and Wente, 2008; Darwish et al., 2009; Mishkind et al., 2009; Arisz et al., 2013; Balogh et al., 2013; Simon et al., 2014; Zhang et al., 2018c). Earlier it is reported that PLC is involved in plant growth and development, for example, PLC1 is known to contribute to pollen tube growth in tobacco and petunia (Dowd et al., 2006; Helling et al., 2006), over-expression of the PLC2 gene can increase drought tolerance and regulate phytochrome level in Brassica napus (Das et al., 2005; Nokhrina et al., 2014), PLC3 and PLC9 contributing in generating thermotolerance in Arabidopsis thaliana (Zheng et al., 2012; Gao et al., 2014), upregulation of AtPLC5 in response to drought stress could lead to subsequent novel phenotype including stunted root hair growth, reduced lateral root development, stomatal closure, and inhibition/reduction of seed germination (Zhang et al., 2018b,c). These findings are inconsistent with previous studies as reported on maize, tomato, and potato (Apone et al., 2003; Apostolakos et al., 2008; Wang et al., 2008; Vossen et al., 2010).

PI-PLC was initially reported in wheat in root plasma membrane vesicles (Melin et al., 1992). Based on their subfamily, genomic homology, and chromosomal position, a total of 26 TaPLC genes including 7 NPC genes have been reported in Triticum aestivum (wheat) which are located unevenly on 14 chromosomes (Wang X. et al., 2020), but to date, TaPLC1 (Zhang et al., 2014; Wang X. et al., 2021) and TaPI-PLC1-2B have been cloned and investigated for salt, drought, heat, and cold stress (Khalil et al., 2011; Wang X. et al., 2020). However, TaPLC5 has yet to be reported in the already identified wheat PLCs. There is growing evidence that phosphoinositide signaling is a major element of stress responses. It proposes that changes in the lipid signal levels are one of the early consequences of abiotic stresses. Therefore, this study focuses on investigating signaling phospholipids levels in response to high temperature and osmotic stresses. We observed that AtPLC5 over-expression causes a dramatic increase in PIP2 and PA levels at tillering and anthesis stages. These are the crucial stages for wheat grain development at various duration in varying intensity levels of heat and osmotic stresses.



MATERIALS AND METHODS


Plant Material

Seeds of local wheat cultivar Faisalabad-2008 was used as wild-type (Wt) and four transgenic wheat lines over-expressing (OE) AtPLC5 gene were used in the current study. The transgenic lines OE1 and OE2 were processed under CaMV35S promoter, while lines OE3 and OE4 contained UBQ10 promotor. These transgenic wheat lines were obtained through Agrobacterium-mediated plant transformation method using immature embryos as explant (Ishida et al., 2015), and putative transgenic wheat lines were screened out based on PCR, quantitative PCR, and antibiotic leaf dip assay. Nevertheless, morpho-physiologically best representative lines were selected and used in this study (unpublished data). Plants were grown in small pots containing peat moss in a greenhouse with a 16/8 h day length regime at 20°C. Leaf samples from transgenic wheat lines were collected from the greenhouse and processed for further experimentation.



RNA Extraction and Q-PCR

The expression level of AtPLC5 (At5g58690) transgene in wheat was measured using primer pairs: 5’GT CGCTTTCAACATGCAGGG3’ and 5’TGGGTAACTTCGCTTT CGGG3’. Trizol reagent (Invitrogen, United States) was used for the extraction of RNA followed by DNases treatment. RevertAid First-strand cDNA synthesis kit (ThermoFisher Scientific, EU, Luthiana) was used for cDNA synthesis. A comparative threshold cycle value was used to determine the relative expression of the gene. Actin gene (AB181991.1) with primer pair 5’AA CTGGGATGACATGGGGAA3’ and 5’TTTTCTCTCTGTTGG CCTTGGG3’ was used for normalization of transcript level.



32Pi Labeling and Heat and Osmotic Stress Treatment

Leaf discs of 0.5 cm in size were taken from the center of collected leaf samples with the help of a vertical leaf disc puncher (Supplementary Figure 1). Two leaf discs for every replicate were taken. Leaf discs were metabolically labeled using labeling buffer 200 μl (MES-KOH 2.5 mM, pH 5.8, KCl 1 mM) containing carrier-free PO4–3 (5–10 μCi) in 2 ml Eppendorf tubes for overnight incubation, as described by Munnik et al. (1998) and Darwish et al. (2009). For PLD activity assay, n-butanol (0.5% v/v) was used as transphosphatidylation substrate (Darwish et al., 2009).


Heat Treatment

After overnight incubation for 32Pi labeling, samples were subjected to heat stress at 40°C using a heat block for the mentioned period of time, that is, 0, 7.5, 15, 30, and 60 min.



Osmotic Stress Treatment

For osmotic stress, 3–4-week-old leaf samples were treated with/without sorbitol by adding 200 μl of sorbitol in MES labeling buffer for 30 min and at 0, 600, and 1200 mM concentrations.




Lipid Extraction and Analysis

Treatments were stopped by adding PCA (Perchloric acid) to the Eppendorf tubes and centrifuged at 13,000 rpm for 30 s. Leaving behind the leaf tissues in the tube, all the remaining material was discarded carefully, then 400 μl CMH [CHCL3/MeOH/HCl (50:100:1, by volume)] was added in the same tube and shook them for 5 min (until tissues turned colorless). By adding 400 μl of CHCL3 and 200 μl of NaCl (0.9% w/v), two-phase system was induced followed by 2 min centrifugation at 13,000 rpm. The rest of the lipid extraction and isolation was carried out by Munnik and Zarza (2013). Heat-activated K-oxalate (KOX–) impregnated TLC plates, using an alkaline solvent containing CHCL3, MeOH, 25% NH3 and H2O [90:70:4:16] constituents or an ethyl acetate system containing: EtAc/iso-octane/HCOOH/H2O (12:2:3:10, by vol.) were used to separate radioactive lipids (Munnik et al., 1998). Radioactively labeled phospholipids were visualized on an autoradiograph by overnight exposure of TLC plate to autoradiography film and quantified by using phosphoimaging (Typhon FLA 7000, GE Healthcare).



Performance of Transgenic Lines of Wheat Under Heat and Combination of Stresses

Wild-type and transgenic lines (AtPLC5OE) of wheat were grown in pots under optimum conditions. These plants were subjected to heat stress (40°C) and drought together with heat stress (500 ml H2O + 40°C) in combination at the anthesis stage for 3 h daily for 14 days. Wild-type and transgenic lines of wheat were also grown at optimum temperature (25°C) as a control. Stay green character was recorded based on visual observation and leaf greenness. Data were recorded and analyzed in percentages.




RESULTS


Expression of AtPLC5 in Wheat Under Heat Stress

The expression level of wild-type and AtPLC5 OE lines of wheat were determined by Q-PCR, relative to the expression of actin gene. For this, wild-type and transgenic lines (AtPLC5 OE) of wheat were subjected to heat stress at 40°C for 3 h at the anthesis stage. Leaf samples were collected immediately and stored in liquid nitrogen for further processing. Little to no expression was observed in Wt. Relative expression of AtPLC5 shows a significant increase in all four over-expression transgenic lines of wheat (Figure 1A). The transgenic lines OE1 and OE2 showed 9.9X and 12.3X, while OE3 and OE4 lines showed 36.1X and 27.3X significant increase in the expression levels in comparison to the wild-type.
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FIGURE 1. (A) The relative expression of AtPLC5 transgenes in wheat normalized with actin gene determined through Q-PCR with a significant level P < 0.05 (*). (B) Heat stress excitation of PIP2 and PA formation in a time-dependent manner. Wheat leaf discs labeled with 32Pi and tested at 20°C (control) and 40°C (heat stress) for 0, 7.5, 15, 30, and 60 min time periods. An autoradiograph of a time-course experiment with two different temperatures, each lane representing extract (1/5th) of two leaf discs of two different leaves. (C) Quantification of PIP2 and PA, respectively, after heat treatment for said time. The experiment was independently repeated two times and similar results were obtained. (D) PLD activity. Pre-labeled wheat leaf discs were subjected to heat stress for said time periods in the presence of n-butanol (0.5% v/v). Lipids were extracted and separated by EtAc TLC. Quantification of PBut and PA levels was done by phosphoimaging. Abbreviations: PIP2, Phosphatidylinositol 4,5-bisphosphate; PIP, Phosphatidylinositol phosphate; PA, Phosphatidic acid; PI, Phosphatidylinositol; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PG, Phosphatidylglycerol; CL, Cardiolipin.




Heat Stress Rapidly Stimulates Phosphatidylinositol 4,5-bisphosphate and Phosphatidic Acid Accumulation

To study the effect of the heat stress in wheat, the leaf disc of Wt was labeled with 32P isotope by keeping the leaf discs for overnight incubation in MES buffer and exposed to 20°C and 40°C by using heat block for 0, 7.5, 15, 30, and 60 min. Then, Perchloric acid (2.4% final concentration) was added to stop the reaction and crude lipids were extracted. Alkaline TLC (thin layer chromatography) plates were used to separate the lipids that were further quantified by phosphoimaging.

To investigate how fast the PIP2 and PA start to produce when subjected to heat stress, leaf discs of 4-week-old seedlings of wheat were exposed to heat stress for different time durations. The results of the time course experiment are presented in Figure 1B. The PIP2 and PA responses increased with the increase in duration of exposure to heat stress in a time-dependent manner (Mishkind et al., 2009), expression of PIP2 increased up to 2.2-fold, and PA increased up to 1.6-fold (Figure 1C) depending on the time of exposure.


Assay for Phospholipase D Activity

An experiment was carried out to investigate the distinct route of heat-induced PA generation. Either it occurs through PLC which cleaves PIP2 into IP3 and DAG that are further phosphorylated by DGK enzyme to generate PA or PA generation directly through PLD. Therefore, transphosphatidylation activity of PLD was employed. For this, pre-labeled leaf discs were subjected to heat stress (20°C and 40°C) at said time intervals in the presence of n-butanol (0.5% v/v). Ethyl acetate TLC was used to separate lipids and to track PLD-catalyzed phosphatidyl butanol (PBut) formation by phosphoimaging. Under these conditions, a small increase was observed in the PBut level at some time points, while a decrease in PA level was observed. In contrast, a simultaneous decrease in the accumulation of PBut level was observed during subsequent incubation at 40°C with an increase in the level of PA (Figure 1D).




Mature Leaves Accumulate More Phosphatidylinositol 4,5-bisphosphate

Differential response of leaves of the same tiller of the same wheat plant was analyzed for accumulation of PIP2 upon exposure to heat stress. An experiment was designed to investigate which leaf (either younger or mature leaves) responds more efficiently to heat stress by producing a sufficient amount of PIP2, PIP, and PA, and four different leaves including the newly emerged leaf of the same tiller of Faisalabad-2008 wheat cultivar were taken and labeled radioactively by overnight incubation. 32Pi labeled leaf discs of four different leaves were subjected to heat stress at 21°C and 40°C for 15 min (Figure 2A). The results demonstrated a considerable gradual increase in PIP2 and PA levels among leaves with the increase in temperature, while the level of PIP declined (Figure 2B) upon receiving heat stress as described previously (Mishkind et al., 2009). The mature leaves showed a 3.3-fold increase in PIP2 and a 2.6-fold in PA but a 1-fold gradual decrease in PIP production was observed as compared to younger leaves (Figure 2C; Wang X. et al., 2021).
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FIGURE 2. High temperature triggers the rapid accumulation of PIP2 and PA in mature leaves. Wheat leaf discs were pre-labeled overnight with 32PO43–, incubated for 15 min at 21°C and 40°C, and lipid extraction and separation were carried out by using alkaline TLC. Panel (A) shows autoradiograph of lipid TLC. (B) PIP2, PIP, and PA levels were quantified by densitometry of autoradiograph shown in panel (A). (C) Summary of fold increase in levels of PIP2, PIP, and PA relative to t = 0. The experiment was repeated three times independently and similar results were obtained. See Figure 1 for the definition of abbreviation.




Phosphatidylinositol 4,5-bisphosphate Level Increases at Anthesis Stage in Response to Heat Stress

The wheat anthesis stage is very sensitive to high temperatures. A rise in temperature beyond 25°C drastically affects pollen viability, decreases the chances of seed setting, and results in lesser crop yield. The lipid profile of transgenic wheat plants containing two different promoters and their response to heat stress at the anthesis stage was determined by subjecting their labeled leaf discs to 40°C for 30 min (Figure 3A). The lipid profile patterns showed a rise in PIP2 levels in response to heat stress in transgenic and wild-type wheat plants (Figure 3B). The PIP2 level revealed a significant increase in the transgenic lines under different promotors in comparison to the wild-type. While the wild-type showed little to no increase, the transgenic lines, OE1 and OE2, depicted a 2.0- to 2.5-fold increase, whereas, OE3 and OE4 transgenic plants showed ∼4.5-fold and 4-fold increase in PIP2 production, respectively (Figure 3C).
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FIGURE 3. Heat stress increases the production of PIP2 at the anthesis stage. A small section (∼0.5 cm) of leaf disc of transgenic wheat lines and wild-type were taken at the anthesis stage, radioactively labeled O/N with 32Pi, and incubated for 30 min at 20°C and 40°C using a heat block. (A) An autoradiograph of alkaline TLC showing a complete lipid profile. (B) Quantified level of PIP2 after heat treatment at 20°C and 40°C. (C) Summary of fold increase transgenic lines show with respect to wild-type. Student t-test was used to determine significant differences between wild-type and transgenic lines of AtPLC5 at a significance level of P < 0.05 (*).




Osmotic Stress Triggers the Phosphatidylinositol 4,5-bisphosphate Production in AtPLC5 Over-Expressing Wheat Lines

The role of osmotic stress in the production of lipid was analyzed in Wt and AtPLC5 over-expressing wheat lines. 32Pi labeling of 4-week-old plant leaf discs was performed to test various concentrations of sorbitol to mimic water stress. Leaf discs were treated with 0, 600, and 1200 mM sorbitol pre-dissolved in MES labeling buffer for 30 min before extraction. Five percent perchloric acid (PCA) was used to stop preceding the reaction further and crude lipids were extracted. Potassium oxalate (KOX–)-treated TLC plates were used to separate the lipids and phosphoimaged for quantification purposes (Figure 4A).
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FIGURE 4. PIP2 accumulation in wheat AtPLC5 OE lines at different levels of osmotic stress. Overnight labeled leaf disc treated with different concentrations of sorbitol (0 mM, 600 mM, 1200 mM) dissolve in MES buffer for 30 min. Lipids were extracted, separated, and quantified by phosphoimaging. (A) A typical autoradiograph of structural lipids with each lane containing lipid extract of two leaf discs. (B) 32Pi level of PIP2 of the wild-type and AtPLC5 OE transgenic lines of wheat under control conditions and at said sorbitol concentrations. Data represented as means ± SD (n = 2). Two independent experiments were carried out with similar results obtained. Statistically significant differences at P < 0.05 (*) and at P < 0.01 (**) were observed in AtPLC5 OE of wheat at different sorbitol concentrations, based on the student’s t-test.


Under control conditions, the amount of PIP2 remained the same among AtPLC5 OE lines and wild-type (Figure 4B). A relative significant [P < 0.05 (*), P < 0.01 (**)] increase in PIP2 level was observed in AtPLC5 OE lines (OE1, OE2, OE3, and OE4) under different promoters at 600 mM sorbitol concentration, while a non-significant increase was observed in wild-type. Upon sorbitol treatment of 1200 mM, a significant increase in PIP2 level was observed in wild-type (∼2.7-fold) and AtPLC5 over-expression lines (∼3.3-fold) as compared to control condition, whereas non-significant differences were observed between the wild-type and AtPLC5-OE lines at 600 mM and 1200 mM sorbitol concentrations. However, the AtPLC5 OE4 line showed a significant (P < 0.05) increase (∼1.8 and ∼3.2-fold) in the PIP2 level at 600 mM and 1200 mM sorbitol treatment, respectively. The PA and PIP responses in wild-type and AtPLC5 OE lines appeared to be almost similar (a slight increase was observed in AtPLC5 over-expression lines) at said levels of sorbitol concentrations.



Combination of Heat and Osmotic Stress Elicit Phosphatidylinositol 4,5-bisphosphate Accumulation in AtPLC5 Over-Expression Line

Usually, owing to the duration of the wheat cultivation, the crop faces several stresses at the same time. The occurrence of more than one stress in combination severely affects plant growth and development. Moreover, any visible symptom of heat and osmotic stress cannot be detected at the early stages of plant growth. To determine the response of AtPLC5 in transgenic wheat under the combination of heat and osmotic stress conditions, 4-week-old plantlets were tested at 40°C and 600 mM sorbitol for 30 min simultaneously.

The amount of PIP2 under control/non-treated conditions was observed (Figure 5A) to be the same among the AtPLC5 OE4 line and wild-type (Figure 5B). A relative increase in PIP2 was observed at a significance level of P < 0.05 (*) in wild-type and AtPLC5 OE lines (containing UBQ10 promoter) at 600 mM sorbitol concentration at 40°C temperature when compared to the control condition. Under co-stress conditions, a significant increase of 2.8-folds in PIP2 was observed in wild-type and 3.5-folds in AtPLC5 over-expression line in a controlled environment.
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FIGURE 5. The occurrence of stresses in combination elicits PIP2 accumulation in AtPLC5 OE4 lines in wheat. Radioactively labeled leaf discs were treated with 600 mM sorbitol at 40°C for 30 min. Lipids were extracted, separated by Thin Layer Chromatography plates, and quantified by phosphoimaging. (A) A typical autoradiograph of lipids with each lane containing 1/5th lipid extract of two leaf discs. (B) 32Pi level of PIP2 of the wild-type and AtPLC5 OE4 line under control conditions and at co-stress of heat and osmotic stress situation. Data represented as means ± SD (n = 2). Two independent experiments were carried out with similar results. Statistically significant differences at P < 0.05 (*) were observed between the AtPLC5 OE4 line of wheat and wild-types under said stress conditions, based on the student’s t-test.




Performance of AtPLC5 Overexpression Line Under Abiotic Stress

To check the contribution of AtPLC5 overexpression in wheat physiology or its agronomic performance, two different experimental conditions were set up. First, we tested the physical response of AtPLC5 OE lines under heat stress at 40°C and second, when stress was applied in combination, such as heat with drought stress (40°C + 500 ml H2O). After the treatment of 2 weeks, we observed the stay-green character in Wt and AtPLC5 transgenics of wheat. We observed that at optimum conditions (32°C), Wt possesses ∼32%, while AtPLC5 transgenics possess ∼40% greenness (Figure 6). When stress was applied in combination with heat (40°C) and drought (500 ml water), we observed visible leaf necrosis in Wt (∼5% greenness) and AtPLC5 transgenic plants of wheat (∼25% greenness). Interestingly, we found that the transgenic plants of wheat that received treatment of heat stress (40°C) show the ∼70% stay-green character as compared to Wt.
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FIGURE 6. Morphological evaluation of Wt and AtPLC5 overexpression lines of wheat under heat stress and under the combined effect of heat and drought stress. Stay green character was recorded based on visual observation and leaf greenness. Data (n = 26, ±SD) were recorded and analyzed in percentage.





DISCUSSION

Abiotic stresses can elicit a series of plant responses. Membrane plays an important role in vesicle transport and cell signaling not only through host-specific proteins but also provides a substrate for the production of lipid (as a second messenger). In addition to the role of lipids as components of membrane structure, they also work as a signal transducer, component of coordinated regulatory activator, and stimulate the expression of specialized proteins and trigger cellular responses to environmental cues (Hou et al., 2016; Kosová et al., 2018; Munnik et al., 2021). Phospholipases on the plasma membrane are the first receptors to receive environmental signals and respond accordingly. PLCs due to their regulatory roles in stress management have been extensively investigated in different plant species. It has been established that stress causes a synergistic increase in PIP2 levels and free calcium, which enhances IP3 synthesis and further releases cytosolic calcium through PI-PLC activity (Hunt et al., 2004; Gao et al., 2014; Zhang et al., 2014). Heat shock induces a rapid increase of Ca+2 in the cytoplasm, probably from intracellular reserves and extracellular sources. It is reported that Ca+2/calmodulin pathway is involved in thermotolerance. It is logical to claim that Ca+2 channels could be used as a thermosensor (Gao et al., 2012; Hayes et al., 2021). However, it is still a challenging task to identify the primary heat-activated Ca+2 channel.

Previously, PIP2 and PA abundance had been observed in Arabidopsis within 2 min of onset of heat (40°C) stress, and it was mediated by PLD and PIPK (Mishkind et al., 2009). In the current study, we investigated the stimulation of heat-induced PIP2 and PA accumulation in Triticum aestivum L. and observed that their induction proceeded in a time-dependent manner. The rapid rise in PIP2 level was evident with the onset of heat (40°C) that reached 2.2-folds in just 15 min and continue to increase with the increase in the duration of heat stress. However, after 60 min, the PIP2 level started to decline, which might indicate the stress-induced damage caused to the plasma membrane. In the current study, it was observed that the PA accumulation started just after 7.5 min of the onset of heat stress, and kept on increasing continuously with the increase in the duration of heat stress. The quick abundance of PIP2 and PA indicates the synthesis of these signaling lipids associated with thermosensing. Although it is still unclear how the elevated temperature activates these lipid-modifying enzymes, this increase in PIP2 and PA is either caused by PIP5K, PLC, or PLD activity, which is yet to be determined. It is reported previously that PA induction is closely associated with the activation of PLD under heat stress (Shiva et al., 2020; Hayes et al., 2021); however, it has been observed that in wheat at 40°C, PBut level seems to decrease while the total PBut content remains in lower limit. In contrast, PA level seems to increase in a time-dependent manner. It is still unknown which other factors are involved in the generation of PA through PLD or PLC. Similarly, it is yet to be explored what circumstances help in the activation/inhibition of PLD or PLC.

Plant leaves serve as a sensor for biotic and abiotic stresses. A slight change in the surrounding temperature is usually sensed by the plant through their leaves. The present study investigated PIP2 and PA responses in younger to older leaves against heat stress. We also observed PIP (Phosphatidylinositol monophosphate) response. Upon onset of heat stress (40°C), the young leaves depicted minor elevation in PIP2, PIP, and PA and contributed accordingly to stress responses as compared to mature leaves which showed a gradual increase up to 3.4-folds in PIP2 and PA accumulation, while illustrated 1-fold decrease in PIP level. Therefore, it could be suggested that although the younger leaves have actively dividing cells, they are quite sensitive to heat stress Zhang et al. (2014) reported a 16-fold increase in TaPLC1 expression level in older leaves upon salt and drought stress. This could be implied that an increase in expression in response to environmental changes might be considered an adaptive mechanism to manage abiotic stresses.

In the current study, PIP2 response was observed to be similar in wild-type (Faisalabad-2008) and AtPLC5 over-expressing lines of wheat under normal conditions (20°C). However, heat stress (40°C) at the anthesis stage caused a stronger and significant rise in PIP2 level in AtPLC5 over-expression lines (Figure 3B) as compared to wild-type that ultimately helped the plant to adapt/tolerate fluctuations in temperature and grain formation sustaining the crop yield. We also compared the strength of two constitutive promoters (CaMV35S and UBQ10). UBQ10 promoter indicated relatively higher expression of AtPLC5 in OE3 and OE4 lines with a consequent significant increase of ∼4.5-folds in PIP2 accumulation as compared to AtPLC5 expression driven under CaMV35S promoter in OE1 and OE2 transgenic wheat. Zhang et al. (2018c) reported a 12-fold increase in PIP2 level at the onset of osmotic stress in PLC5OE lines containing UBQ10 promoter in 6-day-old seedlings of Arabidopsis thaliana (Zhang et al., 2018c), which is in agreement with our findings and increase in PLC activity.

PI-PLC as a stress mediator had been reported along with their isoforms in many plants including maize (Apostolakos et al., 2008), rice (Darwish et al., 2009; Singh et al., 2013), tobacco (Helling et al., 2006), tomato (Vossen et al., 2010), cotton (Zhang et al., 2018a), soybean (Wang F. et al., 2015), brassica (Das et al., 2005), Arabidopsis (Gao et al., 2014), and wheat (Wang X. et al., 2021). Recent findings illustrated the over-expression of TaPLC1 aided in improved salt, drought, heat, and cold stress tolerance in wheat (Khalil et al., 2011; Wang Y. et al., 2020; Wang X. et al., 2021). PIP2, as a PLC substrate is hardly detected in plants’ plasma membrane under normal conditions, while its level significantly increased under osmotic stress, for example, cold, salinity, or heat stress (Darwish et al., 2009; Mishkind et al., 2009; Arisz et al., 2013; Munnik, 2014; Zhang et al., 2014). In the present study, it was observed that the lines that showed more PIP2 accumulation also revealed more transcript levels through real-time quantitative PCR. In addition, we also observed that these lines retained their stay green character relatively for a longer period of time when exposed continuously for 14 days to heat stress.

The structural lipids like PC (Phosphatidylcholine), PG (Phosphatidylglycerol), and PA (Phosphatidic acid) at the anthesis stage of wheat were reported to drop under high temperatures (Narayanan et al., 2016; Djanaguiraman et al., 2020). Likewise, we also observed a slight decrease in PA in our AtPLC5 over-expression lines of wheat during anthesis at 40°C. However, ∼2.2-fold increase in PA accumulation was observed in the wild when subjected to heat stress (40°C for 30 min). This increase might reflect the activity of PLD as previously reported by Hayes et al. (2021).

Upon rising environmental temperature, plants with sufficient water resources transpire more rapidly to keep their leaves cool, while on water scarcity in hot conditions, leaves close their stomata to prevent water loss through evaporation and to maintain their cells membrane integrity. Lee et al. (2007) reported PIP2 to be an important precursor for stomatal opening, as detected previously in the closed stomata phenotype of the PLC5OE line in Arabidopsis. In this study, sorbitol was used to mimic drought/osmotic stress in wheat and to observe its effect on the PIP2 level. Interestingly, a significant increase in PIP2 level was observed upon osmotic stress in AtPLC5 overexpression lines of wheat, this might result in the enhanced hydrolytic activity of PLC5 which might lead to an increase in PIP2 hydrolysis resulting in a subsequent increase in IP3 that might further be metabolized into IP6 which facilitate the stomatal closure by activating the release of Ca+2 from intracellular channels (Zhang et al., 2018b,c). In addition, in the current study, we observed that wheat transgenic lines containing CaMV35S promoter induced significantly higher PIP2 that matched with findings previously reported by Zhai et al. (2013). It is explained that ZmPI-PLC1 expressed under CaMV35S promoter induced drought tolerance in transgenic tobacco (Ruelland et al., 2015).

However, a detailed phosphoimager-based densitometry study demonstrated a meager decrease in PI and PE levels and a slight increase in PC and PG levels, when exposed to osmotic stresses. An increase in the level of cardiolipin (CL) was observed in OE lines of transgenic wheat. In plants, PG (phosphatidylglycerol) was found to be mainly present in the thylakoid membrane of chloroplast and supposed to be involved in the photosynthetic electron transport chain (Hagio et al., 2002; Kobayashi et al., 2017). Previous reports have suggested the prerequisite presence of PG for chloroplast biogenesis, as its deficiency yielded a pale-yellow green phenotype, indicating the failure of establishing thylakoid membrane networks inside leaf chloroplast (Haselier et al., 2010; Kobayashi et al., 2015). Interestingly, an increase in PG level of overexpressor lines of wheat was observed, which means they remained photosynthetically active when exposed to abiotic stress and could accumulate more synthates, more synthates mean more nutrients available to be assimilated during grain filling leading to enhanced crop productivity, which might ultimately yield higher grain and biomass.

Phosphatidylinositol 4,5-bisphosphate is claimed to be a PLC substrate in animals, its concentration is relatively hard to detect in the plasma membrane of plants where PLC activity mostly resides (Van Leeuwen et al., 2007; Munnik, 2014). In contrast to PIP2, PI4P is 20–30 times more abundant in plasma membrane under normal conditions. Under stress conditions such as abscisic acid (ABA), salinity, heat, or hyperosmotic stress, the level of PIP2 increased (Darwish et al., 2009; Mishkind et al., 2009; Zhang et al., 2018b), while the level of PI4P has been reported to drop in response to these stresses (Arisz et al., 2013). But does it go down due to conversion into PIP2 or PIP is an assumed substrate of PLC in the plant? Also, it remained debatable, whether this reflected the hydrolysis by phosphatase or a PLC or is a result of PIP5K activation. Further research is needed to decipher the exact role of PLC in wheat and the downstream process of PA, PPIs, and IPPs production and accumulation.
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Identification of marker trait association is a prerequisite for marker-assisted breeding. To find markers linked with traits under heat and drought stress in bread wheat (Triticum aestivum L.), we performed a genome-wide association study (GWAS). GWAS mapping panel used in this study consists of advanced breeding lines from the IARI stress breeding programme produced by pairwise and complex crosses. Phenotyping was done at multi locations namely New Delhi, Karnal, Indore, Jharkhand and Pune with augmented-RCBD design under different moisture and heat stress regimes, namely timely sown irrigated (IR), timely sown restricted irrigated (RI) and late sown (LS) conditions. Yield and its component traits, viz., Days to Heading (DH), Days to Maturity (DM), Normalized Difference Vegetation Index (NDVI), Chlorophyll Content (SPAD), Canopy temperature (CT), Plant Height (PH), Thousand grain weight (TGW), Grain weight per spike (GWPS), Plot Yield (PLTY) and Biomass (BMS) were phenotyped. Analysis of variance and descriptive statistics revealed significant differences among the studied traits. Genotyping was done using the 35k SNP Wheat Breeder's Genotyping Array. Population structure and diversity analysis using filtered 10,546 markers revealed two subpopulations with sufficient diversity. A large whole genome LD block size of 7.15 MB was obtained at half LD decay value. Genome-wide association search identified 57 unique markers associated with various traits across the locations. Twenty-three markers were identified to be stable, among them nine pleiotropic markers were also identified. In silico search of the identified markers against the IWGSC ref genome revealed the presence of a majority of the SNPs at or near the gene coding region. These SNPs can be used for marker-assisted transfer of genes/QTLs after validation to develop climate-resilient cultivars.

KEYWORDS
  genome-wide association study (GWAS), wheat, drought, heat, single nucleotide polymorphism (SNPs)


Introduction

Wheat (Triticum aestivum L.) is the staple food crop of one-third of the world population (Guo et al., 2018). To meet the food requirements, it has become mandatory to increase its production with limited resources. The development of high-yielding varieties became utmost important to meet the demand. Decades of breeding in wheat through conventional and molecular approaches enhanced the wheat productivity to ever-reached heights. Enormous improvement in the productivity of wheat has been attained by understanding the genetic principles and phenotypic evaluation and selection through conventional breeding methods (Pingali, 2012).

However, enhancing productivity under global climatic change is a challenging task. Abiotic stresses impact wheat production and tend to the shortage of food supply due to unpredictable crop loss. Among all the abiotic stresses curtailing wheat productivity, drought and heat are the most important and have detrimental effects (Zhang et al., 2018; Gajghate et al., 2020). The impact of drought and heat increased due to increment in global temperature and dry spells in arable land. The terminal drought that occurs at the time of grain filling will decrease the spike weight and the yield (Amiri et al., 2013; Saeidi and Abdoli, 2015). Hence, climate-resilient wheat cultivars are the ultimate means of safeguarding the crop against adverse effects of heat and drought and to fulfill future food needs.

An essential component of the Indian wheat improvement effort is breeding for resilience to abiotic stresses like drought and terminal heat. The interrelationship among breeding, molecular biology and physiology is the foundation of the breeding approach for drought and heat tolerance (Sukumaran et al., 2021), with an emphasis on precise dissection of morpho-physiological traits by precision phenotyping (Lopes et al., 2012). Physiological traits like Canopy Temperature (CT) and grain yield under drought stress environments have a well-established relationship (Gautam et al., 2015; Rehman et al., 2021; Munawar et al., 2022; Singh et al., 2022), and drought and heat tolerance are correlated with lower canopy temperature (CT) (Pinto et al., 2010). Maintenance of lower canopy temperature indirectly attributes to higher transpiration and deep root system in the variety to absorb water from the deeper soil horizon. CT influences the stay-green of leaves, a drought-adaptive trait characterized by a distinct green leaf phenotype during grain filling during terminal drought (Borrell et al., 2014). Drought and heat stress have a significant impact on leaf chlorophyll content (Barboričová et al., 2022). The level of chlorophyll in flag leaves is measured by a portable equipment (SPAD meter), which is thought to be a sign of ‘stay-green' or delayed senescence (Lopes et al., 2012). In the post-anthesis phase, “Stay-green” is reported to be associated with drought tolerance in wheat (Kumar et al., 2021) and is utilized for breeding drought tolerant varieties in wheat along with NDVI (normalized difference vegetative index) (Christopher et al., 2015; Rutkoski et al., 2016; Singh et al., 2016). In crop canopies, NDVI is sensitive to biomass and nitrogen (N) variability, both of which are regulated by stress experienced by the crop. Tools for proximal canopy sensing, like Green Seeker (Trimble Navigation Limited, Sunnyvale, California, USA), can detect reflected light from the crop canopy to capture vegetation indices, such as the simple ratio or the NDVI (Naser et al., 2020). For high throughput screening of drought and heat tolerance in wheat, CT, chlorophyll content (SPAD) and NDVI have been successfully integrated into breeding programmes (Singh et al., 2016; Phuke et al., 2020).

Drought and heat tolerance are complex traits that are influenced by a number of genes and have a complex genetic inheritance (Phuke et al., 2020; Saini et al., 2022). Due to its polygenic inheritance and genotype by environment interaction, drought and heat tolerance typically has low heritability (Blum, 2010; Khakwani et al., 2012). Genetic improvement under abiotic stress can be achieved by identifying sources of stress-tolerant traits, as well as introgress, and mobilize the genes underlying the desired traits into locally adapted cultivars (Edae et al., 2014). The challenges in implementing this method in breeding programmes determine the most appropriate target traits for various stress scenarios in a timely and cost-effective manner (Passioura, 2012). Recent advances in high-throughput genotyping and phenotyping have increased our understanding of the physiological and genetic basis of complex characteristics like drought (Mir et al., 2012; Sinclair, 2012) and heat tolerance (Paliwal et al., 2012). One of the most important tools for understanding the genetic architecture of complex characteristics in plants is QTL mapping (Holland, 2007; Xu et al., 2017). However, QTL mapping utilizing biparental populations can only explain a limited percentage of a trait's genetic architecture. Low-mapping resolution, population specificity of discovered QTL and the requirement of a long time to establish mapping populations are further constraints of biparental populations (Edae et al., 2014).

Precise improvement of the complex quantitative trait for adaption to the particular environmental condition like drought and heat needs identification of related genomic regions like QTLs. For the identification of genes/QTLs based on the linkage disequilibrium (LD), GWAS is one of the effective methods. For the prediction of candidate genes, GWAS has been widely used in several crops using genome-wide dense markers (Liu et al., 2018; Srivastava et al., 2020; Alseekh et al., 2021; Tiwari et al., 2022), including wheat (Negisho et al., 2022; Zhang et al., 2022). Advantages of GWAS is, QTLs for several traits can be found with high resolution in one go. Since association mapping uses diverse germplasm, making the procedure more efficient and less expensive than bi-parental QTL mapping (Ersoz et al., 2009; Jin et al., 2016). The resolution and power of association studies, however, depend on the extent of linkage disequilibrium (LD) across the genome. LD needs to be determined in each study as it is affected by several factors, such as population history, recombination frequency and mating system (Edae et al., 2014).

Association mapping has been used successfully to detect marker trait associations and QTLs in wheat for various traits. There are few studies targeting traits under abiotic stress (Sukumaran et al., 2018; Li H. et al., 2019; Shokat et al., 2020; Abou-Elwafa and Shehzad, 2021; Ahmed A. A. et al., 2021; Ahmed et al., 2022a). High-density SNPs markers used for genome-wide association study (GWAS) can inspect large gene pools representative of diverse breeding reservoirs. GWAS is the most suitable approach to locate robust QTLs that show effect in both normal and stressed conditions (Jamil et al., 2019; Ahmed H. G. M. D. et al., 2021; Saini et al., 2022). Hence, genome-wide association studies (GWAS) have developed into a powerful and ubiquitous tool for the investigation of complex traits (Tibbs Cortes et al., 2021).

In the Indian context, improving wheat cultivars for drought and heat stress resistance is critical for the country's food security. In this study, SNPs markers associated with component traits of drought and heat tolerance were mapped in the advanced breeding lines of Indian hexaploid wheat with the genome-wide markers using the Axiom Wheat Breeder's Genotyping Array (Affymetrix, Santa Clara, CA, United States) having 35,143 SNPs and well suited for high-throughput genotyping in hexaploid wheat (Allen et al., 2017). The aim here is to identify the genomic regions related to yield- and stress-related traits under multi-location stress conditions.



Materials and methods


Plant material

The association panel under study was constituted by pairwise and multi-parent crosses of the selected Indian varieties, cultivars, superior breeding lines and exotic introductions. The crosses were advanced with the modified bulk pedigree method and each line was maintained with the respective pedigree record (Supplementary Table 1), and finally, 295 diverse advanced lines were used in the current investigation. However, 282 lines were retained after matching with the obtained genotyping data for further analysis.



Phenotyping

The phenotypic evaluation was conducted at multiple locations, namely, IARI, New Delhi—DL (28.6550° N, 77.1888° E, MSL 228.61 m), ARI, Pune—PUNE (18.5204° N, 73.8567° E, MSL 560 m), IIWBR, Karnal—IIWBR (29.6857° N, 76.9905°E, MSL 243 m), IARI, Jharkhand—JR (24.1929° N, 85.3756° E, MSL 580 m) and IARI RS, Indore—IND (22.7196° N, 75.8577° E, MSL 553 m). Irrigated trials (IR) were conducted in rabi season in 2019 in Delhi and in 2020 in Delhi, Karnal and Pune. Whereas Restricted irrigation (RI) trials were conducted in 2019 in Delhi and in 2020 in Delhi, Indore, Pune and Jharkhand. LS trial was conducted only in IARI New Delhi in the years 2019 and 2020 (Table 1). A total of six irrigations were given for irrigated trials, whereas only 1 irrigation was given (21 days after sowing besides pre-sowing irrigation) in restricted irrigation trials to induce the terminal drought stress. Heat stress was induced by sowing the crop (Late sown—LS) in the second fortnight of December. The experiment was planned with an augmented RCBD design (Federer, 1956, 1961; Searle, 1965) with 295 genotypes and 4 checks replicated twice in 6 blocks. Lines and checks were randomized and sown in plots in three lines of 1 m with a 30 cm inter-line distance. All agronomic practices were carried out according to the recommended package of practices at each location.


TABLE 1 Details of sowing conditions, locations and year of experiment along with abbreviations.
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The standard procedure for data collection was followed as given in the manual ‘Wheat Physiological Breeding II: A Field Guide to Wheat Phenotyping' (Pask et al., 2012). Data were collected for traits like Days to heading (DH), Days to maturity (DM), Normalized Difference Vegetation Index (NDVI) at anthesis and grain filling stage, chlorophyll content (SPAD) of flag leaf at the post-anthesis stage, Plant height (PH), Canopy temperature (CT), Grain weight per spike (GWPS), Thousand Grain weight (TGW), Plot Yield (PLTY) and Biomass.



Genotyping

DNA isolation was carried out using the leaves of 7-days-old seedlings grown under controlled conditions. DNA was extracted using the CTAB method (Murray and Thompson, 1980) with minor modifications. DNA quality was checked with the 0.8% agarose gel electrophoresis and 20 ng/μl DNA was used for further SNP genotyping. Out of 295 DNA samples, 282 passed the quality check step and were used for further genotyping. The remaining 13 genotypes were excluded from genotyping due to poor DNA quality. Hybridisation-based SNP chip genotyping of 282 genotypes was performed using the 35K Axiom® Wheat Breeder's Array of Affymetrix GeneTitan® system according to the procedure described by Affymetrix. Allele calling was carried out using the Affymetrix proprietary software package Axiom Analysis Suite, following the Axiom® Best Practices Genotyping Workflow (https://media.affymetrix.com/support/downloads/manuals/axiom_analysis_suite_user_guide.pdf). SNP marker data were obtained in the Hap Map format. The chip had 35,143 SNPs; however, after filtration for monomorphic alleles, minor allele frequency (MAF) was >0.05, missing data frequency was >0.2 and heterozygote frequency >0.25; a total of 10,546 SNPs were retained for GWAS analysis.



Analysis of data

Phenotypic data at each location and condition (IR, RI and LS) were analyzed using the r package ‘augmentedRCBD' (Aravind et al., 2021) for ANOVA, and adjusted means for each genotype under study were estimated based on Federer (1956, 1961). Calculated adjusted mean eliminating block effect at each environment is used further in all the analyses, including GWAS. The adjusted mean of each block was calculated with the formula (Federer, 1961):

[image: image]

where

Vi is the adjusted mean of ith variety

ui is the unadjusted mean of ith variety

bj is jth block effect.

Principal component analysis was carried out using the R package “FactoMineR version 2.4” (Multivariate Exploratory Data Analysis and Data Mining) by Husson et al. (2016). Graphical representation of PCA results was done with the R package “factoextra version 1.0.7” (Kassambara, 2020). Pearson's correlation was calculated among the studied traits and figures were drawn.

A total of 5,480 SNPs equally spaced around 1 MB distance throughout the genome were filtered and used for the estimation of population structure using the STURUCTURE software (Pritchard et al., 2010). The parameters, viz., burn-in cycles and MCMC (Monte Carlo Markov Chains) were set to 100,000. Three iterations for each k value ranging from 1 to 7 were conducted to determine the population structure. The ideal number of delta K (subpopulations) was found out by the Evanno method (Evanno et al., 2005) using Structure Harvester (http://taylor0.biology.ucla.edu/structureHarvester/). Furthermore, the filtered 10,546 SNPs were analyzed using TASSEL 5.0 (Trait Analysis by Association, Evolution and Linkage) (Bradbury et al., 2007) to construct the neighbor-joining dendrogram. SNP marker-based PCA and Kinship analysis were conducted with GAPIT (Lipka et al., 2012).



Association analysis

The filtered SNP markers were utilized for determining marker-trait associations using TASSEL v 5.0. The r2 values between marker pairs were obtained and filtered for pairs within each chromosome. LD decay curve was drawn for each A, B and D genomes along with whole the genome. LD block size was estimated by plotting the r2 value against the distance in base pairs (bp) and the distance at the half LD Decay point was noted.

The filtered 10,546 SNPs and the location-wise “adjusted mean” for each trait were used for the genome-wide association analysis using GAPIT v3 in R with PCA 3 and default parameters (https://zzlab.net/GAPIT/gapit_help_document.pdf) using the “BLINK” (Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway) model. The BLINK model is presumed to be superior in identifying QTNs and avoiding false positives to decipher true associations (Huang et al., 2019). Quality of association model fitting was found out using a Q-Q plot drawn with expected vs. observed −log10(p) value. Stringent selection of MTAs was done using the Bonferroni correction (p-value cut-off at 0.05/total number of markers) to avoid false positives and a Manhattan plot was drawn to represent MTAs. Stable MTAs across the location were found out with a significant p-value cut-off at 0.001. Pleiotropic SNPs having association with more than one trait were also found out. Stable and pleiotropic SNPs were compared with the IWGSC Reference genome using BLAST search in the ensemble plants platform (http://plants.ensembl.org/Triticum_aestivum/Tools/Blast). To identify the candidate genes associated with significant SNPs, gene coding regions located within the 10 KB flanking region of the MTAs were considered.




Results


Phenotypic evaluation

There was high variability in means and range for each trait at the respective location. Mean DH and PLTY were highest in Delhi as compared to other locations, and Pune had the least. Late sown trials planted for heat stress had lower DH, DM, PH, GWPS, TGW, BIOMASS and PLTY as compared to IR and RI trials (Table 2). NDVI had a similar pattern across the environments except in the late sown where it had lower NDVI values. CT at anthesis was highest in RI trials followed by LS and IR. Jharkhand and Indore locations displayed higher TGW as compared to Delhi. IR trials at Delhi had higher TGW compared to RI and LS due to shrinkage of grains under drought and heat stress (Table 2). Descriptive statistics like minimum, maximum, average, standard deviation, coefficient of variation and critical difference of all the studied traits in each environment were calculated (Supplementary Table 2).


TABLE 2 A summary of yield and stress related traits in GWAS panel evaluated across the different environment.
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Analysis of variance indicated a significant difference between the studied traits at 5% and 1% as noted in Supplementary Table 2. The frequency distribution curve indicated the near normal distribution for the majority of the traits in Delhi under all three conditions and a similar pattern was observed at other locations too (Figure 1; Supplementary Figure 1). There was the least variation for days to heading in Delhi under irrigated condition (0.78%) followed by NDVI_1 (0.89%) at the late sown condition in Delhi. Being high environmental responsive traits, plot yield, biomass, NDVI_3 and GWPS were the highly variable traits having higher CV values compared to other traits in all the locations.
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FIGURE 1
 Frequency distribution of studied traits in GWAS panel evaluated at IARI Delhi under three conditions viz., IR, RI and LS during 2020–2021.




Correlation- and phenotype-based PCA

There was a positive correlation among the traits like NDVI, SPAD, DH, DM and PH in all the three conditions at the Delhi location and a similar trend was observed in all other locations. Similarly, yield-related traits like GWPS, TGW and PLTY also showed a positive correlation across the studied locations and treatment conditions. CT was negatively correlated with all the studied traits (Figure 2; Supplementary Figure 2).
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FIGURE 2
 Correlation among the studied traits in the GWAS panel evaluated at IARI Delhi under three conditions, viz., IR, RI and LS during 2020–2021.


PCA based on phenotypic data indicated that in Delhi irrigated condition, the first principal component was contributing 32.7% variation; the major contributors were DM, DH and NDVI (Figure 3), whereas the second dimension represents 17.2% variation receiving contribution from yield-related traits, viz., PLTY, TGW, CT, GWPS and BIOMASS (Figure 3). The traits DH, DM and NDVI are clustered together with an acute angle indicating a positive correlation among them. Similarly, TGW, PLTY, GWPS and BIOMASS were clustered together. Whereas CT indicated a negative correlation to all the studied traits. Similarly, PCA analysis under RI and LS conditions at Delhi indicated that dimension 1 was explaining 28.6 and 25.3%; dimension 2 was explaining 21 and 15.6% variation, respectively. Variation explained by both the dimension (i.e. Dim-1 and Dim-2) of PCA from other locations were also found out using PCA analysis viz., IIWBR (Dim1-31.8%, Dim2-25%), PUNE_IR (Dim1-25.3%, Dim2-19.5%), PUNE_RI (Dim1-20.9%, Dim2-18.6%) and JR (Dim1-37.2%, Dim2-21.9%) locations (Supplementary Figure 3).


[image: Figure 3]
FIGURE 3
 PCA biplot and contribution of studied traits to dimension 1 and dimension 2 in GWAS panel evaluated at IARI Delhi under IR condition during 2020–2021.




Genotyping

Out of 35,143 SNPs screened over 282 genotypes, 10,546 SNPs were retained after filtering. Genome-wide SNP distribution analysis showed 3,350, 4,083 and 3,113 SNPs in A, B and D genomes, respectively. Having 777 SNPs, 2B was the chromosome containing the highest number of polymorphic SNPs followed by 2D having 767. Chromosome 4D had the lowest number of polymorphic SNPs (184) (Table 3).


TABLE 3 Chromosome wise distribution of SNP markers on the three sub genomes of wheat.
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Population structure and diversity

Population structure was determined with burn-in and MCMC of 100,000 with three iterations using STRUCTURE HARVESTER. The best K-value obtained was 2 indicating 2 subpopulations in the GWAS panel (Figure 4A). The subpopulations 1 and 2 had 133 and 135 genotypes, respectively, whereas 14 genotypes were considered as the admixtures population (Supplementary Table 3). The result was verified with the PCA analysis based on SNP marker data; two clusters were also obtained in a marker-based PCA plot (Figure 4B), indicating two subpopulations in the panel. Kinship and neighbor-joining cluster analysis verified the presence of two clusters as shown in Figures 4C,D.
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FIGURE 4
 Population groupings in the GWAS panel from different models. (A) Population structure-based grouping of genotype from STUCTURE analysis. (B) The 2D plot of the principal component-based grouping. (C) Neighbor-joining tree-based diversity. (D) Heat map of pair-wise kinship matrix.




Linkage disequilibrium (LD) block

To estimate LD, the r2 (squared allele frequency correlation) value was calculated among all the possible pairs of SNPs in each chromosome using TASSEL 5.0 (Bradbury et al., 2007). LD decay map was constructed by plating r2 values against genetic distance in bp for each genome and whole genome. LD block size at half LD decay was 5.24, 5.26, and 9.22 MB for A, B and D genomes, respectively (Figure 5). Whole genome LD decay was observed to be 7.15 MB, indicating any SNPs within this distance are said to behave as inheritance block.
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FIGURE 5
 Subgenome and whole genome-wide linkage disequilibrium (LD) decay in GWAS panel of 282 diverse bread wheat genotypes.




Marker trait associations (MTAs)

For all the studied traits together across the location with different treatment conditions, viz., IR, RI and LS, a total of 761 MTAs were identified with a significance −log10(p) value of >3. The highest number of SNPs were obtained for the trait NDVI (242 MTAs) and the lowest for the SPAD (19 MTAs). Associated SNPs identified for each trait under different conditions are listed with their respective p-values (Supplementary Table 4). MTAs were filtered with Bonferroni correction value (−log10(p) >5.32) to increase the stringency of selection, and 57 SNPs were obtained that were located on 18 different chromosomes (Figure 6). Out of 57 SNPs, 28 were identified under IR condition, which were linked with BIOMASS, DH, DM, GWPS NDVI, PH and TGW. Under RI condition, 16 SNPs linked with DH, GWPS, NDVI and PH were obtained. Thirteen significant associations were obtained under LS conditions for traits, viz., CT, DH, DM, GWPS, NDVI and PLTY (Table 3). Pictorial representation of some significant SNPs identified at Delhi and other locations for the studied traits were depicted with Manhattan plots along with QQ plots (Figure 7; Supplementary Figure 4). The details of MTAs above Bonferroni correction with their position in the genome are noted down (Table 4). Among them, 22 SNPs were stable and pleiotropic and were associated with six different traits, namely, DH, DM, NDVI, TGW, PH and BIOMASS. NDVI and DH were showing the highest number of stable MTAs, i.e., 7, followed by DM and TGW having 3 and 2 MTAs, respectively. Whereas BIOMASS and PH were having one stable association each (Table 5). Percent phenotypic variation explained (r2) by the stable MTAs ranged from 3.87% in PH to 19.22% in DM (Table 4).
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FIGURE 6
 Distribution and position of identified MTAs (-log(p) above 5.32) at their respective chromosome.
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FIGURE 7
 Manhattan and respective-QQ plots of significant associations at IR_Delhi_2019 for GWPS, LS_DL_2019 for PLTY, IR_DL_2020 for BIOMASS and RI_JR_2020 for TGW, IR_DL_2019 for NDVI, IR_DL_2020 for DH, IR_DL_2020 for DM and IR_DL_2020 for PH.



TABLE 4 Significant marker trait associations at Bonferroni corrected p value for traits under study at each environment.
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TABLE 5 List of stable SNPs expressed at more than one environment and Pleiotropic* SNPs (Bold ones) linked to more than one traits.
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We identified nine pleiotropic MTAs having associations with different traits (Table 5). The SNP marker AX-94490240 and AX-94463626 were associated with DM, NDVI and DH, whereas AX-94598030 and AX-94759710 were linked with TGW and NDVI. Similarly, GWPS and DH were associated with AX-94988124 and AX-94466450 with BIOMASS and PLTY. However, their strength of association differs depending on traits and location (Table 5).



In silico analysis

BLAST analysis of stable SNPs against the IWGSC reference genome of Triticum aestivum revealed the location of SNPs in the gene-rich region of the genome. Almost all SNPs were near to one or the other transcript coding for some proteins or transcription factors except SNP AX-94466450. SNPs were located near the genes coding for proteins like peroxisomal membrane protein, ran binding protein, augmin family, etc. (Table 6). SNPs AX-94762983 and AX-95133267 were located in a protein-coding region whose protein is still unknown. The SNPs markers like AX-94578563, AX-94941121 and AX-94631711 were linked to the genes governing the traits like endosperm, ascorbate content and root growth, and are helpful in the heading of the wheat. Similarly, SNPs like AX-94759710 and AX-94598030 linked are to TGW and are present near the gene coding region for endosperm development and resistance to oxidative stress (Table 6).


TABLE 6 Putative candidate genes identified at the 10 kb region of Linked SNPs along with their molecular functions.
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Discussion

Drought and heat have the greatest influence on wheat varieties, therefore identifying the genomic region using genome-wide SNP markers is a smart way to gain knowledge, which can then be used to create climate-resilient varieties. The goal of this study is to identify a new region of the wheat genome that is responsible for drought and heat stress resistance. The use of elite breeding material for GWAS invariably reduces the number of significant SNPs compared with other studies, where diverse plant materials with high diversity and larger phenotypic differences were used (Bordes et al., 2014; Zanke et al., 2015). In such material QTL with large effects on the traits may be fixed in the breeding lines, and will therefore not be detectable (Kristensen et al., 2018). However, the utilization of an advanced breeding line will help to explore untouched parts of the genome having minor effects on the target traits by avoiding the influence of major QTL regions during the study that are already fixed. Furthermore, advanced breeding lines are ready to use the material in the breeding programme as a parent (Kristensen et al., 2018) with preferred qualities and having a meager problem of linkage drag.

In this study, the near normal distribution among all the studied traits (Figure 1) indicated the polygenic nature of the studied traits. Significant variation was observed from the analysis of variance indicating the data can be used for further analysis. The coefficient of variation was low for the traits, such as DH, DM and NDVI, whereas high CV was observed for biomass and plot yield which was due to the high influence of environmental factors. To nullify the effect of environmental influence, multi-location and multi-year data were used to find out stable associations.

In GWAS analysis, population structure might be a confounding factor that must be addressed to avoid false associations. STRUCTURE and PCA are two popular approaches for inferring the population structure of the genome-wide association panel using high-density SNPs (Abraham and Inouye, 2014). The use of genotypes from Indian and exotic introduction in the study might be the reason for clear-cut two subpopulations (Figure 4A) in the mapping panel. As many as 14 admixture genotypes carrying genomic regions from both the subpopulations were observed, which is due to the advanced breeding line developed from common founding parents used in their crossing plan. AM panels with subpopulations were used efficiently by using either PCA-based grouping (Odilbekov et al., 2019; Rathan et al., 2022) or with the uses of the Q matrix from the STRUCTURE analysis as covariates (Beyer et al., 2019; Luján Basile et al., 2019; Danakumara et al., 2021; Alotaibi et al., 2022). Apart from that, suitable diversity for GWAS study among the genotypes in AM panel was confirmed by neighbor-joining clustering from the distance matrix. The use of a diverse panel of genotypes can provide more valuable inference compared to bi-parental populations (Vos-Fels et al., 2017) by taking advantage of maximum allelic diversity (Ayalew et al., 2018; Onyemaobi et al., 2018). The present study material being developed from multiple crossing ensures the required diversity for the association study, and estimation is based on neighbor-joining clusters and kinship-based heat map (Figure 4D).

In outcrossing crop species like maize, LD block was observed at a short distance and thus decays were faster, and in the case of self-pollinated crops longer distance is attributed to a lower decay rate as in wheat (Yu et al., 2014; Roncallo et al., 2021). For example, the genome-wide LD decay distance is ~100 kb in rice and ~2 kb in maize (Huang and Han, 2014); however, in wheat, up to 30.4 mb LD decay was observed in Argentinian germplasm collection (Roncallo et al., 2021). LD is important in population genetics and crop improvement using molecular techniques (Gupta et al., 2005). The number of markers required for association mapping is determined by the extent of LD decay, based on the genetic distance between markers (Mather et al., 2007). LD decay varies widely among wheat populations. In this study, LD at half LD decay (Figure 5) varies for each genome with larger whole genome LD of 7.15 Mb, inferring the lower decay for the advanced breeding materials. Similarly, a large LD block size of 4.4 MB was observed by Pang et al. (2020). As much as 9.22 Mb distance was observed for the D genome inferring lower decay, which is in accordance with the previous study (Ogbonnaya et al., 2017; Jamil et al., 2019; Li G. et al., 2019; Pang et al., 2020). In contrast, faster LD decay in the D genome was observed; comparable to the A and B genomes in a study using breeding lines developed from synthetics, driving more recombination in the D genome (Ledesma-Ramírez et al., 2019). The significant variations in LD decay rates among the A, B and D genomes imply that the three genomes and their donors, T. turgidum (A and B) and Ae. tauschii (D), might have evolved independently and under different selection pressures throughout the domestication and modern breeding objectives (Mirzaghaderi and Mason, 2017). LD decay depends on cultivation patterns, breeding methods, breeding history and evolutionary history. Wheat is grown once a year, hence has a much slower rate of evolution, and likely accumulated far fewer historical recombination events and mutations, resulting in a slower LD decay than in other self-pollinated crops like rice (Pang et al., 2020).

At a significant p < 0.001, a total of 761 SNPs were identified to be associated with traits under investigation. Such a huge number of MTAs can be justifiable for high-throughput genotyping data and with the cut-off p-value of 0.001, similar to earlier reports for various agronomic traits (Ma et al., 2018; Pang et al., 2020). A huge number of SNPs obtained for yield-related traits under stress conditions may include many of the false positives due to lower threshold values. To avoid such biasness, a stringent selection procedure of Bonferroni correction was applied like Kumar et al. (2018), and in total 57 MTAs were retained. If geographical and environmental variation among different locations was significantly high, a location-wise association study was carried out to avoid flattening of the genetic variation as mentioned in previous references (Pujar et al., 2020; Rathan et al., 2022). MTAs observed in more than one location with Bonferroni corrected p-value in at least one location (Stable MTAs) are presumed to be the true association, which is supported by the presence of the candidate gene (Table 6).

NDVI is an indicator of vegetation response to drought based on the relationships between NDVI and drought index (Rutkoski et al., 2016; Singh et al., 2016). In our study, as many as 242 SNPs were linked with NDVI at an LOD score of 3. When we observe the stable expressing SNPs across the environment, 10 SNPs belonging to NDVI indicated a true association with it. The reason might be drought and heat conditions applied by restricted irrigation and late sown conditions have induced the drought and heat tolerant genotypes to exhibit related traits and associated SNPs were identified. Susceptibility indices of drought and heat could be a potential targeting trait to encounter consistent yield in the stress breeding programme (Devi et al., 2022; Mutari et al., 2022). An extensive analysis of susceptibility indices could be our further target to dissect the genomic regions concerned with drought and heat tolerant traits.

A total of 22 stable SNPs were found for different traits having major number of MTAs for NDVI (10) and DH (11). Easy phenotyping and having high accuracy might lead to a greater number of associations between DH and NDVI. DH-linked SNPs were detected on chromosomes 3A, 2D, 1D, 5D, 3A, 5B, and 6D are on par with earlier reports like the presence of VRN genes responsible for flowering on chromosomes 5A, 5B and 5D (Ogbonnaya et al., 2017). Markers linked with the DH were also found on chromosomes 1D, 2A, 4A, 5B, 5D, 6A, 6B, and 7A (Jamil et al., 2019). It is notable that we got clusters of markers on chromosome 5B for DM, GWPS, NDVI and PH that might be influenced by the presence of the vrn B-1 gene on 5B. Earlier reports denote 29.1% of phenotypic variations for heading date from this region (Rivera-Burgos et al., 2022). Previous studies confirmed the influence of the chromosome 5B on flowering and the presence of VRN genes at 5B, influencing the vegetative and reproductive traits (Kiseleva et al., 2016; Huang et al., 2018). For NDVI, MTAs were obtained on chromosomes 1A and 5A on the A genome, 2B, 4B, and 5B on the B genome and 1D, 3D, and 6D on the D genome. The MLM-Q+K-based analysis detected unique NDVI QTLs on chromosomes 1A, 1B, 2B, 4A, 4B, 5A, 6A, 6B, and 7A in a study conducted by Condorelli et al. (2018). Similarly, NDVI-related MTAs on 1A and 7A were found out by Ward et al. (2019). As argued by Paliwal et al. (2012), a chromosomal region on 2B is of prime importance for heat stress. We obtained a stable SNP on the 2B chromosome for NDVI with an 11.5% variation explained. Apart from these, MTAs, viz., AX-94466450 (6B), AX-94988124 (5B) and AX-94415907 (5B) were linked stably to the traits, plot yield, GWPS and PH, respectively. Three SNPs, AX-94513007, AX-94598030 and AX-94759710, were identified for TGW on chromosomes 1A, 3D and 6D. In previous studies, markers linked with TGW were observed in 6D (Wang et al., 2012; Chen et al., 2016), 1A (Ogbonnaya et al., 2017) and pleiotropic regions affecting kernel weight-related traits on chromosomes 1B, 2A and 3A (Chen et al., 2016). Contrary to this, stable SNPs for TGW were observed on chromosomes 5A (Wang et al., 2017), 1D and 7A (Edae et al., 2014). SNPs location on 1A, 3D and 6D were novel in our study.

Stable expression along the different locations and conditions is presumed to be the real association of these markers with the studied traits. Significant SNPs detected in this study for grain yield parameter can be indirectly selected under drought and heat condition having an influence on the stress tolerance mechanism and pathway involved in abiotic stress tolerance, which is also observed by Schmidt et al. (2020). Hence, it is common to find markers to be associated with more than one trait, i.e. pleiotropic influence. Significant pleiotropic loci were detected for yield and stress tolerance-related traits showing yield and stress tolerant traits have an influence on one another as reported by Mathew et al. (2018). Similarly, we found nine different stable MTAs showing pleiotropic effects between different yield related and stress-tolerant traits as depicted in Table 5. Important yield trait like TGW linked SNPs, viz., AX-94598030 and AX-94759710 were pleiotropic with NDVI, an important drought tolerant trait. Pleiotropy between yield related and NDVI was found in a QTL mapping study by Shi et al. (2017). SNP, AX-94513007, was having pleiotropy between TGW and DM, a stay-green trait was helpful in heat and drought tolerance. It is clear that markers, viz., AX-94725580, AX-94490240, AX-94560091 and AX-94463626 exhibit pleiotropy among traits DH, DM and NDVI. Due to the interdependence on one another they are bound to share genes in common and the results can also be supported by the presence of positive correlation among these traits (Figure 2). Pleiotropy between NDVI and TGW observed by the markers AX-94598030 and AX-94759710 indicates the collinearity between stress tolerant and yield-related traits under stress condition. Markers such as AX-94560091 located near to the transcript TraesCS1A02G001900 related to Integrin-mediated signaling pathway and calcium ion-binding protein obviously having multiple roles in drought tolerance in plant system (Lü et al., 2007; Takahashi et al., 2020). Pleiotropic maker AX-94598030 was mapped near the proteins involved in stress tolerance, such as peroxisomal membrane protein (Table 6), which are involved in the mitigation of protein degradation and oxidative stress tolerance (Palma et al., 2002), in turn may have influence on yield parameters in stress. The pleiotropic effect between stress tolerance and grain traits are previously reported in many studies (Ahmed et al., 2022b). Markers such as AX-94578563 and AX-94941121 associated with DH were present near the gene coding for Invertase/pectin methylesterase inhibitor domain superfamily and sugar-1-phosphate guanyl transferase, respectively. The first has a role in early development of wheat grain endosperm and outer layers (Mehdi et al., 2020), which is related to flowering fertilization in flowering plants. Whereas the second one has a role in L-galactose guanyl-transferase, which increases leaf ascorbate content that induces early flowering (Laing et al., 2007). These findings found out that novel MTAs that are detected here can be evaluated further for the validation of the markers.

Furthermore, such markers can be utilized for marker assisted breeding for genes related to drought and heat tolerance along with high yield. MTAs that are stable across the environment have great potential to be deployed in developing new wheat varieties through molecular breeding. Marker validation and pathway followed by the genes associated with markers can be analyzed for further evidence to support the reliability of associations, thereby have utilization in breeding programmes. As the plant materials used in the study are advanced breeding lines that are used for further evaluation to release variety or can be directly used as parents in breeding programmes.



Conclusion

Genetic dissection of the genomic region responsible for drought and heat tolerance is having immense importance in the development of climate-resilient varieties. A total of 295 advanced breeding lines used in GWAS panel showed continuous variation for most of the studied traits. Sufficient genetic diversity was observed in AM panel with structured two subpopulations. A large LD block size of 7.15 MB was found out showing reliable linkage of markers with the trait of interest for more generations. Fifty-seven high-confident markers associated with drought and heat tolerance and yield related traits, viz., DH, DM, NDVI, PH and TGW were discovered in this study. Many of the identified MTAs were located near the putative candidate gene and protein coding transcript influencing the traits of interest. A total of 22 stable MTAs identified across the locations were having practical utilization in future wheat breeding programmes.
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Potassium (K+) is the most abundant cation that plays a crucial role in various cellular processes in plants. Plants have developed an efficient mechanism for the acquisition of K+ when grown in K+ deficient or saline soils. A total of 47 K+ transport gene homologs (27 HAKs, 4 HKTs, 2 KEAs, 9 AKTs, 2 KATs, 2 TPCs, and 1 VDPC) have been identified in Sorghum bicolor. Of 47 homologs, 33 were identified as K+ transporters and the remaining 14 as K+ channels. Chromosome 2 has been found as the hotspot of K+ transporters with 9 genes. Phylogenetic analysis revealed the conservation of sorghum K+ transport genes akin to Oryza sativa. Analysis of regulatory elements indicates the key roles that K+ transport genes play under different biotic and abiotic stress conditions. Digital expression data of different developmental stages disclosed that expressions were higher in milk, flowering, and tillering stages. Expression levels of the genes SbHAK27 and SbKEA2 were higher during milk, SbHAK17, SbHAK11, SbHAK18, and SbHAK7 during flowering, SbHAK18, SbHAK10, and 23 other gene expressions were elevated during tillering inferring the important role that K+ transport genes play during plant growth and development. Differential transcript expression was observed in different tissues like root, stem, and leaf under abiotic stresses such as salt, drought, heat, and cold stresses. Collectively, the in-depth genome-wide analysis and differential transcript profiling of K+ transport genes elucidate their role in ion homeostasis and stress tolerance mechanisms.
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HAK/KT/KUP, KEA, K+ channels, K+ transporters, Sorghum, Trk/HKT


Introduction

Potassium (K+) is an essential macronutrient and most ubiquitous monovalent cation in plants. It contributes up to 10% of total plant dry weight and plays an overriding role in diverse cellular processes such as ion homeostasis, plant growth, development, transport, and signaling (Feng et al., 2019; Hussain et al., 2021). Despite its abundance, K+ is not readily available to plants since they absorb it in the ionic form only, and the concentrations at the root surface often fall below or up to μM range (Ashley et al., 2006). K+ uptake in plants is mediated by two mechanisms: a low affinity system that functions when extracellular K+ concentration is high (> 200 μM to mM) and a high affinity system that functions when extracellular concentration is low (20 μM Rb+) (Gierth et al., 2005). Na+ competes with K+ but does not fulfill the physiological functions, and higher K+/Na+ is critical in maintaining electro-neutrality of the cells (Hussain et al., 2021). K+ transport occurs through five major families, classified under 2 categories as K+ transporters and channels. The transporters include HAK (high-affinity K+)/KUP (K+ uptake)/KT (K+ transporter) family, Trk/HKT family, and KEA (K+ efflux anti-porter) family, while the K+ channels include the shakers/voltage-gated channels (AKT and KAT) and non-voltage-gated [tandem-pore K+ (TPK) and two-pore (TPC)] channels (Hedrich, 2012). HAK/KUP/KT transporters are critical in maintaining osmotic potential and salt tolerance (Feng et al., 2019) and are the largest family of K+ transporters (Ahn et al., 2004). While HKTs are involved in the uptake of K+ during short-term K+ starvation (Riedelsberger et al., 2021), KEAs are implicated in the regulation of thylakoid and stromal pH (Sánchez-McSweeney et al., 2021). Abiotic stresses like salt, drought, heat, and cold impair the final yields (Teklić et al., 2021). But K+ is a vital regulator of plant responses and imparts tolerance to the abiotic stresses (Hasanuzzaman et al., 2018; Sardans and Peñuelas, 2021). K+ reduces the adverse effects of drought stress tolerance alongside maintaining turgor pressure at low water potentials, alleviates salt stress by achieving homeostatic balance, enhances seed yield during heat stress by reducing the silique canopy, improves freezing tolerance by accumulation of osmolytes (Assaha et al., 2017; Aksu and Altay, 2020; Hu et al., 2021; Saadati et al., 2021).

Genome-wide analyses have been widely performed in HAK/KUP/KT family, but studies were limited to K+ transporters. Analysis of HAK/KUP/KT transporters on a genome scale has been carried out in Oryza sativa (Banuelos et al., 2002), Arabidopsis thaliana (Ahn et al., 2004), Populus trichocarpa (He et al., 2012), Zea mays (Zhang et al., 2012), Solanum lycopersicum (Hyun et al., 2014), Prunus persica (Song et al., 2015), Triticum aestivum (Cheng et al., 2018), Pyrus betulifolia (Li Y. et al., 2018), Manihot esculenta (Ou et al., 2018), Nicotiana tabacum (Song et al., 2019), Saccharum spontaneum (Feng et al., 2020b), Gossypium (Yang X. et al., 2020), and Ipomoea batatas (Jin et al., 2021). Genome-wide analysis of K+ transport gene family has been reported in Oryza sativa (Amrutha et al., 2007), Glycine max (Rehman et al., 2017), Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), and Gossypium raimondii (Azeem et al., 2022) but not in Sorghum bicolor.

Sorghum, a moderately drought stress-tolerant crop is the fifth most important cereal. It is the staple food for human populations in arid regions and a good source of feed and fuel in the global agronomics and economics. It is a self-pollinated, C4 photosynthetic plant with a smaller genome size of 730 Mb (Paterson et al., 2009). In the present study, the discovery, and identification of K+ transport gene homologs in Sorghum bicolor were conducted including their expression profiles in different tissues under various abiotic stresses. Further, chromosomal locations, gene characterization, protein modeling, conserved motifs analysis, cellular localization, promoter analysis, evolutionary relationship, and protein-protein interactions were investigated, resulting in the characterization of candidate genes.



Materials and methods


In silico prediction, identification, and characterization of K+ transport gene homologs

All the 49 rice full-length cDNA sequences of K+ encoding genes were collected from rice (Amrutha et al., 2007). The homology search of the collected FASTA sequences was performed by BLASTN against Sorghum genome in the Gramene database with default settings.1 The coding sequences (CDS) and corresponding protein sequences were retrieved from the BLAST output using GENSCAN web server.2 To check the presence of the K+ domain, Conserved Domain Database search and SMART were employed.3, 4 For analysis of transmembrane, TMHMM (Moller et al., 2001), for prediction of gene structure, Gene Structure Display Server,5 for prediction of subcellular localization of the protein, WoLFPSORT,6 for isoelectric point (pI) molecular weight (MW), GRAVY (grand average of hydropathy) instability, and aliphatic indexes, ProtParam software,7 for identification of phosphorylation sites, NetPhos 3.18 for amino acid composition and net charge, pepcalc9 for conserved motifs, MEME10 with parameters like 10 number of motifs, 2–20 motif sites, 6–20 wide motif width were used. The genes on the chromosomes were mapped based on their physical location using MG2C11 tool.



Prediction of cis-elements, protein modeling and protein-protein interactions

Promoter elements were identified for all the transporter and channel genes by taking 2 kb sequence upstream to all the sorghum K+ transport homologs using PLACE tools.12 The 3D structures of all the K+ transport proteins were predicted using SWISS-MODEL server (Biasini et al., 2014). The predicted 3D structures of proteins were evaluated for stability using protein structure verification server (PSVS).13 The stability of the proteins was analyzed by Ramachandran plots. The predicted protein-protein interaction (PPI) map of sorghum K+ transport homologs was generated from the STRING database.14



Phylogenetic analysis and generation of synteny maps

A phylogenetic tree was constructed with amino acid sequences of Sorghum bicolor (Sb), Oryza sativa (Os), and Arabidopsis thaliana (At) using MEGA 10.0 software, by Neighbor-Joining method with 1000 bootstrap replicates (Kumar et al., 2018). Evolutionary analysis of orthologs and paralogs was performed by calculating synonymous (dS) and non-synonymous (dN) substitution rates using the PAL2NAL program.15 Synonymous (dS) and non-synonymous (dN) substitution rates were calculated by codeml in the PAML package. Synteny and collinearity were analyzed to identify K+ homologs using TBtools (Chen et al., 2020).



Digital and qRT-PCR analysis of K+ transport gene homologs under different abiotic stresses

For digital expression profiling of K+ transport genes, Genevestigator16 was used. The mRNA-seq data were used for analysis. The data are available for all the 46 genes (except SbHAK26) for 2 stress conditions (cold and drought) in 3 tissues (root, shoot, and leaf), and 4 developmental stages (milk stage, seedling stage, tillering stage, and flowering stage). Using hierarchical clustering, heat maps were generated separately for anatomical, developmental, and perturbations. Seeds of Sorghum bicolor L. BTx623 genotype were collected from the International Crops Research Institute for the Semi-Arid Tropics and used. Seventy-five-day-old seedlings maintained in green house at 28/20°C day/night temperatures were treated with salt (200 mM NaCl), drought (200 mM mannitol), heat (42°C), and cold (4°C) stresses for 4 h. Control (without any stress) plants were treated with tap water. Root, stem, and leaftissue samples were collected immediately, snap frozen in liquid nitrogen and stored at −80°C. Total RNA was isolated from all the samples using Macherey-Nagel NucleoSpin RNA plant kit (740949.50) by following the instructions manual. Total RNA (2 μg) was taken as a template for first strand cDNA synthesis using RevertAid First Strand cDNA Synthesis Kit (#K1622, Thermo Scientific EU, Reinach, Switzerland). The relative expression levels of K+ gene homologs were studied using Mx3000p (Agilent) with 2X applied biosystems (ABI) Master Mix with gene specific primers (Supplementary Table 1) with the following thermal cycles: 1 cycle at 95°C for 10 min, followed by 40 cycles alternatively at 95°C for 15 s and 60°C for 1 min. The expression of each gene in various samples was normalized with ACTIN gene. The experiment was performed with two biological replicates and for each sample three technical replicates were used. The comparative 2–ΔΔCT method was used to calculate the relative quantities of each transcript in the samples (Schmittgen and Livak, 2008).




Results


Discovery, identification and characterization of K+ gene homologs

A total of 47 K+ transport homologs have been identified in sorghum (Table 1 and Supplementary Table 2). Of the 47 transport homologs 27 belong to HAKs (SbHAK1 to SbHAK27), 4 HKTs (SbHKT2, SbHAT3, SbHKT4, and SbHKT5), 9 AKTs (SbAKT1 to SbAKT9), 2 KEAs (SbKEA1 and SbKEA2), 2 KATs (SbKAT1 and SbKAT2), 2 TPKs (SbTPC1 and SbTPC2), and 1 VDPC (SbVDPC1) (Table 1). Homologs of OsHKTs (OsHKT1, OsHKT6, and OsHKT7) and OsKEA3 are not available in Sorghum bicolor. K+ transporter and channel domains like K-trans, TrK, voltage-dependent K+ channel, KHA, Two pore potassium channel, and K+-efflux system protein have been identified (Table 1). Predicted amino acid sequences were used to identify the number of transmembrane segments. While the number of transmembrane domains for K+ transporters varies from 0 (SbAKT2) to 13 (SbHAK11 and SbHAK17) (Table 1), the number of exons varies from 2 (SbAKT7, SbAKT9, and SbTPC1) to 17 (SbHAK24) in sorghum (Table 1 and Figure 1). Most of the K+ transport gene homologs are localized on the plasma membrane, followed by chloroplast, nucleus, endoplasmic reticulum, and mitochondria. SbHAK6 and HAK15 are localized on nucleus, SbAKT1, SbAKT2, and SbKEA on chloroplast, SbAKT5 and SbKAT2 on endoplasmic reticulum, and SbKAT1 on mitochondria (Table 1). The pI, MW, GRAVY, instability, aliphatic indexes (Supplementary Table 3), amino acid and net charge (Supplementary Table 4) have also been tabulated. Kinases play an important role in phosphorylation and K+ gene homologs showed 18 different serine, threonine, and tyrosine kinases (Supplementary Table 5). The consensus motif GVVYGDLGTSPLY was identified in all the HAK transporter proteins except HAK5, HAK12, and HAK22 (Figure 2). Another signature sequence like GGTFALYSLLCR has been observed in all the HAK transporters leaving out HAK7, HAK15, and HAK22. The motif SLVFWTLTLIPLLKYVFIVL has been detected in all the HAK transporters excluding HAK12 (Figure 2). The motifs, VEMEDFSSAQLLVLTLLM, FSVFTTVSTFSNCGFLPTNE, GEKLVNALFMAVNSRHAGE, and DLSTLASAILVLYVLMMYLP were noticed in all the sorghum HKT K+ transporter proteins (Figure 2). The KEA family displayed FFMTVGMSIDPKLLJREWP and KAFPNVKIFVRAKDLDH motifs (Figure 2). The sorghum K+ channel (AKT, KAT, TPK, and VDPC) proteins displayed the motif YWSITTLTTVGYGDLHAENP (Figure 2).


TABLE 1    Characterization of Sorghum bicolor potassium transport gene homologs.
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FIGURE 1
Characterization of K+ transporter gene homologs. Exons are represented as red boxes and introns as black lines. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.
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FIGURE 2
Conserved motif analysis of K+ transporter (HAK, HKT, and KEA) and channel (AKT, KAT, VDPC, and TPC) proteins. The consensus motif GVVYGDLGTSPLY was identified in all the HAK transporters except HAK5, HAK12, and HAK22. The motifs, VEMEDFSSAQLLVLTLLM, FSVFTTVSTFSNCGFLPTNE, GEKLVNALFMAVNSRHAGE, and LSTLASAILVLYVLMMYLP were observed in all the sorghum HKT transport proteins. The KEA family displayed FFMTVGMSIDPKLLJREWP and KAFPNVKIFVRAKDLDH motifs. All the channel proteins displayed the motif YWSITTLTTVGYGDLHAENP. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.




Promoter, 3D protein structures, and PPI analysis

Promoter analysis revealed the presence of biotic, abiotic, and phytohormone-responsive putative cis-elements (Supplementary Table 6). Different abiotic stress elements like DRE, CRT, CCAAT, MYB, MYC, LTRE, CBHFV, and IBOX have been identified (Figure 3). MYB represented the highest number of elements in all the transporters indicating their involvement in the stress tolerance. WBOX, the biotic stress-responsive element has also been recognized in all the K+ transporters. Most transporters have phytohormone-responsive elements like ABRE, WRKY, DPBF, ARR1, and GARE. ARR1, the cytokinin-responsive elements have been found as the highest number of elements among the phytohormone-responsive elements and identified in all the transporter and channel gene homologs (Figure 3). Such cis-element studies are essential since they might contribute to find out the functional regulation of KT/HAK/KUP gene family members in sorghum. 3D structures of K+ transport proteins were predicted with the best PDB templates (Figure 4). The template PDB id, template description, chain, model of the oligomer, and their structure validations are represented in the Supplementary Table 7. 3D structures of SbHAK26, SbAKT1, SbAKT2, SbAKT3, SbAKT4, SbAKT5, SbAKT6, SbAKT7, SbAKT8, SbAKT9, SbKAT1, SbKAT2, and SbVDPC1 proteins displayed significant sequence similarity percent ranging from 30.77% (SbHAK26) to 68.61% (SbAKT4). 3D structures of other K+ transport proteins did not show any significant (< 30%) sequence similarity (Supplementary Table 7). All the generated Ramachandran plots for structure validation are represented as Supplementary Figure 1. In the predicted PPI map, sorghum K+ proteins displayed interactions with several other K+ proteins. A total of 46 K+ proteins, except SbAKT9 were found in the PPI map (Figure 5). All the 46 proteins have been displayed as 46 nodes with 193 edges. Each protein showed more than one interactant (Supplementary Table 8). SbTPC1, SbTPC2, SbHAK23, SbHKT3, SbHKT4, SbAKT1, SbKEA1, SbHAK8, SbKAT1, and SbKAT2 have been found to be the major interacting proteins. SbHAK15 and SbVDPC1 did not show any interactions (Figure 5). All the STRING protein names used for PPIs are available in Supplementary Table 8.
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FIGURE 3
Conserved putative cis-acting elements of sorghum K+ transport gene homologs. DRE, dehydration-responsive elements; CRT, low-temperature responsive element; CCAAT, promoter of heat shock protein; MYB, responsive to drought and ABA; MYC, response to drought, cold and ABA; LTRE, low temperature and cold-responsive; CBFHV, dehydration-responsive element; IBOX, light regulation; WBOX, transcriptional repressor ERF3 gene; ABRE, early responsive to dehydration; WRKY, transcriptional repressor of the gibberellin; DPBF, ABA; AAR1, cytokinin-regulated transcription factor; GARE, gibberellic acid-responsive elements.
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FIGURE 4
Structural analysis of 47 modeled sorghum K+ transport proteins. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.
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FIGURE 5
String analysis of sorghum K+ transport homologs. All the proteins displayed the interacting partners except SbHAK15 and SbVDPC1. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.




Evolutionary divergence, chromosomal location and synteny

The phylogenetic tree revealed the evolutionary relationship of K+ transport homologs of Sorghum bicolor with Oryza sativa and Arabidopsis thaliana (Figure 6 and Supplementary Table 9). A total of 9 paralogs have been identified (Figure 7), 1 recognized as regional (SbHAK3 and SbHAK26) and 8 as segmental (SbHAK24 and SbHKT4, SbHAK6 and SbHAK13, SbHAK7 and SbKEA1, SbHAK18 and SbHAK20, SbHAK21 and SbKAT2, SbHKT2 and SbHKT3, SbAKT7 and SbAKT9, and SbAKT8 and SbAKT5) duplications. Sorghum showed 21 ortholog pairs (Figure 6), 18 with Oryza (SbHAK1 and OsHAK1, SbAKT2 and OsVDPC1, SbHAK2 and OsHAK16, SbHAK4 and OsHAK4, SbHAK5 and OsHAK26, SbHAK14 and OsHAK15, SbHAK10 and OsHAK13, SbHAK16 and OsAKT3, SbHAK12 and OsHAK20, SbHAK15 and OsHAK14, SbTPC1 and OsTPC1, SbHAK19 and OsHAK19, SbHAK27 and OsHAK27, SbKEA2 and OsKEA2, SbKAT1 and OsHKT2, SbAKT3 and OsAKT4, SbAKT4 and OsVDPC2, and SbAKT6 and OsHAK11) and 3 with Arabidopsis (SbHAK8 and AtHAK8, SbHAK23 and AtTPK3, and SbHAK22 and AtKEA1). All the 9 sorghum paralogs (SbHAK3 and SbHAK26, SbHAK24 and SbHKT4, SbHAK6 and SbHAK13, SbHAK7 and SbKEA1, SbHAK18 and SbHAK20, SbHAK21 and SbKAT2, SbHKT2 and SbHKT3, SbAKT7 and SbAKT9, and SbAKT8 and SbAKT5) display substitution rate < 1. The lowest dN/dS (0.0010) were observed in the regional paralog (SbHAK3 and SbHAK26) and the highest dN/dS (0.3651) in segmental paralog (SbHAK24 and SbHKT4) gene pairs (Table 2) respectively. Sorghum K+ transport gene homologs have been mapped onto Oryza (Figure 8). S. bicolor chromosome 2 displays 9 (highest) homologs followed by chromosome 3 and 6 with 8 homologs each, chromosome 1, 4, and 10 with 5 homologs each, chromosome 7 and 9 with 3 homologs each, and chromosome 8 with 1 homolog respectively. Similarly, O. sativa displays 10 homologs on chromosome 1, followed by chromosome 4 with 8 homologs, chromosomes 6 and 7 with 6 homologs each, chromosomes 2 and 3 with 5 homologs each, chromosomes 8 and 9 with 3 homologs each, chromosome 12 with 2 homologs, and chromosome 5 with 1 homolog. O. sativa and S. bicolor chromosomes 1 and 2 show the highest number of homologs with 10 and 9, respectively (Figure 8). Chromosome 5 of sorghum, 10 and 11 of rice do not contain any of the K+ gene homologs. A correspondence matrix was created and automated name-based and synteny maps were generated (Figure 8). The links on the chromosomes represent the gene homologs in sorghum and rice (Figure 8).


TABLE 2    Non-synonymous and synonymous substitution rates of sorghum paralog genes.
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FIGURE 6
Phylogenetic tree of K+ transport proteins between Sorghum bicolor (Sb), Oryza sativa (Os), and Arabidopsis thaliana (At). Predicted amino acid sequences were used for construction of the tree. The tree was constructed by the Neighbor Joining method using MEGA-X. Values indicate the number of times (as a percentage) that each branch topology was found during bootstrap analysis. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.
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FIGURE 7
Physical mapping of sorghum K+ transport gene homologs. The 9 paralog gene pairs are represented in blue color. Of the 9 paralogs, 8 have been identified as segmental (SbHAK24 and SbHKT4, SbHAK6 and SbHAK13, SbHAK7 and SbKEA1, SbHAK18 and SbHAK20, SbHAK21 and SbKAT2, SbHKT2 and SbHKT3, SbAKT7 and SbAKT9, and SbAKT8 and SbAKT5) represented as lines and 1 as regional (SbHAK3 and SbHAK26) represented as box. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.
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FIGURE 8
Synteny analysis of K+ transporter genes in Sorghum bicolor and Oryza sativa. The map was built with TB tools software. Sb, Sorghum bicolor; Os, Oryza sativa; HAK, high affinity K+; KEA, K+ efflux antiporter; VDPC, voltage-dependent K+ channel; TPC, two-pore channels.




Digital expressions and quantitative expression analysis of sorghum K+ transport gene homologs under abiotic stress conditions in different tissues

Digital expression of all the 46 K+ transport genes was analyzed in root, shoot, and leaf tissues exposed to cold and drought stress conditions. In anatomical tissues, high expression levels of K+ transport genes were noticed in root compared shoot, and leaf tissues (Figure 9A). In root tissues, SbHAK7, SbHAK18, SbHAK10, and SbHAK25, in shoot tissues, SbHAK11, SbKEA1, and SbHAK22, SbHAK11, SbKEA1, and SbKEA2 displayed high expressions respectively (Figure 9A). In developmental stages high expression levels of K+ transport genes were noticed in milk stage, flowering stage, tillering stage and seedling stage (Figure 9B). In milk stage SbHAK27 and SbKEA2, in the flowering stage SbHAK17, SbHAK11, SbHAK18, and SbHAK7, in tillering stage SbHAK18, SbHAK10, and 23 genes displayed elevated expression levels than other transport genes (Figure 9B). Differential expression profile of K+ transport genes was noticed in cold and drought conditions (Figure 9C). Higher expression levels were noticed in cold stress compared to drought stress. SbAKT1, SbHAK7, SbHKT5, SbHAK25, and SbAKT7 genes have higher expression levels in cold stress. SbHAK5 and SbHAK17 genes have higher expression in drought stress (Figure 9C).
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FIGURE 9
Digital expression profile of sorghum K+ transport genes in different tissues, developmental stages under cold and drought stresses (A) K+ transport in anatomical tissues, (B) K+ transport in developmental stages, (C) K+ transport gene expressions under cold and drought stresses. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.


Expression levels of only 32 K+ transport gene homologs (SbHAK1, SbHAK2, SbHAK3, SbHAK4, SbHAK5, SbHAK6, SbHAK7, SbHAK8, SbHAK9, SbHAK10, SbHAK11, SbHAK12, SbHAK13, SbHAK14, SbHAK15, SbHAK17, SbHAK18, SbHAK19, SbHAK20, SbHAK21, SbHAK22, SbHAK23, SbHAK24, SbHAK25, SbHAK26, SbHAK27, SbHKT2, SbHKT3, SbHKT4, SbHKT5, SbKEA1, and SbKEA2) were analyzed in sorghum root, stem, and leaf tissues subjected to salt, drought, heat, and cold stresses and shown in the heat map (Figure 10). qRT-PCR for other 15 K+ transport gene homologs could not be performed due to high sequence similarity. The homologs displayed differential gene expression in different tissues (Supplementary Table 10). SbHAK2, SbHAK20, SbHAK5, and SbHAK3 showed markedly increased expressions under salt, heat, drought and cold stresses respectively. Among the stress treatments, a 13.86-fold increase in transcript levels was observed in SbHAK3 in cold-stressed roots, followed by strong upregulation of SbHAK2 (13.39-folds increase) under salt stress in the leaves. SbHAK7 was enhanced by 11.95-folds in the leaves exposed to salt stress. Similarly, SbHAK12, SbHAK20, and SbHAK21 displayed 10.19, 10.48, and 10.14-folds enhanced activity in stem tissues subjected to salt (SbHAK12) and heat stresses (SbHAK20, SbHAK21) respectively. While SbHAK15 showed 9.36-fold increase in roots exposed to cold stress, SbHAK8, SbHAK14, and SbHAK10 exhibited higher activities in stems treated with salt and cold stresses respectively. Out of all gene homologs, SbHAK2, 3, 7, 8, 10, 12, 14, 15, 20, 21, and 14 recorded markedly high expressions in compared to other SbHAK, SbHKT, and SbKEA members. Transcripts SbHAK7, SbHAK8, SbHAK9, SbHAK10, SbHAK11, SbHAK12, SbHAK13, and SbHAK14 are highly upregulated under salt, heat, and cold, while SbHAK1, SbHAK4, SbHAK5, SbHAK18, SbHAK22, and SbHAK27 (4.55–7.94-folds) were well expressed under drought stress conditions. SbHAK17 has the lowest level of expression among all the genes across different stresses and tissues (Figure 10). Transcript expressions were increased in stem and leaf tissues subjected to high temperature stress especially in most of SbHAKs. Among the SbHKTs, the transcript level of SbHKT5 was superior (7.17-fold increase) in leaves exposed to salt stress. Similarly, SbKEA1 expression was significantly high (10.14-folds) under salt stress in the stems of Sorghum. Activity of SbKEA2 was 11.2-folds higher in salt-stressed leaves.
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FIGURE 10
Relative expression analysis of sorghum K+ transporter gene homologs. Sorghum transporter expressions during salt, drought, heat, and cold stresses. Relative expression of transporters is shown during different stress conditions compared to its corresponding controls. Values represent the expression levels obtained after normalizing against control tissues. All samples were analyzed in triplicate, in two independent experiments. Names on the vertical axis indicate the tissues and the horizontal axis represents various genes. R, root; S, stem; L, leaf; S, salt; D. drought; H, heat; C, cold. Each color represents the relative expression levels of the transcripts. Sb, Sorghum bicolor; HAK, high affinity potassium; KEA, K+ efflux antiporter; VDPC, voltage-dependent potassium channel; TPC, two-pore channels.





Discussion

K+ plays a pivotal role as a constituent of the plant structure, in ion homeostasis, salt tolerance, plant growth, development, transport, aside from acting as a signaling molecule (Feng et al., 2019; Hussain et al., 2021). It has a regulatory function in many physiological and biochemical processes such as protein synthesis, and activation of enzymes (Hasanuzzaman et al., 2018). K+ is available to plants only in ionic form and higher K+/Na+ has been recognized unequivocally as a crucial molecule for maintaining electro-neutrality of the cells (Hussain et al., 2021). Under saline and water deficient conditions, K+ maintains ion homeostasis and modulates the osmotic balance. Further, K+ participates in stomatal regulation during drought stress and increases the antioxidative ability of the plants (Hasanuzzaman et al., 2018). Since many homologs have been detected in plants, we need to understand which of the homologs perform the crucial processes of plant growth, abiotic stress, and under K+ deprivation conditions (Hamamoto et al., 2008; Jiang et al., 2021). In the present investigation, a total of 47 K+ transporter gene homologs (Table 1) were discovered in all including 33 K+ transporters (27 HAKs, 4 HKTs, and 2 KEAs) and the remaining 14 (9 AKTs, 2 KATs, 2 TPCs, and 1 VDPC) as K+ channels in S. bicolor.


Characterization of K+ transport gene homologs in sorghum

Sorghum has 47 K+ transporter gene homologs (Table 1 and Figure 1) in comparison with 43 in Gossypium raimondii, (Azeem et al., 2022), 39 in Cajanus cajan (Siddique et al., 2021), and 36 in Cicer arietinum (Azeem et al., 2018). Nevertheless, these numbers are lower than that of Glycine max, where 70 homologs have been detected (Rehman et al., 2017), and 49 in Oryza sativa (Amrutha et al., 2007). The 27 genes encoding HAK transporters in Sorghum (Figure 1) are similar in the number of HAK encoding genes detected in Zea mays and Hordeum vulgare (Zhang et al., 2012; Cai et al., 2021). Triticum aestivum and Pyrus betulifolia have 56 HAK transporters each (Cheng et al., 2018; Li Y. et al., 2018) followed by 41 in Nicotiana tabacum (Song et al., 2019), 31 in Populus trichocarpa (He et al., 2012), 30 in Saccharum spontaneum (Feng et al., 2020b), 29 in Glycine max (Rehman et al., 2017), 26 in Oryza sativa (Amrutha et al., 2007), 22 in Salix purpurea and Ipomoea batatas (Liang et al., 2020; Jin et al., 2021), 21 in Populus trichocarpa, Prunus persica, Manihot esculenta, and Camellia sinensis (He et al., 2012; Song et al., 2015; Ou et al., 2018; Yang T. et al., 2020), 19 in Solanum lycopersicum (Hyun et al., 2014), 17 in Oryza sativa and Cajanus cajan (Banuelos et al., 2002; Siddique et al., 2021), 16 in Prunus persica and Gossypium raimondii (Song et al., 2015; Azeem et al., 2022), and 13 in Arabidopsis thaliana (Ahn et al., 2004). These studies indicate that K+ transport genes are highly conserved in plants during evolution. A total of 21, 24, 45, and 44 HAK/KUP/KT genes were identified in Gossypium hirsutum, Gossypium barbadense, Gossypium raimondii, and Gossypium arboretum genomes respectively (Yang X. et al., 2020). The higher number of K+ transporter homologs in Triticum is due to its ploidy nature (Kyriakidou et al., 2018). Sorghum has shared 4 HKT encoding genes with Glycine max (Rehman et al., 2017). Oryza sativa has 8 HKTs, followed by 4 in Sorghum bicolor and Glycine max, 2 HKTs in Gossypium raimondii, Cajanus cajan, and Cicer arietinum (Amrutha et al., 2007; Rehman et al., 2017; Azeem et al., 2018, 2022; Siddique et al., 2021). Glycine max has the highest number of KEA transporters (12) (Rehman et al., 2017), followed by 7 KEAs in Gossypium raimondii (Azeem et al., 2022), 6 KEAs in Cicer arietinum and Cajanus cajan (Azeem et al., 2018; Siddique et al., 2021), but 2 KEAs in sorghum, and 1 KEA in Oryza sativa (Amrutha et al., 2007). The number of K+ channels identified in sorghum corroborates the previously reported genomes. A total of 14 K+ channels were identified in sorghum (9 AKTs, 2 KATs, 2TPKs, and 1 VDPC), an equal number in Oryza sativa (14 AKTS) (Amrutha et al., 2007), belonging to the same family. But Cajanus cajan has 9 shakers and 5 TPKs (Siddique et al., 2021). However, 25 K+ channel gene homologs (16 VDPCs, 9 TPK/KCO) have been reported in Glycine max (Rehman et al., 2017) and 18 (11 shakers and 7 TPKs/KCO) in Gossypium raimondii (Azeem et al., 2022).

The conserved domains of K+ transporter system viz., K-trans, TrK, KEA, voltage-dependent K+ channel, KHA, and Two Pore Potassium (TPK) channel were identified in sorghum (Table 1) which corroborates the identified K+ genes in other plant genomes such as Oryza sativa (Amrutha et al., 2007), Glycine max (Rehman et al., 2017), Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), and Gossypium raimondii (Azeem et al., 2022). The consensus motif GVVYGDLGTSPLY (Rodríguez-Navarro, 2000) was identified in all the sorghum HAK transporters except SbHAK5, SbHAK12, and SbHAK22 (Figure 2). Similar results were also reported in Oryza (Amrutha et al., 2007), Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), and Gossypium raimondii (Azeem et al., 2022). The motif GGTFALYSLLCR was detected in Arabidopsis thaliana (Ahn et al., 2004), Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), Gossypium (Azeem et al., 2022) was also noticed in sorghum inferring its evolutionary conservation. The conserved K+ channel motif GYGD (Kuang et al., 2015) has been observed in all the sorghum K+ channels (Figure 2), identical to that of Oryza sativa (Amrutha et al., 2007), Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), and Gossypium (Azeem et al., 2022). Most of the sorghum HAK transporters are localized on plasma membrane (Table 1) akin to Triticum aestivum (Cheng et al., 2018), Saccharum spontaneum (Feng et al., 2020b), Salix purpurea (Liang et al., 2020), Camellia sinensis (Yang T. et al., 2020), Hordeum vulgare (Cai et al., 2021), and Ipomoea batatas (Jin et al., 2021). A. thaliana AtHAK5 has been associated with the uptake of Na+ (Wang Q. et al., 2015). This implies that these porters subscribe to the accumulation of Na+ under saline conditions. Since restricting Na+ uptake determines salt tolerance, care must be taken while breeding the crop plants for salt stress tolerance. Also, HKTs are involved in loading Na+ into the xylem. Zhu et al. (2016) also noticed a link between SOS1 and HKT pathways for salt stress in wheat. These studies indicate the HKTs critical role during salt stress tolerance. K+ efflux antiporters KEA1 and KEA2 have been found in inner envelop membrane in A. thaliana, and the loss of function mutants influence both ROS and reactive nitrogen species (RNS). Double knock-out mutants of kea1kea2 elicited an alteration of the ROS homeostasis. However, nitric oxide (NO) content has negatively affected photosynthesis increasing photorespiratory activity (Sánchez-McSweeney et al., 2021). The studies infer that KEAs maintain chloroplast osmotic balance. In sorghum, SbKEA1 is localized on chloroplast membranes and is perhaps involved in the regulation of thylakoid and stromal pH (Sánchez-McSweeney et al., 2021).



Analysis of putative cis-elements and 3D protein structures, and interactions

Hyun et al. (2014) and Assaha et al. (2017) reported the involvement of cis-regulatory elements in abiotic stress tolerance and in K+ homeostasis. Similarly, analysis of promoter sequences of K+ transport gene homologs in sorghum revealed the presence of cis-elements which may be involved in diverse abiotic stress tolerances. This prediction is in line with that of Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), and Gossypium raimondii (Azeem et al., 2022). In the promoter regions, regulatory elements like ABRE, MYB, MYC, GARE, WBOX, LTRE, and CCAAT have been noticed in Cicer arietinum (Azeem et al., 2018), Pyrus betulifolia (Li Y. et al., 2018), Manihot esculenta (Ou et al., 2018), Nicotiana tabacum (Song et al., 2019), Salix purpurea (Liang et al., 2020), Camellia sinensis (Yang T. et al., 2020), Hordeum vulgare (Cai et al., 2021), Cajanus cajan (Siddique et al., 2021), Ipomoea batatas (Jin et al., 2021), and Gossypium species (Yang X. et al., 2020; Azeem et al., 2022) indicating the involvement of K+ transport gene homologs in abiotic stress tolerance. Aside abiotic stress-responsive elements, promoter analysis also revealed the presence of biotic stress-responsive and phytohormone stress-responsive elements in sorghum (Figure 3). The predicted elements indicate that K+ transporters are implicated in biotic stress response and their cross-talk with hormones during stress. Protein models (Figure 4) help to understand structure-function relationships (Rasheed et al., 2020). Protein-protein interactions (PPIs) of sorghum (Figure 5) displayed interaction with other K+ transporters and channels like what has been noticed in Cajanus cajan (Siddique et al., 2021). The SbHAK transporters also interacted with other SbHAK transporters like Ipomoea batatas HAK transporters (Jin et al., 2021).



Evolutionary divergence and comparative analysis

Phylogenetic analysis revealed the close relationship of Sorghum bicolor K+ transporters with Oryza sativa (Amrutha et al., 2007) than to Arabidopsis thaliana (Figure 6). A comparative phylogenetic analysis of K+ transporters has been carried out in Oryza sativa (Amrutha et al., 2007), Glycine max (Rehman et al., 2017), Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), and Gossypium raimondii (Azeem et al., 2022). Similarly, comparative studies of HAK transporters have been reported in Oryza sativa (Banuelos et al., 2002), Arabidopsis thaliana (Ahn et al., 2004), Populus trichocarpa (He et al., 2012), Zea mays (Zhang et al., 2012), Solanum lycopersicum (Hyun et al., 2014), Prunus persica (Song et al., 2015), Glycine max (Rehman et al., 2017), Triticum aestivum (Cheng et al., 2018) and Pyrus betulifolia (Li Y. et al., 2018), Manihot esculenta (Ou et al., 2018), Nicotiana tabacum (Song et al., 2019), Saccharum spontaneum (Feng et al., 2020b), Salix purpurea (Liang et al., 2020), Hordeum vulgare (Cai et al., 2021), Ipomoea batatas (Jin et al., 2021), and Camellia sinensis (Yang T. et al., 2020). Most sorghum K+ homologs showed high gene conservation with Oryza sativa (Figure 6) as both share common ancestor (Wang X. et al., 2015). The tree indicated 9 paralog and 21 ortholog (18 with Oryza sativa and 3 with Arabidopsis thaliana) groups. Chromosomal distribution and synteny analyses revealed the presence of 1 regional (SbHAK3 and SbHAK26) and 8 segmental (SbHAK24 and SbHKT4, SbHAK6 and SbHAK13, SbHAK7 and SbKEA1, SbHAK18 and SbHAK20, SbHAK21 and SbKAT2, SbHKT2 and SbHKT3, SbAKT7 and SbAKT9, and SbAKT8 and SbAKT5) duplication gene pairs. Such gene duplication events have also been reported in Ipomoea batatas HAK transporters (Jin et al., 2021). All the 9 sorghum paralogs (SbHAK3 and SbHAK26, SbHAK24 and SbHKT4, SbHAK6 and SbHAK13, SbHAK7 and SbKEA1, SbHAK18 and SbHAK20, SbHAK21 and SbKAT2, SbHKT2 and SbHKT3, SbAKT7 and SbAKT9, and SbAKT8 and SbAKT5) have the dN/dS value < 1 (Table 2), indicating a purifying Darwinian selection during the evolution of HAK genes (Bowers et al., 2003). The HAK family of Saccharum spontaneum (Feng et al., 2020b) and Ipomoea batatas (Jin et al., 2021) have also showed the non-synonymous/synonymous value < 1. Uneven distributions of K+ transport gene homologs on different chromosomes have been observed in sorghum (Figure 7) similar to Oryza sativa (Amrutha et al., 2007), Glycine max (Rehman et al., 2017), Cicer arietinum (Azeem et al., 2018), Cajanus cajan (Siddique et al., 2021), and Gossypium raimondii (Azeem et al., 2022). Uneven distribution of HAK/KUP/KT homologs has been observed in angiosperms also (Nieves-Cordones et al., 2016). Gene order conservation of K+ gene homologs across sorghum and rice has been identified by circos (Figure 8). K+ transport homologs displayed very high conservation between sorghum and rice since they share a common ancestor (Wang X. et al., 2015). Chromosome 2 and 1 of sorghum and rice displayed the highest number of homologs with 9 and 10, respectively. Also, an equal number (3) of K+ transport gene homologs was observed on chromosome 9 of sorghum and rice (Figure 8).



Digital and qRT-PCR transcript patterns of sorghum K+ transport genes responding to abiotic stresses

Digital expression of K+ transport genes have been identified in different tissues like root, shoot, and leaf (Figure 9A) and in different developmental stages like milk stage, seedling stage, tillering stage, and flowering stage (Figure 9B). Expression of sorghum K+ transport genes has reported under cold and drought stresses (Figure 9C). Sorghum transcript analysis revealed that K+ transport genes are responsive to different abiotic stresses. qRT-PCR results indicated differential gene expression of sorghum K+ transport gene homologs in the root, stem, and leaf tissue treated with salt, drought, heat, and cold stresses (Figure 10). Such a differential gene expression of K+ transporters and channels in diverse tissues and under abiotic stresses have been reported in Triticum aestivum (Cheng et al., 2018), Cicer arietinum (Azeem et al., 2018), Saccharum spontaneum (Feng et al., 2020b), Cajanus cajan (Siddique et al., 2021), Ipomoea batatas (Jin et al., 2021), and Gossypium raimondii (Azeem et al., 2022). Reports exist that HAK/KUP/KT family members ameliorate the plants from salt stress. In cotton, GhPOT5, a homolog of OsHAK1 exhibited significantly higher expression under salt stress in comparison with other genes (Yang X. et al., 2020). Salinity reduces the uptake of K+ as evident in rice mutants Oshak1, when the levels were below 0.05 mM. Overexpression of HAK1 resulted in salt stress tolerance in rice (Chen et al., 2015). Hamamoto et al. (2015) noticed that AtHKT1 provides protection to the leaves under salt stress. In line with this, SbHKT5 displayed higher activity under salt stress in the present study. Similarly, K+ transporter genes were upregulated in the present study under water deficit conditions. Under drought conditions, root growth is restricted and diffusion of K+ toward the roots (Wang et al., 2013). Also, long-term exposure to water deficit conditions led to leaf damage due to ROS formation (Wang et al., 2013). In support of this, optimization of K+ supply mitigates the damage caused due to the oxidative stress in barley exposed to drought stress (Tavakol et al., 2021). Silencing HvAKT2 and HvHAK1 in barley enhanced the ROS (H2O2) production in PEG-treated leaves (Feng et al., 2020a). In rice, overexpression of OsHAK1 positively regulates drought stress, while the knockout lines accumulate less K+ and more H2O2 with stunted growth of the plants and less tolerance to drought stress (Chen et al., 2017). These results point out that K+ reduces the accumulation of H2O2 and thus helps the plants during drought stress. Earlier studies also revealed that HAK/KUP/KT family genes improve drought stress tolerance in plants (Wang et al., 2013; Li W. et al., 2018). Further, under water deficit conditions, K+ regulates opening of stomata and make the plants adaptive to drought (Tang et al., 2015). K+ increases the antioxidant defense in plants under abiotic stress conditions (Wang et al., 2013; Amanullah et al., 2016). Under extreme temperatures, osmolytes accumulate and K+ helps to maintain stomatal conductance and therefore avoids the damage (Azedo-Silva et al., 2004; Hasanuzzaman et al., 2018). These studies point out that K+ transporter genes play pivotal roles during environmental adversities and impart tolerance to multiple abiotic stresses.

In conclusion, genome-wide analysis of sorghum has led to the identification of 47 K+ transport gene homologs; 33 K+ transporters (27 HAKs, 4 HKTs, and 2 KEAs) and 14 K+ channels (9 AKTs, 2 KATs, 2 TPCs, and 1 VDPC). Gene characterization, conserved domains, motif identifications, localization, phylogenetic analysis revealed the close relation of Sorghum bicolor K+ transport gene homologs with its relative Oryza sativa. Identification of cis-acting elements would be helpful to explore further and to manipulate K+ porters as well as channels for designing better crops. Gene expression data indicate that such genes can be utilized effectively in breeding programs aimed at abiotic stress tolerance. The results bring forth precious information candidate gene identification for functional analyses and subsequent utilization in genetic engineering, and traditional breeding programs to improve sorghum for abiotic stress tolerance.
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Most of the freshwaters worldwide are used for agriculture. Freshwater sources are expected to decline and will not suffice to support the food production needed for the growing population. Therefore, growing crops with seawater might constitute a solution. However, very little work has been done on the effect of seawater stress on wheat, an important cereal crop. The present study aimed to determine whether particular wheat genotypes provided better resistance to seawater stress. A set of 80 highly diverse spring wheat genotypes collected from different countries in Europe, Asia, Africa, North and South America was exposed to 50% seawater stress at the early growth stage. Four seeding shoot and root traits were scored for all genotypes. High genetic variations were found among all genotypes for the epicotyl length (EL), hypocotyl length (HL), number of radicles (NOR), and fresh weight (FW). Eight genotypes with high-performance scores of seedling traits were selected. The correlation analyses revealed highly significant correlations among all traits scored in this study. The strongest correlation was found between the NOR and the other seeding traits. Thus, the NOR might be an important adaptive trait for seawater tolerance. The genetic diversity among all genotypes was investigated based on genetic distance. A wide range of genetic distances among all genotypes was found. There was also a great genetic distance among the eight selected genotypes. In particular, the genetic distance between ATRI 5310 (France) and the other seven genotypes was the greatest. Such high genetic diversity might be utilized to select highly divergent genotypes for crossing in a future breeding program. The present study provides very useful information on the presence of different genetic resources in wheat for seawater tolerance.

KEYWORDS
 Triticum aestivum L., germination traits, salinity stress, breeding, genetic diversity


Introduction

Soil salinization is a global and dynamic problem that may increase in the future because of climate change scenarios, e.g., rise in temperature, rise in sea level and impact on coastal areas, and increase in evaporation (Kumar and Sharma, 2020). The predicted increase of the sea level due to the thermal expansion of seawater ranges from 31 to more than 100 cm by the year 2100 (Mimura, 2013). This will reduce the land areas and consequently increase the potential yield losses resulting from the soil salinity. Salinity condition in arid and semi-arid regions occurs due to scanty precipitation and high evaporation (Dehnavi et al., 2020). The deficit in the freshwater supply is compensated by pumping excess ground water, especially in coastal areas (Halder et al., 2022). This situation results in high soluble salt contents (saline soils) and/or high sodium ion (Na+) levels (sodic or saline-sodic soils) beneath the crop rooting zone (soil horizon; Sadeghi and Rostami, 2017). This leads to stress that reduces the ability of plants (except halophytes and salt-tolerant crops) to take up water from the soil and causes soil degradation. Ultimately, a significant reduction in crop growth and productivity occurs (Food Agriculture Organization of the United Nations, 2022).

Several salinity management techniques have been deployed to improve the growth efficiency of economic crops under salt stress. Urgent solutions allowing the sustainable use of vital crop vegetation despite the harsh environmental situation are needed. The development of salinity-adapting crops is a realistic solution. Conducting research to find alternative ways to solve salinity problems is essential to meet current and future food demands. Suitable management practices to control salinity problems must be implemented in irrigated fields, irrigation projects, and geohydrologic systems (Tomaz et al., 2021). Among these practices, soil erosion control measures, rainwater harvesting, integrating appropriate plant species, and efficient irrigation methods are routine practices for obtaining suitable and sustainable results (Singh et al., 2018).

Egypt is a unique part of the Middle East located in an arid zone with large flat planes, salt-affected shores, and salt marshes facing the Red Sea and the Mediterranean coasts. These areas are integral components of the Egyptian coastal and inland ecosystems and can serve as important areas for food production. The main salt marshes in Egypt are located in the Red Sea coastal belt in South Sinai and east of the Eastern Desert (Amro et al., 2021). Consequently, the utilization of seawater in Egypt has been the latest endeavor to obtain satisfying agricultural yields and horticultural crops (Rady et al., 2016).

Crop species of Gramineae (including wheat and their cultivars) often differ in their tolerance to salinity. These differences can be assessed through germination percentage and seedling growth in saline conditions. This information is crucial for identifying a suitable salt-tolerant wheat cultivar for cultivation under salt stress conditions (Thabet et al., 2021b). Many studies investigated the response of wheat (Triticum aestivum L.) cultivars to salt stress at germination and early seedling-growth stages (Mujeeb-ur-Rahman et al., 2008). Wheat receives a lot of attention because it constitutes an important staple food for at least 36% of the world's population. Indeed, it provides 55% of the carbohydrates, 20% of the calories (Nahar et al., 2017; Seleiman et al., 2021), and essential micro- and macro-nutrients of the human diet. Considering that the international population is predicted to increase by 25% (to reach 10 billion) by 2050 (Halder et al., 2022), the current world production of wheat should be doubled (Food Agriculture Organization of the United Nations, 2022). Achieving this goal is particularly challenged by the greater frequency and number of climate change stressors including salinity.

The germination responses and emerging ability of seeds in a saline environment depend not only on the salt concentration but also on other various biological and genetic factors. Özyazici and Açikbaş (2021) stated that some plants are sensitive to salinity at the early seedling-growth stage because the mechanism of salinity tolerance is not fully developed yet. Salt stress also affects many biochemical characteristics such as antioxidant enzyme activity, proline, protein, and both K+ and Na+ contents in leaves (Ghanaatiyan and Sadeghi, 2015; Sadeghi and Rostami, 2017). The differential suppression of wheat genotypes in salinity conditions might originate from differences in metabolic efficiencies against stress-induced carbon deficit and activities of anti-oxidative enzymes as these have been positively correlated with stress tolerance (Srivastava et al., 2010). Differences in cell membrane stability and macromolecule stability induced by salinity might also be a cause for the different responses (Sadeghi and Robati, 2015).

Screening large germplasms of genotypes from different countries is very useful to identify the ones allowing salt tolerance. Once identified, these genotypes might be used as candidate parents in future breeding programs to produce high-yielding wheat cultivars with high tolerance to abiotic stress. Moreover, the analysis of genetic diversity based on DNA molecular markers might allow a precise selection of truly promising tolerant genotypes to accelerate the breeding programs.

The present study aimed to investigate the impact of genetic variations in highly diverse wheat genotypes collected from different countries on seawater tolerance and to select the one(s) performing the best under seawater stress for phenotypic selection and genetic diversity analysis.



Materials and methods


Seawater properties

The pH was measured in a 50% seawater sample using an electric pH meter (Hanna pH 211), and water electric conductivity (EC in dS.m−1) was determined using a conductivity meter (4310 JEN WAY). Na+ and potassium ions (K+) contents were determined with a flame-photometer (Carl-Zeiss DR-LANGE M7D). Methods described by Jackson (1973) were used to determine the concentration of calcium (Ca+2), magnesium (Mg2+), chloride (Cl−), and soluble sulfates (SO[image: image]) ions. Ca+2 and Mg2+ contents were volumetrically determined by the titration method against 0.01 N EDTA, and Cl− contents were volumetrically determined against AgNO3. The soluble SO[image: image] content was estimated by the turbidity method against BaCl3 according to the method published by Tabatabai and Bremner (1970).



Plant material

A set of 48 highly diverse spring wheat genotypes were randomly selected from the population and tested in 10, 40, or 50% seawater stress conditions. This preliminary experiment showed high genetic variation in hypocotyl and epicotyl traits in 50% of seawater. Therefore, the whole population (80 genotypes) was tested in 50% seawater. The genotypes used in this study were highly diverse wheat genotypes collected from different parts of Europe (Supplementary Table 1).



Experimental layout and trait scoring

In all experiments, 20 seeds/genotype were sown in Petri dishes in three replicates using a randomized complete block design. All experiments were conducted under controlled conditions. The seeds were sterilized using 0.5% Na-hypochlorite (for 2 min) and washed in sterilized water. Then, all genotypes were sown in different seawater concentrations. Finally, all Petri dishes were incubated in dark under normal laboratory conditions (21–23°C and 65–70% humidity) in a Heraeus incubator (Germany) for 10 days. On the 10th day, the epicotyl length (EL, cm), hypocotyl length (HL, cm), and number of radicles (NOR) were measured in at least 10 seeds/genotype. The epicotyl/hypocotyl ratio (EHR) was calculated as the ratio of EL to HL. The seedling's fresh weight (FW, mg) was determined by weighing the shoots of the germinated seeds.



Statistical analysis

Data were analyzed using the SPSS package (v. 25). The differences in the genotype responses according to their spatial affinities (geographical distribution) and behavior (performance against salinity) were determined. The Shapiro–Wilk test of normality was employed to choose the proper comparison test, and the differences between means were considered significant at p < 0.05. Non-parametric tests, i.e., Mann–Whitney U-test for comparing two groups and Kruskal–Wallis H-test for comparing more than two groups, were used. Correlation analyses of grain germination parameters were carried out. Factorial ANOVA was performed to assess the effect of replication, genotypes, and seawater concentrations on seedling attributes and the effect of their interaction.

ANOVA of all phenotypic data and correlation analyses were carried out to estimate the variance and covariance using PLABSTAT software (Utz, 2011). All graphical presentations of the phenotypic data were performed using R software (R Core Team, 2014).



Analysis of the genetic diversity

The DNA of the 80 genotypes was sent to Trait Genetics (Gatersleben, Germany) for genotyping-by-sequencing using a 25K Infinium iSelect array. Extensive details on the development of the 25K wheat Infinium array were reported by Aleksandrov et al. (2021). The array genotyping revealed 21,450 single-nucleotide polymorphisms (SNP) markers that were used to calculate the genetic distance among the selected genotypes using the R-package “ade4” as described by Dray and Dufour (2007). The genetic distance was calculated using a simple matching coefficient.




Results


Chemical properties of seawater

The analysis of the chemical composition of the 50% seawater sample revealed a high EC value (26.33 dS.m−1) and high contents in Na+ (6.8 g.L−1) and Cl− (10.73 g.L−1). According to FAO classification of irrigation water, these values corresponded to high-salinity seawater (Rhoades et al., 1992). Additionally, adequate content in essential nutrients (e.g., Ca2+, K+, and SO[image: image]) were measured.



Variation in growth monitors

The analysis of variation in the selected traits (EL, HL, NOR EHR, and FW) for the 48 genotypes is presented in Table 1. Highly significant differences in all traits were found among the three seawater conditions (10, 40, and 50%). Moreover, the ANOVA revealed significant genetic differences among genotypes for all traits. Highly significant differences in all traits were found among the three seawater conditions (10, 40, and 50%; Figure 1 and Supplementary Table 2). All seedling traits decreased proportionally to the increase in seawater concentration. ELs decreased from 12.25 ± 1.63 cm in 10% seawater to 4.04 ± 1.26 cm and 1.11 ± 0.55 cm when exposed to 40 and 50% seawater, respectively. The same trend was observed for the HL as the mean decreased from 16.63 ± 2.16 cm in 10% seawater to 4.66 ± 0.93 cm and 3.16 ± 0.42 cm in 40 and 50% seawater, respectively. The mean seedling FWs similarly decreased from 3.73 ± 0.23 g in 10% seawater to 0.37 ± 0.13 g in 40% seawater and 0.11 ± 0.05 g in 50% seawater. Interestingly, the NOR was not as much reduced by the different seawater treatments as the other traits were. Indeed, the average NOR was 4.61 in 10% seawater, whereas it was 4.51 and 3.70 in 40 and 50% seawater, respectively.


TABLE 1 The average value of the concentration of major ions contents, EC, and pH in dilute in 50% seawater.
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FIGURE 1
 Seedling development under different seawater concentrations (10, 40, and 50%). For abbreviations see Table 1.


The variations among the 80 genotypes were thoroughly investigated for 50% seawater. The results of the ANOVA of all previously mentioned traits for 80 genotypes exposed to 50% seawater are presented in Table 2 and supplementary Table 3. Highly significant differences were observed according to replication (R), except for FW. Additionally, highly significant differences were observed among genotypes (G) for all assessed traits. The broad-sense heritability ranged from 0.40 (FW) to 0.84 (HL). The difference in each trait after treatment with 50% seawater due to the genotypic variation is presented in Figure 2. The genotypes performing the best differed according to the trait. For example, ATRI 5692 (Iran) had the greatest EL (1.88 cm). The greatest HL was obtained for ATRI 4563 (Italy). ATRI 10340 (China) had the greatest NOR (4.66) and ATRI 4940 (USA) the greatest FW with 0.24 g.


TABLE 2 Mean square (M.S.) of Epicotyl length (EL), Hypocotyl length (HL), number of roots (NOR), fresh weight (FW), and shoot length/root length ratio under three salt treatments with different concentrations (10, 40, and 50%) in a set of 48 wheat genotypes.
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FIGURE 2
 Distribution and variation among all genotypes under 50% seawater. For abbreviations see Table 1.


To determine the best performing genotypes, the 20 genotypes bearing traits with higher values were chosen. Then, the genotypes figuring among these 20 for at least three traits were selected (Figure 3 and Table 3). These criteria were fulfilled by eight genotypes from seven countries: Nepal (2), India (1), Iran (1), France (1), Sweden (1), the USA (1), and Argentina (1). A set of three-common genotypes ATRI 5310 (France), ATRI 5325 (Argentina), and ATRI 2679 (India) were identified as the best performing genotypes for all assessed traits when exposed to 50% seawater.


[image: Figure 3]
FIGURE 3
 Number of genotypes with high performance.



TABLE 3 Mean square (M.S.) of epicotyl length (EL), hypocotyl length (HL), number of radicles (NOR), and fresh weight (FW) under 50% salt treatment in a set of 80 wheat genotypes.
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Variation in seawater tolerance among continents

The comparison of seedling-growth attributes in response to 50% seawater according to their origin is represented in Figures 4A,B. Kruskal–Wallis H-test of non-parametric data (normal distribution not assumed) showed no significant differences among continents. The greatest mean HL (3.15 ± 0.12 cm) was measured in South American genotypes. The seedling FW increased in North American genotypes (73.50 ± 22.28 mg). The greatest mean EL and NOR (0.70 ± 0.09 cm and 3.40 ± 0.14, respectively) were recorded in seedlings with Asian genotypes. In contrast, a decrease in the seedling FW and NOR was found in European genotypes exposed to 50% seawater.


[image: Figure 4]
FIGURE 4
 Wheat genotypes attributes means classified according to their global affinities for (A) EL and HL and (B) FW and NOR under salinity stress (50% seawater).




Phenotypic correlation

The correlation analysis of traits after exposure to 50% seawater is presented in Figure 5. Significant positive correlations were found between EL and EHR (r = 0.94**), EL and NOR (r = 0.63**), and EL and FW (r = 0.28*). There also was a significant positive correlation between HL and NOR (r = 0.62**) and HL and FW (r = 0.17*). Additionally, EHR was positively and significantly associated with NOR (r = 0.63**) and FW (r = 0.17*). NOR and FW were positively correlated (r = 0.21*). The strongest positive correlations were found between EL and EHR, EL and NOR, and EHR and NOR.


[image: Figure 5]
FIGURE 5
 Phenotypic correlation among all traits scored under 50% seawater stress.




Genetic distances among genotypes

The genetic distance among the 80 genotypes was calculated to assess the level of genetic diversity in the population (Figure 6 and Supplementary Table 4). The dendrogram analysis revealed two main groups and one genotype, TRI10296 (Mexico). The genetic distance ranged from 0.0988 between TRI10654 and TRI10593 from Cyprus to 0.6696 between TRI3831 (Portugal) and TRI3631 (Canada).


[image: Figure 6]
FIGURE 6
 Dendrogram analysis based on genetic diversity among all genotypes.


When analyzing the best performing genotypes in a 50% seawater condition, eight genotypes (Table 3) were found in group II (G II.). Notably, TRI5310 (France) was highly distanced from the other selected genotypes. Generally, a high genetic distance was found among the eight selected genotypes and ranged from 0.354 between TRI5332 (USA) and TRI5325 (Argentina) to 00.62998 between TRI5310 (France) to TRI2679 (India).




Discussion


Genetic variation and seawater tolerance

Salt-affected soils are found in Australia, China, the former USSR, India, Iran, Bangladesh, Pakistan, Egypt, Iraq, Syria, Turkey Mexico, and the USA (Sanower Hossain and Sultan Ahmad Shah, 2019). More than 833 million hectares of subsoil (30–100 cm) are affected by salinity (Food Agriculture Organization of the United Nations, 2022).

Salinity stress induces a great extent of variations with respect to seed germination and physiological, anatomical, morphological, biochemical, molecular, and genetic impacts. Hence, salinity is one of the factors significantly decreasing wheat production per hectare (Hasseb et al., 2022). Additionally, early stages as germination and seedling growth are critical because they affect all the following stages including grain yield (Mourad et al., 2019; Sallam et al., 2019a; Moursi et al., 2020; Ahmed et al., 2021; Thabet et al., 2021a). It was reported that poor germination and weak seedling growth are major problems that lead to significant deterioration in yield (Sadeghi and Robati, 2015). Moreover, the use of seedlings is relatively simple and cost-effective (Ahmed et al., 2021).

Yildirim et al. (2004) showed that irrigation with seawater with an EC = 15 or 30 dS.m−1 significantly decreases the seedling gas exchange and accelerates the respiratory carbon loss, which is coupled with rising in CO2 compensation point and a reduction of the photosynthetic assimilation process. The present results revealed that the different seawater treatments had a great impact on all shoot traits scored for all 48 genotypes. Ragab and Taha (2016) reported that increasing salt concentrations decrease seedling shoot dry weight, shoot length, root dry weight, root length, and emergence index in nine Egyptian wheat cultivars. We observed an important and clear variation among seedling traits when using 50% seawater. Therefore, this seawater concentration was selected to test all genotypes of the population.

The high genetic variation among genotypes (n = 80) in all traits investigated in this study after exposure to 50% seawater provides great insight for plant breeders and agronomists to select highly performing genotypes in seawater stress conditions. The high broad-sense heritability for HL, EL, and NOR might allow improving these traits for better seawater tolerance. The heritability of FW was lower than that of the other traits. This high genetic variation that existed among genotypes was due to their being diverse and having originated from 33 countries spread on four continents. Screening highly diverse germplasms from semi-arid and arid regions, especially with salt-affected soils, has been highly recommended for selecting promising salt-tolerant genotypes (Sayed, 1985). The diversity in salt tolerance among different species of wheat was greater than that between ploidy levels (Singh and Chatrath, 2022).

As mentioned before, all genotypes in the present investigation were tested under seawater stress conditions. The analysis of 50% seawater indicated that all genotypes were exposed to a high level of Na+, K+, and Ca2+. Most of the previous studies used NaCl to induce salt stress in wheat and other crops. Unfortunately, only a few studies used natural seawater to test the tolerance to salinity of wheat genotypes (Kingsbury and Epstein, 1984; Nassar et al., 2020; Hadia et al., 2022; Kulshreshtha et al., 2022). Two studies assessed the seawater tolerance of wheat genotypes at the germination and seedling stages (Kingsbury and Epstein, 1984; Hadia et al., 2022). Therefore, the present work provides very useful information on the tolerance to seawater stress at early growth stages and might contribute to improving seawater tolerance in wheat. Kingsbury and Epstein (1984), exposed a set of 312 hexaploid wheat varieties to 50% seawater and found 29 salt-resistant lines (9%) with vigorous germination. Here, all the 80 genotypes germinated, and no significant differences were found in the germination percentage after treatment. However, significant variation was observed in shoot and root traits. Out of the 80 genotypes, 8 (10%) showed vigorous growth under 50% seawater condition. Therefore, these eight genotypes might be used for developing seawater-tolerant strains.

Two wheat genotypes were tested for their tolerance to seawater at 0.75% = 13.053 mS.cm−1, 1.5% = 24.695 mS.cm−1, and 3% = 46.253 mS.cm−1 by Hadia et al. (2022) who reported significant differences in coleoptile weight, radicle weight, NOR, coleoptile length, radicle length, radicle length to coleoptile length ratio, and total seedling length. The reduction of the radical number was less important than the reduction in other traits investigated in their study (Hadia et al., 2022). This agrees with the present results as the NOR was not as clearly reduced as the other traits. The more genotypes are investigated for target traits, the higher the genetic variation and, consequently, the better the selection. Therefore, the NOR might be an important trait for enhancing salt tolerance in wheat as it was the least affected by different concentrations of seawater. Shoot growth is more sensitive to salt stress than root growth because the accumulation of Na+ and/or Cl− at toxic levels affects the photosynthetic capacity, resulting in less supply of carbohydrates to the young leaves and further reducing the shoot growth rate (Munns and Tester, 2008).

To precisely select the genotypes performing the best when exposed to 50% seawater, all genotypes were sorted from the highest to lowest values for each trait. Eight genotypes were found among the 20 genotypes with the highest values for at least three traits. The selection was based on the performances for multiple traits to identify true tolerant genotypes (Sallam et al., 2015, 2018; Bhavani et al., 2021; Ghazy et al., 2021; Mondal et al., 2021; Mourad et al., 2021; Hasseb et al., 2022). Interestingly, the eight selected genotypes displayed a good seawater tolerance and might be used as a basis for improving salt tolerance in wheat at early growth stages. It is recommended to perform the selection at early growth stages in controlled conditions rather than in field conditions because screening the germplasm at the seedling stage may reduce the number of lines to test at another growth stage (Sayed, 1985; Sallam et al., 2016; Abou-Zeid and Mourad, 2021).

Here, the genotypes originated from different geographical regions. Therefore, it was worth comparing the performances under seawater stress conditions of genotypes from one continent with those of genotypes originating from other continents. There were no significant differences in all traits among groups from different continents. However, Asian genotypes had, on average, the greatest NOR and EL compared to those from the continents. In the study from Sayed (1985) a set of 5,072 wheat germplasm lines at different ploidy levels was exposed at the seedling stage to different salt concentrations with different electrical conductivities of 0.8 (control), 12.5, 18.75, and 25.0 dS.m−1. He found 442 genotypes with more than 70% surviving seedlings when tested for whole-life cycle survival. The largest groups of tolerant genotypes were from the USA and Egypt (Sayed, 1985). Furthermore, the widest variability among genotypes was observed in seedlings originating from the USA, Mexico, and Egypt.



Phenotypic correlations

In the population (N = 80 genotypes) tested in the present study, important significant correlations among seedling traits were observed. Root traits were highly associated with shoot traits in the seawater stress condition. Compared with HL, the NOR was significantly more correlated with EL and FW. Therefore, the NOR seemed to be a trait less affected by seawater stress than HL. Breeding to increase the NOR as an adaptive trait might allow to improve seawater tolerance, especially as root traits play an important role in the ability of plants to survive irrigation with seawater (Trimble, 2020). It was reported that salt stress inhibit the growth and number of primary and lateral roots causing a significant decrease in the root zone (Julkowska et al., 2014; Koevoets et al., 2016). Julkowska et al. (2014) found that no effect of salt stress on lateral root density, suggesting that the reduction in the number of lateral roots is related to the inhibition of primary root growth (Julkowska et al., 2014).

The positive correlations among HL, EL, and FW suggested that shoot water gain or loss is a direct consequence of the water absorption capacity of the root systems because of the high osmotic potential coupled with salt stress around the plant rooting zone (Oyiga et al., 2018). This significant positive correlation among traits allowed the selection of genotypes with high seedling traits in 50% seawater conditions.

Hasseb et al. (2022) studied the correlation among shoot and root traits in a set of 138 wheat genotypes at early growth stages exposed to 175 mM NaCl. They found no or weak correlations among shoot and root traits in wheat. Additionally, no or weak correlations between shoot and root traits were reported in barley subjected to NaCl stress (Moursi et al., 2020). Thus, the correlation among traits may depend on the plant material and the salt concentration.



Using genetic diversity among genotypes to improve seawater tolerance

Understanding the level of genetic diversity existing among the genotypes of the germplasm is key to genetically improve target traits (Babu et al., 2014; Salem and Sallam, 2016; Eltaher et al., 2018; Sallam et al., 2019b; Mourad et al., 2020). The genetic distance among the 80 genotypes was calculated using 12,390 SNP markers. Different degrees, extending from low to high, of genetic diversity were found among the genotypes. The maximum genetic diversity was achieved when collections of germplasms with genetic variability were from widely different geographic origins. The genetic diversity among the eight wheat genotypes with the greatest traits under seawater stress ranged from 0.354 to 0.692. Although there were two genotypes from Nepal (TRI2619 and TRI2679) among these selected genotypes, the genetic distance among them was 0.508, which was greater than the minimum genetic distance of 0.354 found between TRI5332 (USA) and TRI5325 (Argentina). Thus, crossing between TRI5332 and TRI5325 might not be useful and other candidate genotypes might be selected. Interestingly, TRI5310 from France was highly distanced from all genotypes and including this genotype for crossing in breeding programs might be fruitful. Therefore, it is very important to estimate the genetic distance for a better selection of genotypes to cross. This high genetic diversity can be utilized to produce wheat cultivars with high tolerance to seawater stress, even to higher seawater concentrations, by crossing highly divergent genotypes (Eltaher et al., 2021).

Another important step included in the genetic analysis was to confirm the diversity of the genotypes in the target population. These genotypes were collected from farmers from different countries. As some genotypes were collected from different parts of a given country, they had different accession numbers. Thus, duplicate genotypes with the same genetic makeup could be found. The analysis of genetic diversity can detect such duplicates, and redundant genotypes can be excluded as they will affect the selection procedures for improving target traits.

The analysis of genetic diversity performed here was very useful in selecting true and promising high-performance genotypes with a high level of genetic diversity. Using these genotypes in breeding programs might accelerate and facilitate the achievement of goals such as obtaining strains resistant to seawater. Such selected genotypes (Table 4) with high performance under salt stress can be utilized in Egypt not only to improve seawater tolerance but also to expand the circle of genetic diversity of wheat in Egypt. The 80 genotypes tested in this study have good growing conditions in Egypt (Ahmed Sallam, personal communications).


TABLE 4 List of superior genotypes based on at least three out of the four studied traits, Epicotyl length (EL) and Hypocotyl length (HL), number of roots (NOR), and fresh weight (FW).

[image: Table 4]

In conclusion, analyzing germplasms with high genetic variation and different seawater tolerances is very useful in identifying genotypes that might be used in future breeding programs. Moreover, the evaluation of tolerance to seawater at early stages (i.e., seedling stage) will help to reduce screening efforts in field conditions. Seedling traits including shoots and roots allowed to distinguish between high- and low-performance genotypes in seawater stress conditions. Three genotypes had high-performance scores for all traits investigated in the present study. Incorporating the analysis of genetic diversity contributed to the selection of candidate parents for crossing to produce wheat cultivars having high tolerance to seawater. The present data provide useful information on seawater tolerance at the seedling stage in wheat, particularly as very few studies focused on this research point.
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There is a significant yield reduction in the wheat crop as a result of different biotic and abiotic stresses, and changing climate, among them moisture deficit stress and leaf rust are the major ones affecting wheat worldwide. HD3086 is a high-yielding wheat variety that has been released for commercial cultivation under timely sown irrigated conditions in the Indo-Gangetic plains of India. Variety HD3086 provides a good, stable yield, and it is the choice of millions of farmers in India. It becomes susceptible to the most prevalent pathotypes 77-5 and 77-9 of Puccinia triticina (causing leaf rust) in the production environment and its potential yield cannot be realized under moisture deficit stress. The present study demonstrates the use of a marker-assisted back cross breeding approach to the successful transfer of leaf rust resistance gene Lr24 and QTLs linked to moisture deficit stress tolerance in the background of HD3086. The genotype HI1500 was used as a donor parent that possesses leaf rust-resistant gene Lr24, which confers resistance against the major pathotypes found in the production environment. It possesses inbuilt tolerance under abiotic stresses with superior quality traits. Foreground selection for gene Lr24 and moisture deficit stress tolerance QTLs linked to Canopy temperature (CT), Normal Differential Vegetation Index (NDVI) and Thousand Kernel Weight (TKW) in different generations of the backcrossing and selection. In BC2F2, foreground selection was carried out to identify homozygous lines based on the linked markers and were advanced following pedigree based phenotypic selection. The selected lines were evaluated against P. triticina pathotypes 77-5 and 77-9 under controlled conditions. Recurrent parent recovery of the selected lines ranged from 78-94%. The identified lines were evaluated for their tolerance to moisture stress under field conditions and their resistance to rust under artificial epiphytotic conditions for two years. In BC2F5 generation, eight positive lines for marker alleles were selected which showed resistance to leaf rust and recorded an improvement in component traits of moisture deficit stress tolerance such as CT, NDVI, TKW and yield compared to the recurrent parent HD3086. The derived line is named HD3471 and is nominated for national trials for testing and further release for commercial cultivation.
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Introduction

Wheat (Triticum aestivum L.), the world’s most important food grain, is the staple food for over 27% of the global population in more than 40 countries (Sharma et al., 2019). It is generally known as the “King of Cereals” due to its high economic importance and is grown in a variety of agro-climatic conditions. The total wheat production in the world is 778.6 mt from an area of 220.4 mha with a productivity of 3.47 tons/ha (FAS; USDA, 2021). Indian wheat production is 107.86 mt obtained from an area of 31.45 mha with productivity of 3.37tons/ha (FAS; USDA, 2021). Various biotic and abiotic stresses affect the wheat crop, leading to significant yield reduction in annual wheat production. It is predicted that global warming will increase by 1.5°C in the next decade and annual precipitation will decrease by 4–27% in different parts of the world (IPCC, 2021). Drought and heat cause up to 86% and 69% yield losses in wheat, respectively (Prasad et al., 2011; Yang et al., 2021). Drought is the inadequacy of water availability including precipitation and soil moisture storage during the crop growth period both in duration and quantity which restrict the genetic yield potential (Sinha, 1986). It is recognized that half of the wheat cultivated in the developing world is sown under rain fed systems, which receive less than 600mm annual rainfall. In India, erratic distribution of rainfall and reduced groundwater table (Rodell et al., 2009) have adversely affected wheat production in major wheat growing zones.

Among the biotic factors that reduce wheat productivity, rusts are of prime importance. Rusts pathogens are continuously evolving and breaking the resistance of wheat cultivars. Prevailing diverse climatic conditions provide a conducive environment for epidemics of rust in one or other parts of the country. It is estimated that diseases reduce wheat yield by 15-20 percent. However, serious epidemics of leaf rust can reduce yield by up to 50%. Yield losses from leaf rust are mostly due to reductions in kernel weight. Leaf or brown rust caused by Puccinia triticina Eriks is probably the most important disease worldwide. There are currently 82 leaf rust resistance genes identified so far (McIntosh et al., 2017; Qureshi et al., 2018; Bariana et al., 2022) out of which Lr1, Lr3, Lr9, Lr10, Lr13, Lr14a, Lr17, Lr19, Lr23, Lr24, Lr26, Lr28 and Lr34 are commonly exploited in Indian wheat breeding programs (Bhardwaj et al., 2005; Bhardwaj et al., 2010, Bhardwaj et al., 2011). Among these leaf rust resistance genes, Lr24/Sr24 derived from Agropyron elongatum, located on 3DL, confers resistance to all the currently prevalent pathotypes in the Indian sub-continent (Bhardwaj et al., 2021). Developing resistant wheat cultivars is the most efficient, economical, and environment friendly approach for the management of rusts.

Genetic variation for moisture deficit stress tolerance exists in wheat cultivars and improved adaptation response in wheat can be achieved by implementing appropriate crossing and selection strategies (Reynolds, 2001; Langridge and Reynolds, 2015). Earlier studies suggest that physiological traits associated with yield under drought have the potential to increase selection efficiency (Condon et al., 2004; Olivares-Villegas et al., 2007; Araus et al., 2008; Reynolds and Langridge, 2016). Molecular markers proved to be an important tool in improving selection efficiency and have good prospects for marker-assisted selection in improving moisture deficit stress in wheat (Kuchel et al., 2005; Quarrie et al., 2005). Physiological traits play crucial roles in determination of moisture stress tolerance hence incorporation of them using molecular marker in to the heigh yielding genotype can produce combination of high yielding and drought tolerant genotypes. SPAD meter is a portable diagnostic tool that measures leaf chlorophyll index via light transmittance that is differentially observed by chlorophyll and estimates leaf chlorophyll content and nitrogen content (Prasad et al., 2011), whereas a field-portable NDVI sensor enables quick ground-level measurements of crops with the resolution necessary to characterize the canopy for its biomass, nutrient content, and leaf area and green area indices (Weier and Herring, 2000; Araus et al., 2008). QTLs linked with canopy temperature govern the deeper root system to enhance the extraction of water from deeper soil horizons and also have been found to co-localize with regions affecting other drought adaption features like kernel number, grain yield, and chlorophyll content (Diab et al., 2008; Olivares-Villegas et al., 2008; Pinto et al., 2010; Pinto and Reynolds, 2015).

Indian Agricultural Research Institute (IARI) has a major contribution in developing high yielding wheat varieties in the interest of increasing the profit of farmers and wheat annual production in the country. IARI developed many high yielding wheat varieties, among them HD2967 and HD3086 together occupying 40% of the country’s total wheat area over the last several years. HD3086 (Pusa Gautami) is a high-yielding wheat variety that has been released for commercial cultivation under timely sown irrigated conditions in the North Western Plains Zone (NWPZ) and North Eastern Plains Zone (NEPZ) of the country. ‘HD3086’ alone occupies breeder seed indent of 34% among IARI wheat varieties and 11.6% of total wheat varieties indented in the country (https://seednet.gov.in/) (Figure 1). It is the choice of millions of farmers in the major wheat growing regions of the country, providing a good, stable yield over the years. Recent AICRIP reports (http://www.aicrpwheatbarleyicar.in) showed that HD3086 is susceptible to major pathotypes of P. triticina and recorded yield reduction under restricted irrigation conditions (AICRP Crop Improvement Reports, 2019). This is supported by Single Race Testing (SRT), in which HD3086 showed susceptibility to the prevalent 77 groups of pathotypes 77-5 and 77-9 of P. triticina. Hence, the improvement of HD3086 for leaf rust resistance and moisture deficit stress tolerance helps to expand the area of cultivation in the NWPZ, and NEPZ with a reduced number of irrigations. Because of the presence of the resistance gene Lr24/Sr24, the wheat variety HI1500 is promising in resistance against new pathotypes of P. triticina, 77-5 and 77-9. It is also known to perform well under limited irrigation conditions. Hence, HI1500 is used as a donor parent to transfer leaf rust resistance gene Lr24/Sr24 and moisture deficit stress tolerance QTLs to improve HD3086.




Figure 1 | Yearly contribution of Wheat variety HD3086 to the total Breeder Seed Indent of country in percentage.





Materials and methods


Plant materials and generation of improved lines

In this marker assisted backcross breeding (MABB) program, HD3086 was used as a recurrent parent and HI1500 as a donor parent. HD3086 has a semi-erect growth habit and matures in 140-145 days, providing an average yield of 5.46 t/ha under timely sown irrigated conditions. HI1500 is a popular variety grown in the Central Zone (CZ) under restricted irrigation conditions, giving an average yield of 2.2 t/ha. It has an erect growth habit, takes 130–134 days to mature, and shows resistance to leaf and stem rusts.

F1 plant was generated from the cross HD3086/HI1500, hybridity of F1 was confirmed using the Lr24 linked SSR marker Xbarc71. F1 plant was backcrossed to the recurrent parent HD3086 to generate BC1F1. Foreground selection was carried out with SSR marker linked to leaf rust resistance gene (Lr24) and moisture deficit stress tolerance QTLs (Table 1), followed by phenotypic selection to identify the plants with maximum recovery for recurrent parent phenome (RPP). The best BC1F1 plants having heterozygote allele for rust resistance and moisture deficit stress tolerance QTLs along with visual similarity to the recurrent parent were selected and further backcrossed with HD3086 to generate BC2F1 seeds. In a similar way, the BC2F1 plants were also subjected to screening for Lr24 and moisture deficit stress tolerance QTLs, and the superior positive plants were advanced to BC2F2 generation and foreground selection was repeated. Further, these BC2F3 (110 lines) were advanced via pedigree based phenotypic selection to BC2F4 (100 lines). The identified BC2F4 (100 lines) and BC2F5 (38) lines were evaluated for their tolerance to moisture stress under field conditions and their reactions to rust in artificial epiphytotic conditions for two years. The individuals in BC2F5 with superior performance were further advanced to multiplication of seed for nominating under MABB trails of AICRP (Figure 2).


Table 1 | SSR and SCAR markers used in foreground selection linked to moisture deficit stress tolerant QTLs and leaf rust resistance genes Lr24.






Figure 2 | Schematic workflow of marker assisted backcross breeding of HD3086 × HI1500.





Foreground selection

Foreground selection was done according to the methods described by Hospital and Charcosset (1997) and Rai et al. (2018). QTLs linked to SSR markers associated with component traits of moisture deficit stress tolerance such as normalized difference vegetation index (NDVI), Leaf chlorophyll index (LCI), Canopy temperature (CT), and a yield contributing trait Thousand Kernal Weight (TKW) were selected from previously validated SSR markers linked to moisture deficit stress tolerance traits in HI1500 x DBW43 cross derived RIL population from our lab (Harikrishna, 2017). A positive allele for the parent HI1500, which is associated with component traits of moisture deficit stress tolerance viz., CT, NDVI, and TKW in the HI1500 x DBW43 RIL mapping population, was used for transfer Qct.iari_3A, linked to SSR Xbarc12, and Qndvi4.iari-2B, linked to SSR cfd73, explained a phenotypic variance of 14% (R2 = 0.14) at grain filling stage; Qct3.iari-5B linked to SSR Xgwm544 explained a phenotypic variance of 11% (R2 = 0.11) at grain filling stage (Harikrishna, 2017) (Table 1). Foreground selection for leaf rust resistance was carried out with markers, Lr24 (Schachermayr et al., 1995) and Xbarc71 (Mago et al., 2005; Pallavi et al., 2015).

Genomic DNA from leaf samples was extracted using the CTAB method and DNA was quantified with Nanodrop, and quality was determined using 1% agarose gel electrophoresis with λ DNA as the standard. A total reaction volume of 15 µl was used for the PCR, which contained 40 ng of genomic DNA, 1X PCR buffer with 1.5 MgCl2, 10 pmol of each PCR primer, 100 µM of each dNTP, and 0.3 µl of Taq DNA polymerase. PCR Amplification of the template DNA was carried out in a ‘G-Storm thermal cycler’ with SSR and SCAR markers belonging to Xgwm, Xbarc, and Xcfd series (Supplementary Table 1). The amplified product was resolved in gel electrophoresis using 3% Agarose SFR gel and visualized on Gel documentation systems, GelDoc-It®² 315 (Supplier: UVP). Primer sequences for SSR markers were obtained from the Grain Genes website (http://wheat.pw.usda.gov/GG2/index.shtml) and synthesized for the Beltsville Agricultural Research Center (BARC), Gatersleben wheat microsatellite (GWM), Wheat Microsatellite Consortium (WMC), and INRA Clermont-Ferrand (CFD).



Background selection

The selected homozygous BC2F5 lines screened for rust and moisture deficit stress tolerance linked markers, were genotyped using 35k SNPs from Axiom wheat breeders’ array along with the parents to identify plants with maximum recovery of recurrent parent genome (RPG). The recurrent parent HD3086 and donor HI1500 were analyzed for parental polymorphism and a total of 3707 polymorphic SNPs were selected. Graphical visualization of background recovery of the recurrent parent was done using software GGT 2.0 (Graphical Geno Typing 2.0) (Van Berloo, 2008). The contribution of the recurrent parent to the background of MABB derived lines was calculated by the formula:

	

were,

N = total number of parental polymorphic markers screened

B = number of markers showing homozygosity for recurrent parent allele

A = number of markers showing heterozygosity for parental alleles.



Screening for leaf rust resistance at seedling stage

The uredospore inoculum of individual pathotypes of P. triticina, 77-5 and 77-9 was obtained from the ICAR-IIWBR, Regional Station, Flowerdale, Shimla (India) for phenotyping of NILs. The seedlings were screened for resistance to P. triticina races 77-5 and 77-9 in each backcrossed generation during the main season at IARI New Delhi, IARI Regional Station, Indore and Shimla. In the off season, the material was evaluated for rust resistance at National Phytotron Facility (NPF), New Delhi. Seedlings, along with their parents, were inoculated with rust spores at the first leaf stage, about 8-10 days after sowing, during evening hours. The seedlings were sprayed with water to provide a uniform layer of moisture on the leaf surface before inoculation. Inoculated seedlings were incubated for 36 h in humid glass chambers at a temperature of 23 ± 2°C and relative humidity above 85%. Seedlings were shifted to muslin cloth chambers after incubation. The disease reaction was recorded 12-14 days after inoculation, using the scoring method described by Stakman et al. (1962).



Screening of genotypes at adult stage for leaf rust resistance

Genotypes were screened at IARI New Delhi and IARI regional station, Indore, during the main season and at IARI regional station, Wellington, Tamil Nadu, during the off season. The rust susceptible landrace ‘Agra local’ was used as infector and was space planted after every twenty rows of test material and around the experimental plots. The rust disease scoring was done at the adult plant stage using the modified Cobb Scale (Peterson et al., 1948), which scores, S (susceptible), MS (moderately susceptible), MR (moderately resistant) and TR (trace) (Joshi et al., 1988) in the scale of 0 to 100.



Evaluation for moisture deficit stress tolerance traits

The back cross populations were evaluated in the experimental farm of IARI, New Delhi (280 40’N,770 13’ E; MSL228m) during the year 2020-21and 2021-22. The positive BC2F4 lines having moisture deficit stress tolerance related QTLs along with the parents and 2 check varieties (GW322 and BABAX) were evaluated for agronomic and physiological traits in augmented design under restricted irrigation and irrigated condition. Lines were grown in 2 blocks containing 50 lines and four checks (2 parents and 2 checks) were replicated twice in each block. GW322 is the most common type of bread wheat in the central and peninsular zones, performs well in timely sown irrigated condition. Whereas BABAX, a drought tolerant Mexican cultivar perform well under water limited condition. Each BC2F4 line was planted in a plot containing three rows of 1m length with 23cm spacing between them, with a gross plot size of 0.63 m2. Superior lines were advanced to BC2F5 and were planted in a large plot size of 7.2 m2 (6m x 1.2m) Containing 6 rows. Standard agronomic management practices were followed for raising the wheat crop. The data was recorded on five plants from each of the entries for the agronomic characters such as thousand kernel weight (TKW), days to heading (DH), plant height (PH), grain yield (GY), grain weight per spike (GWPS) and grain length (GL). Physiological parameters such as NDVI (normalized difference vegetation index), CT (canopy temperature) and LCI (Leaf Chlorophyll Index), were recorded at 3 different stages such as vegetative stage (late boot stage, Z49), grain filling stage (early milk stage, Z73) and grain maturity stage (late milk stage, Z85) according to Zadoks scale (Zadoks et al., 1974).



Statistical analysis

Calculation of descriptive statistics and analysis of variance was carried out in BC2F4 augmented RCBD, using the R program. BC2F5 derived lines sown in RBD with three replications were analyzed using data analysis add ins of MS-excel. Analysis of variance Critical Difference (CD) and Coefficient of Variation (CV) was calculated. Lines with statistical significance for moisture deficit stress tolerance with high yield under stress were identified.




Results


Development of backcross population following foreground selection and background analysis

The F1 plants obtained from the cross involving HI1500 (donor parent) and HD3086 (recurrent parent) were backcrossed with HD3086 to produce BC1F1 seeds. Among 120 BC1F1 plants, 16 were selected through foreground selection of QTLs associated with traits like CT, chlorophyll content, NDVI and TKW, and also for the Lr24 gene associated with leaf rust resistance.

The selected plants for targeted traits were again backcrossed with the recurrent parent to generate BC2F1 plants. Out of 140 BC2F1 plants, 12 plants positive for a combination of moisture deficit stress tolerance QTLs and Lr24 gene were selected and selfed to produce BC2F2 progenies (Figure 3). From these, a total of 600 BC2F2 plants were raised and subjected to stringent phenotyping of leaf rust screening for identification of homozygous plants (Table 2). Plants with rust resistance and good phenotyping background recovery were used for foreground selection using linked molecular markers to identify homozygous donor QTL combinations. From these, 110 BC2F2 plants were selected as homozygous for Lr24, and a combination of QTLs linked to moisture deficit stress tolerance using foreground selection. Further, these positive plants were sequentially advanced via pedigree based phenotypic selection until BC2F4.




Figure 3 | SCAR marker-assisted screening of the leaf rust resistance gene Lr24 in selected BC2F2 lines and identity homozygous lines associated with Lr24/Sr24 tightly linked SSR marker Xbarc71. In Lr24 bands, progenies in the first row are 1-18 followed by second row from 19 to 38.




Table 2 | Number of plants selected in each generation in HD3086*2/HI1500 derived population.





Screening for leaf rust resistance at seedling stage

The recurrent parent HD3086 showed a susceptible reaction (3 3+) for pathotypes 77-5 and 77-9 as that of susceptible check Agra local. On the other hand, donor parent HI1500 displayed an immune reaction (0) for pathotype 77-5 and resistance (; 1) for 77-9 (Table 3). In BC2F4, out of the 24 advanced lines subjected to SRT of P. triticina pathotypes 77-5 and 77-9, 19 lines showed resistance and 5 lines showed susceptible reaction due to the absence of the Lr24 gene. The genotypes HD3086-E-5-17, HD3086-C-6-2 and HD3086-13-16 were identified as resistant/immune lines for both races 77-5 and 77-9 at IARI Regional Station, Indore. Whereas genotypes evaluated for SRT at Indore such as HD3086-M-1-26, HD3086-M-1-36, HD3086-I-3-1, HD3086-F-13-1 and HD3086-13-13 were classified as resistant for 77-5 and moderately susceptible for 77-9. The genotype HD3086-M-1-49 was identified as susceptible for 77-9 and moderately resistant for 77-5 (Table 3). Finally, nineteen (7HR, 10R and 2MR) BC2F4 lines showing resistance to pathotypes 77-5 and 77-9 and also performing better under restricted irrigation conditions were selected.


Table 3 | Screening of marker assisted derived wheat genotypes for leaf rust races at IARI regional station Indore and Shimla (BC2F4).





Field screening for leaf rust resistance

Rust scoring in field conditions was carried out in BC2F1 (off season nursery: Lahul-Spiti), BC2F2 (Main Season: New Delhi) and BC2F3 (off season nursery: Wellington). In all these trials the MAS-derived Lr24 selected lines showed a very low incidence of rust infection. Whereas recurrent parent HD3086 showed a severe disease infection (60S) of leaf rust. In BC2F5, out of 10 selected lines (previously selected in BC2F4 during SRT), 8 lines viz., HD3086-M-1-26-410-46, HD3086-M-1-36-413-47, HD3086-M-1-55-419-49, HD3086-E-5-17-461-50, HD3086-C-6-2-481-51, HD3086-F-13-1-512-53, HD3086-13-13-562-54 and HD3086-13-16-565-55 showed resistant reaction and lines HD3086-M-1-49-417-48 and HD3086-I-3-1-507-52 showed moderately resistant reaction. One MABB derived line, HD3086-C-6-2-481-51 showed ACI ‘0’ for leaf rust in initial plant pathological nursery data of AICRP trial 2021-22 (data available at http://www.aicrpwheatbarleyicar.in/wp-content/uploads/2022/07/PPSN-2021-22-decoded.pdf).



Background analysis

Selected 10 best BC2F5 plants showed significant improvement over the recurrent parent HD3086, for component traits of moisture deficit stress tolerance and leaf rust resistance with maximum recovery of RPG with a range of 79%-95% and average RPG recovery, was 86%. Two superior lines HD3086-E-5-17-461-50 and HD3086-C-6-2-481-51 had maximum recovery of about 95.24% and 93.87% respectively (Figure 4; Supplementary Table 4).




Figure 4 | Recurrent parent recovery of chromosomes 2B, 3A, 3D and 5B.





Morpho-physiological performance of the selected lines for moisture deficit stress tolerance

The phenotypic evaluation was performed in BC2F4 lines in augmented design (with 1m2 plot size) and 38 superior lines with rust resistance were advanced to BC2F5 for evaluation of yield and moisture deficit stress component traits in large plots (7.2m2) with RBD under irrigated (IR) and restricted irrigation (RI) conditions. The BC2F4 lines, HD3086-E-5-17-461-50 and HD3086-C-6-2-481-51 recorded the highest yield per plot followed by HD3086-M-1-26-410-46 and HD3086-F-13-1-512-53 during 2020-2021 under RI condition. The same lines advanced to BC2F5 showed consistent superior performance during the year 2021-22. The correlation study depicted that NDVI, LCI, TKW and GWPS were positively correlated with yield, while CT and DH were negatively correlated with yield under moisture deficit stress. MABB derived lines containing targeted QTLs were having significantly superior performance over the checks. All the 38 BC2F5 lines were evaluated under RI and IR conditions for distinctness, uniformity and stability (DUS) characterization. Eight lines are found to be consistent in performance during both the years and on par or superior to recurrent parent under moisture deficit stress with maximum phenotypic similarity to recurrent parent HD3086. All the superior 8 lines viz., HD3086-M-1-26-410-46, HD3086-M-1-36-413-47, HD3086-M-1-49-417-48, HD3086-M-1-55-419-49, HD3086-E-5-17-461-50, HD3086-C-6-2-481-51, HD3086-I-3-1-507-52, HD3086-F-13-1-512-53 were selected for subsequent entry and release (Table 4). The derived line HD3086-C-6-2-481-51 named HD3471, is nominated for national trials for testing and further release for commercial cultivation.


Table 4 | Morpho-physiological characteristics of HD3086*2/HI1500 selected BC2F5 lines for component traits of moisture deficit stress tolerance under moisture deficit stress condition.






Discussion

The wheat varieties which can grow well and produce better yields in moisture deficit/dry land areas along with resistance to biotic stresses such as leaf rust are the immediate priority of the wheat breeding program. Several severe rust epidemics have been recorded in India since the early 1800s due to cereal rust diseases (Joshi et al., 1977). An effective and desirable method would be combining conventional wheat breeding with MABB by introducing targeted genes or QTLs into superior wheat cultivars for overcoming such biotic and abiotic stresses (Collard and Mackill, 2008). MAS has been used frequently in bread wheat for introgression of traits such as disease resistance and quality improvement [(Barloy et al., 2007; Gupta et al., 2010; Kumar et al., 2010; Malik et al., 2015; Shah et al., 2017; Sharma et al., 2021)]. However, it has been used rarely to improve moisture deficit stress tolerance in wheat (Merchuk-Ovnat et al., 2016; Rai et al., 2018). In the current study, we developed improved lines with resistance to leaf rust and relatively higher grain yield under RI conditions by transferring leaf rust resistance gene Lr24 and major QTLs linked to component traits of moisture deficit stress tolerance.

The component traits of moisture deficit stress tolerance such as NDVI, LCI, and TKW had positive correlation and traits like CT and DH showed negative correlation with grain yield under the current investigation as previously reported (Lopes and Reynolds, 2012; Harikrishna et al., 2016; Ramya et al., 2016). Therefore, component traits of moisture deficit stress tolerance such as NDVI, leaf chlorophyll index, and canopy temperature strategically coupled with yield had a complementing influence on productivity under moisture deficit stress.


Marker-assisted selection for leaf rust resistance gene Lr24

Leaf rust resistance gene Lr24, derived from Thinopyrum elongatum, confers resistance right from the seedling stage and is associated with the stem rust resistance gene Sr24 (McIntosh et al., 1976; Singh et al., 2006). Therefore, the Lr24/Sr24 confers resistance to the most prevalent leaf and stem rust races in India (Singh et al., 2017). Although virulence on Lr24 has been reported in South Africa, North America, and South America, it still provides effective resistance in India. The first wheat variety containing Lr24 was released in 1993 and since then, a number of varieties were released with the Lr24 gene (Tomar et al., 2014). Hence, the presence of Lr24 in Indian wheat varieties is extremely useful for resistance against leaf rust (Pal et al., 2022). In recent years, new virulent races have appeared against some leaf rust resistance genes (Prasad et al., 2019) among which 77-9 and 77-5 are most prevalent and virulent. The pathotype, 77-9 was found in 149 rust samples (51.1%), followed by pathotype 77-5 in 15.1% of the wheat leaf rust (Pt) samples collected from India and Nepal. The pathotype 77-9, which is virulent to Lr37, was unable to overcome the resistance of many varieties due to the presence of Lr24 (Tinku Gautam et al., 2020b).

The traditional backcross strategy for transferring rust resistance genes needs discriminating races to be screened at the seedling or adult stage under epiphytotic circumstances. With the advent of genetic markers linked to resistance genes, it is possible to precisely identify the targeted rust resistance gene(s) in segregating populations (Sivasamy et al., 2009; Revathi et al., 2010; Bhawar et al., 2011). The polymorphic SCAR markers were developed for Agropyron elongatum derived leaf rust resistance gene Lr24 and utilized in marker assisted selection (Gupta et al., 2006). Due to the dominant nature of the SCAR marker, identification of homozygous plants with Lr24 in BC2F2 is not possible. Hence, it needs progeny testing in the BC2F3 generation to identify homozygous plants. In addition to this, specific microsatellite markers, Xgwm114 and Xbarc71, were developed for the Lr24 locus to select homozygous plants for leaf rust resistance at early generations (Pallavi et al., 2015) such as BC1F1, BC2F1, and BC2F2 generations. Therefore, we used codominant SSR marker Xbarc71 in addition to Lr24/Sr24 SCAR marker to select homozygous plants for Lr24 in BC2F2. Homozygous lines for Lr24 were selected in BC2F2 generation along with the phenotypic selection at each backcross generation for leaf rust in the seedling stage (SRT) and in the adult plant stage. Along with MAS, the phenotypic section for targeted traits increases the efficiency of selection (Davies et al., 2006). We developed 19 resistant (7 HR+ 10 R+2 MR) lines in BC2F4 generation against 77-5 and 77-9 races of leaf rust at two different locations. Similarly, leaf rust resistance genes Lr19 and Lr24 derived from Thinopyrum (syn. Agropyron) were transferred into superior wheat cultivar HD2733 through marker-assisted selection (Singh et al., 2017). The genomic segment carrying the Lr24/Sr24 genes also resulted in improved grain quality without any yield penalty in HD2733 suggesting the added gains of utilizing this region for improving grain quality besides leaf rust resistance (Rai et al., 2021). In another study, major QTL for post-harvest sprouting tolerance and Lr genes such as Lr24 + Lr28 were transferred into a cultivar HD2329 using MAS against virulent pathotype 77-5 (Kumar et al., 2010).



Marker-assisted selection for component traits of moisture deficit stress tolerance

tBreeding for complex traits like moisture deficit stress tolerance is a challenging task with conventional breeding methods due to the inheritance of polygenes and with relatively low heritability and high environmental influence (Talukdar et al., 2014; Ramya et al., 2016). Therefore, molecular markers assisted breeding is a better option to develop moisture deficit stress tolerance along with disease resistance. Numerous studies have revealed QTLs for grain yield and component traits of moisture deficit stress tolerance (Pinto et al., 2010; Gupta et al., 2012; Gupta et al., 2017; Shashikumara et al., 2020), which can be used in practical breeding with MABB for an effective and desirable way to introduce them into superior wheat cultivars (Collard and Mackill, 2008). CT, NDVI, LCI, and TKW are thought to be complementary traits to yield because they enhance wheat yield under moisture deficit through stress tolerance mechanisms (Lopes and Reynolds, 2012). Therefore, in this study 3 QTLs linked to component traits of moisture deficit stress tolerance (NDVI and TKW: Xcfd73, CT and Leaf chlorophyll index: Xbarc12, CT: Xgwm544) have been successfully transferred in the genetic background of HD3086 through MABB along with phenotypic selection. These three QTLs under transfer were validated in RIL population HI1500 x DBW43 by Harikrishna (2017). In past, a few studies have introduced QTLs into wheat to enhance drought tolerance and yield under moisture deficit conditions (Merchuk-Ovnat et al., 2016; Rai et al., 2018; Gautam et al., 2020a; Todkar et al., 2020).

Foreground selection was undertaken in BC1F1, BC2F1 and BC2F2 for the successful transfer of three QTLs in combination linked to component traits of moisture deficit stress tolerance in the present study. The four lines having better grain yield of 30-40% and best yield improvement observed in line having QTLs combination linked to traits NDVI, CT and TKW along with leaf rust resistance over recurrent parent HD3086 were developed and proposed to the varietal trial evaluation program (Figure 5). In a similar previous study by Rai et al. (2018) five potential varieties performing well under rain fed conditions were developed in the background of HD2733 lines by transferring NDVI, CT and chlorophyll content linked QTLs through MABB. Similarly, variety GW322 was improved for traits NDVI, stay green, chlorophyll content and yield through MABB and 18 superior BC2F3 moisture deficit stress tolerant progenies were identified (Todkar et al., 2020).




Figure 5 | Improvement in grain yield of selected lines of HD3086*2/HI1500 derived BC2F5 population under moisture deficit stress.



It is challenging to cover entire genomic regions with evenly dispersed polymorphic markers due to the large genome size of wheat (~16GB; Somers et al., 2004). To speed up the RPG recovery in MABB, background selection utilizing polymorphic markers with genome-wide coverage has been widely adopted (Chen et al., 2008; Basavaraj et al., 2010). SNPs would be a preferable option for the background selection in MABB because the background analysis using SNP assay was over 300 times more cost-effective than SSR markers (Khanna et al., 2015). We performed background analysis of selected BC2F4 lines using 35k SNPs to identify the plant with maximum recurrent parent genome and obtained a recovery range of selected lines from 79 to 95% with an average recovery of 86%. Two selected lines with positive Lr24 allele viz., HD3086-C-6-2-481-51and HD3086-E-5-17-461-50 were having a recovery of about 95.24% and 93.87% respectively. Similarly, 94.55% genome recovery in BC2 generations was observed during pyramiding of leaf rust resistance genes into an elite cultivar HD2687 (Bhawar et al., 2011) and genome recovery of 89.2%–95.4% for drought tolerance QTLs into HD2733 by Rai et al. (2018) in MABB studies.




Conclusion

The current study is on the improvement of wheat cultivar for both biotic and abiotic stresses in combination using MABB and phenotypic selection in wheat. We have transferred Lr24, and 3 QTLs linked to component traits of moisture deficit stress tolerance using MABB to develop improved lines for resistance to leaf rust and moisture deficit stress. The improved lines had comparable grain yield production to the original parent, HD3086 along with high chlorophyll content, low canopy temperature, high normalized difference vegetation index, and other favorable morpho-physiological characteristics under moisture deficit stress. Wheat variety HD3086 is a choice of millions of farmers in major wheat growing regions because of its high adaptability and quality. Improvement of other traits of this variety such as disease resistance and moisture deficit stress tolerance help in expanding the area of cultivation with a limited number of irrigations.
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The core particle represents the catalytic portions of the 26S proteasomal complex. The genes encoding α- and β-subunits play a crucial role in protecting plants against various environmental stresses by controlling the quality of newly produced proteins. The 20S proteasome gene family has already been reported in model plants such as Arabidopsis and rice; however, they have not been studied in oilseed crops such as rapeseed (Brassica napus L.). In the present study, we identified 20S proteasome genes for α- (PA) and β-subunits (PB) in B. napus through systematically performed gene structure analysis, chromosomal location, conserved motif, phylogenetic relationship, and expression patterns. A total of 82 genes, comprising 35 BnPA and 47 BnPB of the 20S proteasome, were revealed in the B. napus genome. These genes were distributed on all 20 chromosomes of B. napus and most of these genes were duplicated on homoeologous chromosomes. The BnPA (α1-7) and BnPB (β1-7) genes were phylogenetically placed into seven clades. The pattern of expression of all the BnPA and BnPB genes was also studied using RNA-seq datasets under biotic and abiotic stress conditions. Out of 82 BnPA/PB genes, three exhibited high expression under abiotic stresses, whereas two genes were overexpressed in response to biotic stresses at both the seedling and flowering stages. Moreover, an additional eighteen genes were expressed under normal conditions. Overall, the current findings developed our understanding of the organization of the 20S proteasome genes in B. napus, and provided specific BnPA/PB genes for further functional research in response to abiotic and biotic stresses.




Keywords: Brassica napus, 20S proteasome, phylogenomics, digital expression, environmental stress



1 Introduction

Rapeseed (Brassica napus L.; 2n=38; AACC genome) is an allotetraploid species that is derived through interspecific hybridization of turnip rape (B. rapa; 2n=20; AA) with cabbage (B. oleracea; 2n=18; CC) (Peng et al., 1999; Chalhoub et al., 2014). Globally, B. napus is one of the major oil crops and ranks third in vegetable oil production. It is commonly used as edible oil (Maršalkienė et al., 2009; Lozano-Baena et al., 2015), condiments (Gilbert et al., 2012, Wiersema and Leon, 2016) and fodder (Cartea et al., 2005) in many parts of the world. In addition, canola oil has medicinal properties including a diuretic (Lust, 1983; Grieve, 1984), analgesic and anticancer activities (Duke, 1983). The crop is adapted to the temperate regions of the world and is therefore, very sensitive to a series of environmental threats such as fungal/bacterial diseases, and cold, heat, and drought stresses. These stresses limit the growth and development at different stages during the crop cycle (Kutcher et al., 2010). The presence of high-quality genome sequences and bioinformatics toolkits may help to identify various genes or gene families to elucidate their functional relevance to environmental stress factors to breed climate-smart cultivars.

The ubiquitin-mediated proteolysis system (UPS) also known as the ubiquitin-proteasome pathway (UPP), regulates the degradation of many proteins in eukaryotic cells (Vierstra, 2009). The UPS consists of two distinct, consecutive steps: ubiquitylation (identification of a substrate) and proteasomal degradation (elimination of the ubiquitinated protein) (Kleiger and Mayor, 2014; Sharma et al., 2016). Briefly, ubiquitination is a complicated process that usually necessitates the use of three enzymes: E1, E2, and E3. Ubiquitin is covalently attached to substrate proteins catalyzed by a cascade of enzymes consisting of ubiquitin activator (E1), conjugase (E2), and ligase (E3). Ubiquitin is commonly conjugated to an internal lysine (Lys) residue but can also be conjugated to the free amino terminus of the substrate via its carboxy-terminal glycine. A polyubiquitin chain generated by multiple rounds of ubiquitylation can serve as a signal for degradation by the 26S proteasome machinery, a multiprotein complex consisting of a 20S core particle and 19S regulatory particles (Kleiger and Mayor, 2014). The proteasome has two main origins: the primitive form seen in Thermoplasma acidophilum (Archaea bacteria) and the evolutionarily improved form found in yeast, plants, and mammals. Numerous investigations in eukaryotes have been conducted to understand the dynamics of the proteasomal complex during the last decade (Dantuma and Bott, 2014; Stone, 2019).

The genetics of 20S proteasome core particles in plant species, including Arabidopsis (Yang et al., 2004), rice (Fu et al., 1998) and wheat (Sharma et al., 2022), have been well studied. Morphologically, the 20S core particle is barrel-shaped, and is composed of 28 nonidentical subunits arranged in 4 axially stacked rings. The rings at the two ends are identically formed by 7α subunits, and the rings in the middle are identically formed by 7β subunits. This gives rise to the 20S core particle having a symmetric configuration of α1-7/β1-7/β1-7/α1-7 (Chen and Hochstrasser, 1996; Wolf and Hilt, 2004). The β-subunits β1, β2, and β5 have proteolytic properties for different substrates. The protein enters the 20S core particle through α-subunits present at the top, and after processing this protein comes out through the α-subunits located at the bottom of the core particle (Chen and Hochstrasser, 1996). In Arabidopsis and many eukaryotes, there are 7α- (α1-7) and 7β-subunits (β1-7). Based on nomenclature, these 7 α- and 7 β-subunits can be represented as proteasome alpha A-G and proteasome beta A-G (i.e., PAA-PAG and PBA-PBG) respectively. There are 23 genes encoding 12 α- and 11 β-subunits in Arabidopsis (Fu et al., 1998). Of these subunits, one gene encodes four subunits (1α and 3β) whereas two genes encode the rest of the subunits. In common wheat (Triticum aestivum), 67 members of the 20S proteasome α (TaPA) and β (TaPB) gene family have recently been discovered (Sharma et al., 2022). These 67 TaPA and TaPB genes were distributed in all 21 chromosomes of wheat and some of them were found to be involved in heat/drought stress tolerance.

Phylogenomics uses genome-wide data to infer the evolution of genes, genomes, and the tree of life.  (Eisen, 1998). The term conventional phylogenetics is based upon the study of a few genes or morphology whereas phylogenomics is an update of the term phylogenetics and concentrates on genome-level analysis (DeSalle et al., 2020). According to the principle of phylogenomics, orthologous sequences conserve more protein function than paralogous sequences. The most commonly used data in phylogenomics are sequence data including whole genome nucleotide sequences, orthologous genomic blocks, core genomes, core coding genomes, exons, introns, and other conserved biological molecules. The present study involves a phylogenomic analysis of the B. napus 20S proteasome gene family and its putative role in biotic and abiotic stresses.



2 Materials and methods


2.1 Analysis of gene sequence


2.1.1 Identification and retrieval of 20S proteasome gene sequences

Since 20S proteasome family genes have already been characterized in Arabidopsis thaliana and rice (Oryza sativa), the DNA and protein sequences of AtPA/PB and OsPA/PB were used as a reference to detect the true orthologs in the B. napus genome. Criteria for the identification of true orthologs that were developed (Dhaliwal et al., 2014) were strictly followed in the present analysis. The coding DNA sequences of 20S proteasome family genes related to A. thaliana and rice were retrieved from the Ensembl Plants database (https://plants.ensembl.org/index.html). Consequently, coding sequences of 24 genes of A. thaliana and 23 genes of rice were subjected to tBLASTx and BlastP searches against the B. napus genome assembly available at the Ensembl Plants database (https://plants.ensembl.org/Brassica_napus/Info/Index?db=core).



2.1.2 Structural features of the 20S proteasome gene family

The tools of Ensembl Plants (https://plants.ensembl.org/index.html), Multiple Em for Motif Elicitation Suite Version 5.4.1 (MEME v5.4.1; https://meme-suite.org/meme/tools/meme) and TB tools (https://github.com/CJ-Chen/TBtools/releases) were employed for gene structure analysis. RepeatMaskerv4.0.9 (https://www.repeatmasker.org/cgi-bin/WEBRepeatMasker) and BatchPrimer3 v1.0  (http://probes.pw.usda.gov/batchprimer3) were used to identify transposable elements (TEs) and microsatellites or simple sequence repeats (SSRs) in gene sequences, respectively. The Plant Care database was used to search for the presence of cis-acting regulatory elements in gene sequences, 1500 base pairs (bp) upstream of the promoter region (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). The plant small RNA target analysis server psRNATarget (https://www.zhaolab.org/psRNATarget/) was used to search for putative microRNAs and their targets in the BnPA/BnPB genes of B. napus. Here, 0-3 e-value was used (Dai and Zhao, 2011; Dai et al., 2018). All the abovementioned analyses were performed with default parameters.



2.1.3 Gene duplication and synteny analysis

The gene tree pipeline available in the Ensembl Plants database (Vilella et al., 2009; Bolser et al., 2015) was utilized to infer evolutionary relationships among proteasome genes (BnPA and BnPB) with the help of a gene identifier. A phylogenetic tree of homologous genes across the genome of B. napus and Arabidopsis was constructed using the Plant Compara option. This gene tree was further utilized to identify duplication and speciation events. Synteny and collinearity between chromosomes of B. napus and Arabidopsis were determined covering the stretch of 25 genes. For this purpose, the genome browser biotool GENOMICUSv49.01 (https://www.genomicus.bio.ens.psl.eu/genomicus-plants-49.01/cgi-bin/search.pl) was used.




2.2 Analysis of protein sequence


2.2.1 Structure, conserved motifs and physio-chemical properties of protein sequences

The CD-search program of the conserved domain database (CDD) at NCBI was used to identify domain features in BnPA/BnPB protein sequences. The physiochemical properties, including amino acid composition, molecular weight, theoretical PI, number of positively/negatively charged residues, instability index, aliphatic index, and grand average of hydropathy (GRAVY) were computed using ExPASy’s ProtParam tool (https://web.expasy.org/protparam/). The network protein sequence (NPS) analysis was performed using a self-optimized prediction method with an alignment (SOPMA) tool (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html). Motifs in protein sequences were searched using the MEME suite (https://meme-suite.org/meme/tools/meme). Annotation and visualization of identified motifs were performed using InterPro Scan (https://www.ebi.ac.uk/interpro/search/sequence/) and TB tool, respectively.



2.2.2 Computational analysis, structure and validation of predicted proteins

Homology modeling (HM) was applied to deduce the 3D structure of the predicted proteins. For HM, PSI-BLAST was performed against two databases, the Swiss Model template library (https://swissmodel.expasy.org/), and the protein data bank (http://www.rcsb.org/pdb/home/home) with 100 iterations. A structure analysis and validation server (SAVES; https://saves.mbi.ucla.edu/) was used to verify the predicted 3D structures of BnPA and BnPB proteins. The relative proportion of amino acids that appear in the favored region was found with the help of the PROCHECK option of SAVES v6.0 (Laskowski et al., 1993). VERIFY 3D was utilized to determine the compatibility of the atomic model (3D) with its amino acid sequence (1D) (Eisenberg et al., 1997). The ERRAT program was used to verify the protein structures through patterns of nonbonded interactions among C, N, and O atoms (Colovos and Yeates, 1993).



2.2.3 Functional annotation and superimposition of 3D structures

The Flexible structure AlignmenT by Chaining Aligned Fragment pairs allowing Twists (FATCAT) server (https://fatcat.godziklab.org/fatcat/fatcat_pair.html) was used to compare the 3D structure of the proteins encoded by various genes belonging to A. thaliana with that of predicted B. napus proteins by aligning the representative structure. The similarity of 3D structures was measured by the root mean square deviation (RMSD) value of the Cα atoms.




2.3 Phylogenetic analysis

The MultAlin program (http://multalin.toulouse.inra.fr/multalin/) was used for multiple sequence alignments to determine conserved amino acid residues in B. napus, Arabidopsis and rice. A mutual information server to infer coevolution (MISTIC; http://mistic.leloir.org.ar/results.php?jobid=202112021211022296) was employed to determine the mutual information (MI) between two amino acid positions in multiple sequence alignment (MSA). The identical amino acid between two positions (homologous protein), called mutual information (MI), was predicted to correlate and compensate for mutations, and was used to identify coevolving residues (Sharma et al., 2022). The amino acid sequences of proteins were utilized for phylogenetic analysis by molecular evolutionary genetics analysis version 6.0 (MEGA v6.0) software using the neighbor-joining method (Tamura et al., 2011). The Newick format tree prepared in MEGA was visualized in iTOL (https://itol.embl.de/).



2.4 In silico expression profile of 20S proteasome genes

Digital expression of BnPA and BnPB genes was analyzed using transcriptomic data available at the Brassica expression database (https://brassica.biodb.org/). Expression was studied in FPKM values using six different tissues (seed, cotyledon, hypocotyls, radical, root, & leaf) belonging to the germination and seedling stages under normal conditions. Under both biotic and abiotic stress conditions, expression was observed at the seedling and flowering stages. Under both normal and stress conditions, the expression pattern of the selected genes was studied.




3 Result


3.1 Analysis of gene sequence


3.1.1 Identification of genes for the 20S proteasome in B. napus

Out of 92 20S proteasome genes initially identified in the B. napus genome, 10 genes were incomplete; therefore, these genes were removed from further analysis. The remaining 82 full-length genes involving 35 BnPA and 47 BnPB of the 20S proteasome family were further characterized in the present study. Comprehensive information on the full-length gene and coding sequences of B. napus α-subunits (BnPAA-BnPAG) and β-subunits (BnPBA-BnPBG) and their comparison with corresponding A. thaliana and rice genes are provided in Supplementary Table S1. The name of all 82 B. napus genes of the 20S proteasome family was designated according to the corresponding genes reported earlier for Arabidopsis, rice and wheat (Fu et al., 1998; Sassa et al., 2000; Sharma et al., 2022). The sizes of the BnPA and BnPB genes varied from 1039-5449 bp and 618-5132 bp, respectively. The cDNA sequence of BnPA genes ranged from 852 to 2355 bp and that of BnPB genes ranged from 249 to 1818 bp. Furthermore, variations in coding DNA sequence (CDS) were also observed individually in BnPA (606-2199 bp) and BnPB (249-1578 bp) genes (Supplementary Table S1). The intron-exon features of B. napus 20S proteasome genes were studied to gain an improved understanding of their structural patterns. The number of exons and introns in BnPA genes varied from 2-17 and 1-16, respectively. All 35 BnPA genes had introns. The number of exons and introns in BnPB genes varied from 3-12 and 2-11, respectively (Supplementary Table S2). The intron phases were phase 0 (56.75%), phase 1 (30.45%) and phase 2 (12.79%) (Figure 1).




Figure 1 | Structure of BnPA and BnPB genes of Brassica napus showing the distribution of exons (yellow solid bars), introns (black lines), upstream/downstream regions (solid green bars), and intron phases marked as 0, 1 and 2. The figure also represents the conserved motifs identified in BnPA and BnPB proteins.





3.1.2 Assignment of chromosome and gene duplication

All 82 BnPA and BnPB genes were physically mapped to 18 individual chromosomes of B. napus along with two additional Cnn and Ann chromosomes. The maximum number of six genes were located on each A07, A09, and C07, while the minimum number of two genes each was located on A04, A02, and C09. All the genes were located in the terminal and subterminal positions (Figure 2). The tree involving B. napus genes along with genes from other taxa was developed using the Ensembl Plants Compara pipeline (Supplementary Figure S1). This was done to examine orthology and paralogy among 35 BnPA and 47 BnPB genes.




Figure 2 | Distribution of 82 BnPA and BnPB genes on 20 chromosomes of B. napus belonging to the A (A) and C (B) subgenomes. On each chromosome, gene names are given on the right side. A scale of physical positions in megabases (Mb) is shown on the far left.



Detailed information on the orthologous and paralogous relationships of the BnPA and BnPB genes with different species is given in Supplementary Table S1. Orthologs and paralogs among Brassica, Arabidopsis and rice 20S proteasome genes have been investigated using the order of genes of 14 subunits (7-α and 7-β). Out of the 24 genes in Arabidopsis (13- α and 11- β), the number of duplicated genes was 10 and those that remained single were 4. Out of the 23 rice genes (13-α and 10-β), duplication was observed in seven genes, triplication in 1, and the rest 6 genes remained single (Supplementary Table S1). The observed pattern of duplicated genes in B. napus was similar to that in Arabidopsis and rice for the corresponding PA/PB genes. The orthologs were distinguished from paralogs using Ensembl Plant Compara.



3.1.3 Synteny between B. napus, A. thaliana, and rice

Synteny analysis of 82 BnPA and BnPB genes with the corresponding Arabidopsis genes was highly conserved (Figure 3). The collinearity of BnPA and BnPB genes with Rice was negligible; however, collinearity with A. thaliana was found with only one gene, i.e., BnPBC2-Cnn with At1.




Figure 3 | A circular map showing synteny among PA and PB genes of B. napus, A. thaliana and rice (name of chromosomes given outside the circle, name of genes given outside and inside the circle).





3.1.4 SSRs in BnPA and BnPB genes

A total of 66 SSRs were identified in 45 (54.87%) of the 82 genes. Of these, 28 SSRs were identified in 16 BnPA genes and 38 SSRs were identified in 29 BnPB genes. The SSR numbers vary per gene. There were only six SSRs in BnPAE1-A08, only four SSRs in BnPBB1-C07, three SSRs in two genes (BnPAE2-C03, BnPBD2-C05), and two SSRs each in nine genes (BnPAA2-A03, BnPAE1-C06, BnPAE2-A05, BnPAF1-C09, BnPAG2-C04, BnPBA1-A01, BnPBC1-A06, BnPBD2-Cnn and BnPBF2-A07), whereas single SSRs were present in the remaining 32 genes (Supplementary Table S3). SSRs with dinucleotide motifs (20) are more frequent followed by tetranucleotide (10) and hexanucleotide (10), trinucleotide and mononucleotide (9), pentanucleotide (5) and heptanucleotide (3) motifs.



3.1.5 Analysis of promoter and cis-acting regulatory elements

Cis-acting regulatory elements present 1500 bp upstream of the 5’ promoter sequence were studied in each of 82 BnPA/BnPB genes. It was observed that the promoter region of all the genes contains many light-responsive elements along with phytochrome and other cis-acting elements. The maximum number of genes was for light, methyl jasmonate (MeJA), and endosperm elements (Supplementary Figure S2).



3.1.6 MicroRNAs and their targets in BnPA and BnPB genes

A total of 44 microRNAs (miRNAs) were found. These mi-RNAs had their targets in 21 genes (8 BnPA and 13 BnPB). The maximum number of target sites i.e., six microRNAs were available for each of two genes (BnPAC1-A01 and BnPBD2-A01). The targets for BnPBD1-C08, BnPBD1-A08 and BnPBD2-Cnn were available for four miRNAs. The target for BnPAF2-C08 was available for three miRNAs. Similarly, the targets for BnPBA1-A01 and BnPBA2-C07 were available for two miRNA each. The target for the remaining 13 miRNAs was available in different BnPA and BnPB genes distributed on several Brassica chromosomes (Supplementary Table S4).




3.2 In silico expression analysis of BnPA and BnPB genes

The expression pattern of genes was studied under normal and stress conditions. Under normal conditions, two different developmental stages (germination and seedling) for six different organs (seed, cotyledon, hypocotyl, radicle, leaf, and root) were examined. Under both abiotic and biotic stress conditions, two different developmental stages (seedling both flowering) were examined.


3.2.1 Tissue-specific expression under normal conditions

Under two different developmental stages (germination and seedling), the six different organs (seed, cotyledons, hypocotyl, radical, leaf, and root) showed variation in expression (Figure 4). Out of 82, 18 genes showed higher expression in the two stages and the expression data are provided in the form of FPKM values.




Figure 4 | Expression profile of BnPA and BnPB genes at two developmental stages in six different tissues, (A) germination (cotyledon), (B) germination (seed), (C) germination (hypocotyl), (D) seedling (leaf), (E) germination (radicle) and (F) seedling (root), under normal conditions in B. napus. The expression data are represented in the form of FPKM values.





3.2.2 Abiotic stresses

Cold stress. We observed two genes under 24 h cold stress (seedling and flowering stages) whose expression was upregulated i.e., >1.70-fold change (FC). During this same duration, the expression of 33 genes ranged from 0.00 to 0.99 FC i.e., the expression of these genes in response to cold stress was very poor (Figure 5A).




Figure 5 | In silico expression profiling of BnPA and BnPB genes at seedling and flowering stages under abiotic stresses (A) cold and (B) drought and biotic stresses (C) Leptosphaeria maculans and (D) Sclerotinia sclerotiorum. The expression data of control and stress conditions are shown in the form of relative fold change (FC).



Drought stress. Only one gene showed high expression (FC>1.70) under 24 h drought stress (seedling and flowering stages), whereas 62 genes showed their expression from 0.00 to 0.99 FC (Figure 5B).

Heat Stress. Under 24 h of heat stress, all genes (seedling and flowering stages) showed expression FC<1.70. However, the expression of 57 genes ranged from 0.00 to 0.80.

As a result, we concluded that in B. napus, there are only five genes that can tolerate cold stress and there is only one gene that is expressed under drought conditions. Moderate to poor expression of genes was observed under heat stress conditions.



3.2.3 Biotic stresses

Under biotic stress in B. napus, 20S proteasome genes were expressed against two fungal pathogens Leptosphaeria maculans (blackleg) and Sclerotinia sclerotiorum (white mold), at the seedling and flowering stages, respectively. After 264 h of L. maculans infection at the seedling stage, one gene with FC>0.99 was expressed against fungal infection (Figure 5C). Relative to the control, 1 gene was stimulated (FC>1.70) after 72 h of infection at the seedling stage. At the flowering stage, BnPAB1-A07 and BnPBA2-A08 genes were expressed with FC>0.99 after 48 h and 96 h of S. sclerotiorum inoculation, respectively (Figure 5D).




3.3 Analysis of Proteins


3.3.1 Characterization of BnPA and BnPB proteins

The molecular weight of BnPA and BnPB proteins ranged from 9510.19 to 82935.95. the isoelectric point (PI) ranged from 4.65 to 9.93. The total acidic and alkaline proteins were 71 and 11 respectively. The proteins (41) with a lower aliphatic index i.e., 67.30 to 98.52 were unstable, whereas the remaining proteins (41) had a higher aliphatic index of 79.60 to 100.36 and were stable. The grand average of hydropathy (GRAVY) ranged from -0.669 to 0.093 (Supplementary Table S5).



3.3.2 Functional domains and motifs of BnPA and BnPB proteins

The number of amino acids in 82 BnPA/BnPB proteins varied from 82 amino acids (aa) (BnPBC2-Cnn) to 732 aa (BnPAE1-A06), the mean of which was 251.85 aa (Supplementary Table 2). The length of α-subunits ranged from 201 to 732 aa, and the β-subunits ranged from 82 to 525 aa (Supplementary Table 2). A total of 10 separate motifs are given in Figure 1. The logo of 10 separate motifs and the associated amino acids identified in the BnPA and BnPB proteins are provided in Supplementary Figure S3. The list of identified motifs along with their sequence and e-value are given in Supplementary Table S7.



3.3.3 Sequence alignment and assessment of conserved amino acids

The percent similarity among the α-subunit of B. napus was 30 (Supplementary Table S8) whereas in the β-subunit it was 20.72 (Supplementary Table S9). The similarity percentage between the α and β- subunits of B. napus was 21.33. The percentsimilarity among B. napus and Arabidopsis BnPA proteins was 91.06 (Supplementary Table S8) and for BnPB protein was 99.14 (Supplementary Table S9). High amino acid similarity was observed among the α and β-subunits of B. napus, Rice, and Arabidopsis (Supplementary Figures 4a, b). A high conservation pattern of 31 amino acids (aa) of α-subunits and 15 β-subunits was found among B. napus, rice, and Arabidopsis. These 31 (α-subunits) and 15 (β-subunits) residues also had the highest MI (Supplementary Figures S5, S6).



3.3.4 Localization of subcellular proteins and their functions

Gene ontology analysis and functional annotation suggested that BnPA and BnPB proteins have proteolytic functions and other molecular functions such as threonine type endopeptidase activity, threonine type peptidase activity, peptidase activity and endopeptidase activity (Figure 6).




Figure 6 | Cellular location and biological/molecular functions of BnPA/BnPB proteins in Brassica napus.





3.3.5 Protein structures

The secondary structure of all the proteins was compared. It has been found that the secondary structure is dominated by α-helices followed by random coils (Supplementary Table S10). The latter form irregular structures that permit polypeptide chains to fold uniquely. Proteins such as BnPA and BnPB tend to form a highly stable structure. In-silico 3D structures were determined for 20 (24.39%) BnPA and BnPB proteins with similarity ranges of 10.85-100% with the corresponding template of Arabidopsis (Supplementary Figure S7). The GMQE for these 20 proteins ranged from 0.59 to 0.82. A high-quality protein model was suggested by it. Q-mean value ranged from 0.73 ± 0.06 to 0.82 ± 0.06. The similarity between the protein model and reference (Arabidopsis) proteins ranged from 42 to 69%. The quality factor was determined with the help of ERRAT and ranged from 88.2096 to 100%. The 3D-1D score was determined with the help of VERIFY 3D and ranged from 77.95 to 99.58% (Supplementary Table S11)



3.3.6 Alignment and functional annotation of 3D-structure

The 3D protein structures (with minimum energy) of B. napus were superimposed with the reference protein (3D) of Arabidopsis (Figure 7 and Supplementary Table S12). The 3D structure of five (BnPAA1-A07, BnPAA1-C07, BnPAF1-A09, BnPBE1-C03, and BnPBF1-Cnn) proteins showed a similarity of 33 to 98% with the corresponding 3D structure of the AtPAF2 protein with RMSD values in the range of 0.04 to 2.66 Å.




Figure 7 | Representative figure showing the superimposed structure of the predicted 3D structure of BnPAA1-A07, BnPAA1-C07, BnPAF1-A09, BnPBE1-C03 and BnPBF1-Cnn proteins over the 3D structure of Arabidopsis PAA (AtPAF2) proteins.






3.4 Phylogenetic analysis

The amino acid sequences of B. napus, A. thaliana and O. sativa for α- (PA) and β-subunits (PB) were utilized separately to construct a phylogenetic tree. Seven clades that belong to 1 to 7 subunits were observed in each phylogenetic tree. These clades showed similarities with the conserved motifs (Figure 1). It was interesting to note that the orthologs of all three taxa belong to each of the α and β-subunits and formed seven clades in both phylogenetic trees. In the α-subunit tree, 7-10 orthologs formed clades (Figure 8A) whereas, in the β-subunit tree, 7-13 orthologs formed clades (Figure 8B).




Figure 8 | Phylogenetic tree constructed using protein sequences of (A) α-subunits and (B) β-subunits belonging to three plant species (A. thaliana, O. sativa and B. napus). Seven different colors in the tree represent seven different clades.






4 Discussion

Plant genome sequencing has been utilized to study genes related to various developmental stages and stress tolerance in many crops (Lu et al., 2019; Mehla et al., 2022). Crops whose genomes have not been sequenced are receiving benefits from those crops whose genomes have been sequenced. A. thaliana and O. sativa (Rensink and Buell, 2004) have been utilized for such studies.


4.1 Identification of BnPA and BnPB genes

The present study is the first report in B. napus on phylogenomic analysis for identifying and describing genes that encode for various subunits (α1-7 and β1-7) of the 20S proteasome. In this study, 82 BnPA and BnPB genes of B. napus were arranged into seven different α and β types of 20S proteasome. The sub-genomes A and C contain 42 and 40 genes, respectively. When compared to previously identified A. thaliana (AtPAA-AtPAG and AtPBA-AtPBG) and rice genes (OsPAA-OsPAG and OsPBA-OsPBG) (Fu et al., 1998; Sharma et al., 2022), a fairly large number of these genes were detected in B. napus. These findings may justify the fact that B. napus has a large genome and evolved with a higher ploidy level. The presence of two more genes in genome A of B. napus may be due to duplication, and a lower number of genes in genome C than genome A may be due to the loss of the gene. In the majority of the BnPA and BnPB genes, the structural pattern of exons and introns was found to be similar; however, in some cases, this similar pattern deviates. This deviation in gene structure may be due to the loss/gain of introns during the course of evolution (Rogozin et al., 2003; Yu et al., 2019). In cDNA sequences, this may be due to differences in intron number and size located in BnPA and BnPB genes. In addition, the variation in the length of UTRs present on the borders of cDNA may be due to differences in the length of cDNA sequences. The phylogenomic analysis of 82 genes revealed seven clades of each α (BnPAA-BnPAG) and β (BnPBA-BnPBG) subunit. The different α and β subunits of B. napus varied from each other but they showed similarities with Arabidopsis, a close relative of B. napus. This means that the 20S proteasome might have not changed after the divergence of these two taxa due to common ancestry. The distribution pattern of BnPA and BnPB genes on A-09, C-09, Ann and Cnn differed. In our findings, we found an uneven distribution of genes in genomes A and C. The general pattern is four genes per chromosome but in some cases, there is a deviation from this pattern. This deviation may be due to gene duplication or gene loss (Clavijo et al., 2017; Yu et al., 2019). The difference in the distribution of orthologous genes in the A and C genomes may be due to inversion and translocation.



4.2 Number of genes in Arabidopsis, rice and B. napus

In B. napus, 82 BnPA and BnPB genes of 20S PA and PB have been reported so far which represent the highest numbers in the plant kingdom. This number is thrice the number reported in Arabidopsis and rice (Figure 9). The number of genes in A and C suggests that different genes have undergone duplication (paralogy) and speciation events (orthology). In Arabidopsis, out of 24 genes (Supplementary Table S2), instead of 14 genes as published in earlier studies (Fu et al., 1998), 13 genes with duplications for all α-subunits except AtPAG (α-7), whereas 11 genes with duplications in only 4 β-subunits, AtPBB (β-2), AtPBC (β-3), AtPBD(β-4), and AtPBE (β-5), have been reported (Parmentier et al., 1997; Fu et al., 1998).




Figure 9 | Genes encoding seven α and seven β subunit proteins of the 20S proteasome in Arabidopsis, rice and B. napus.



Similarly, a phylogenomic survey of rice determined 23 genes instead of 14, as published in previous studies (Sassa et al., 2000). The duplications and heterogeneity have also been resolved in other organisms by phylogenomic surveys. A phylogenomic survey in B. napus revealed that the α-subunit included 35 genes with duplications except for BnPAC1, BnPAA2, BnPAD2, BnPAG1, BnPAG2, BnPAA1, and BnPAC2, and the β-subunit include 47 genes with duplication except for BnPBB2, BnPBB1, and BnPBG2 (Supplementary Table S2). The α-genes found with maximum duplication are BnPAB1, BnPAF2, BnPAE2, BnPAE1, BnPAB2, BnPAF1, and BnPAD1. Similarly, the β-genes found with maximum duplication are BnPBD1, BnPBG1, and BnPBC1.



4.3 Duplication and analysis of synteny in BnPA and BnPB genes

The present results on the 20S proteasome gene family of B. napus showed that in most cases duplication events have occurred in both the A and C genomes. The duplication events are from 1 (BnPBG2-A09) to 6 (BnPBD1). BnPBD1 was reported on A01, A05, A08, C01, C04, and C08 suggesting maximum duplication (paralogy). These duplications may be due to translocation during the course of evolution. The absence of any duplication in BnPBG2-A09 may be due to deletion. We have checked the synteny of all five chromosomes of Arabidopsis with all proteasome genes of B. napus. It was found that 81 genes of B. napus were syntenic with the genes on the chromosomes of A. thaliana. One gene of B. napus (BnPAD1-C09) was found to be nonsyntenic with A. thaliana. This could be due to deletion. Chromosome 1 and chromosome 3 of A. thaliana showed synteny with 29 genes of B. napus, whereas the least synteny was observed with chromosome 5, i.e., only with 4 genes of B. napus. All the genes on the chromosome of O. sativa were nonsyntenic.



4.4 Analysis of promoter sequences in BnPA and BnPB genes

The cis regulatory elements, present mostly near the start codon, are noncoding in nature and under different environmental conditions, they modulate gene expression in response to different transcription factors. Gene regulation is determined by cis regulatory elements at the basic level (Mondal and Das, 2020). The identified cis regulatory elements that spanned the promoter of 82 proteasomal genes were found to be associated with development and stress responses (light responsive, endosperm, and MeJA signaling) in Brassica (Supplementary Figure S2). Thus, it is evident that MeJA regulates plant growth and environmental stress (Wang et al., 2020) and defense against pathogens and herbivores (Fürstenberg-Hägg et al., 2013). There is a large number of evidence suggesting that hormonal signals affect the expression of the 20S proteasome gene. This expression leads to biotic and abiotic stresses (Kurepa et al., 2009). The presence of light-responsive elements indicates that they are required for light-dependent transcriptional regulation (Hiratsuka and Chua, 1997; Mondal et al., 2022). Similarly, the presence of endosperm elements is expressed during developmental stages. A large number of GBREs along with other cis-elements respond to phytohormones such as MeJA, and ABA available in BnPA and BnPB genes may control the expression of genes (BnPA and BnPB) under heat stress (Cao et al., 2015).



4.5 SSR with SSRs and miRNA with miRNAs

In this study, out of 82 genes, we found 66 SSRs in only 45 genes. This suggests that a fraction of genes in a gene family contain SSRs. The structural and functional aspects of SSR have been reported in a large number of genes (Li et al., 2004; Gupta and Rustgi, 2004; Varshney et al., 2005). The frequency of dinucleotide was highest (20). It was followed by tetranucleotide and hexanucleotide. Such occurrence is unusual because trinucleotide repeats are generally found most frequently in comparison to other SSRs (Gupta and Varshney, 2000). The SSR reported in the gene that encodes the α and β-subunits of proteasome core particles, shows polymorphism which can be helpful to develop functional molecular markers. Such a marker can be used to improve tolerance against different physiological stresses in the plant. The absence of transposable and retroelements in the genes studied indicates the nonexpression of the 20S proteasome family in B. napus.

The mi-RNAs are small noncoding RNAs that have a regulatory function inside the cells at the post-transcriptional and translocation levels. These cause the degradation of targets of the gene (Budak & Zhang, 2017; Liu et al., 2017). In this study, 44 miRNAs involving sequences of BnPA and BnPB genes were identified. The target sites for these miRNAswere found only in 21 genes (8 BnPA and 13 BnPB). Among the predicted miRNAs, candidates of bna-miR166 (miR166 a-f; each 21 nucleotides long) were detected in BnPAC1-A01 and those of miR160 (miR160 a-d) were detected in BnPBD-C08, BnPBD1-A08, BnPBD2-A01, and BnPBD2-Cnn (Supplementary Table S4). Micro-RNA166 (miR166), a highly conserved family of miRNAsis involved in several cellular and physiological processes in plants (Li et al., 2017), such as drought stress (Kantar et al., 2011), cold stress (Liu et al., 2008) and heat stress (Khraiwesh et al., 2012). F-box/SCF is encoded by miR2111, which is involved in ubiquitin-mediated proteolysis and then in the adaptive response of Pi-deficiency (Kumar et al., 2017). miR160 has a role in both abiotic and biotic stress responses in Arabidopsis and maize (Zhang et al., 2009; Moldovan et al., 2010). miR160a is involved in regulating auxin response genes, club root development, and disease modulation (Verma et al., 2014). In this way, the function of miR166 and miR160 is understood in plants. The presence of miR166 and miR160 in B. napus may be significant for future studies on the biological role of these miRNAs.



4.6 Structural and functional features of BnPA and BnPB proteins

The predicted proteins of BnPA and BnPB genes were found to be variable and, differed in theprotein length of similar genes from A. thaliana and O. sativa. The number of amino acids in BnPA and BnPB varies from 82 aa (BnPBC2-Cnn) to 732 aa (BnPAE1-A06). This length is more variable than those of rice proteins (237 to 256 aa). Similarly, the length of proteins (199 to 298 aa) of A. thaliana is the least variable (Town et al., 2006). The GRAVY ranged from -0.669 to 0.093. This suggests the hydrophobic nature of these proteins. Due to this property, there will be proper folding of proteins to keep them stable and biologically active.

The BnPA and BnPB genes encode proteins that contain 10 different motifs. Similarly, 10 motifs are present in the database for Arabidopsis and rice (Parmentier et al., 1997; Fu et al., 1998; Sassa et al., 2000). The length of the individual motif varied from 15 aa (motif 3) to 41 aa (motif 10). Motifs 1, 4, 5, and 6 are concerned with catabolic processes at the cellular level (https://www.ebi.ac.uk/interpro/result/InterProScan/iprscan5-R20211209-091508-0331-1308065-p2m/). The remaining 6 motifs were found to be novel and need to be characterized at the molecular level. Earlier studies reported that in eukaryotes, proteins of the 20S proteasome could be in the nucleus and cytoplasm, and the same case may be true for BnPA and BnPB proteins (Fu et al., 1998). A single specific domain of α-type (α 1-7) or β-type (β 1-7) is present in all 82 BnPA and BnPB proteins. Of these, 35 BnPA proteins contain a single α-type domain and 47 BnPB proteins contain a single β-type domain (Supplementary Table 2). Similar findings have been observed in yeast, Arabidopsis and rice (Parmentier et al., 1997; Groll et al., 1997; Fu et al., 1998; Arias and Pires, 2012). A majority of aa residues (>90%) that fall in the most favored region were shown by modeled 3D structures of 20 BnPA/BnPB proteins. This suggested that the predicted models are reliable (Laskowski et al., 1993; Kumar et al., 2018; Batra et al., 2019). The predicted 3D structures of BnPA and BnPB proteins may be helpful for the initial understanding of molecular functions.



4.7 Phylogenetic analysis of BnPA and BnPB protein sequences

The different orthologs of the α and β-subunits of 20S proteasome were examined, and phylogenetic trees were constructed. The orthologs of Brassica, Rice and Arabidopsis that belong to different α and β-subunits were depicted into seven clades for the α and β subfamilies. Similar findings have been reported for yeast, Arabidopsis and rice proteins (Fu et al., 1998; Sassa et al., 2000). These findings suggest that the α and β-subunits of B. napus have a higher level of similarity with those of Arabidopsis and rice.



4.8 Digital expression analysis of BnPA and BnPB genes

All 20S proteasome genes and core particles are involved in plant responses to different biotic and abiotic stresses (Xu and Xue, 2019). This is due to different signaling molecules that control the development of plants under different stress conditions (Livneh et al., 2016). Earlier a few studies (Fu et al., 1998; Li et al., 2015) examined digital expression analysis of the 20S proteasome gene in a plant system. The present study is the first report in B. napus on phylogenomic analysis and digital expression of the 20S proteasome gene under normal tissue-specific and stress conditions in the germination and seedling stages. This was done using a transcriptome database in which approximately 18/82 genes showed higher expression at different germination and seedling stages of B. napus in root, seed, leaf, cotyledon, hypocotyls, and radicle (Figure 4). A greater mRNA level expression for six 20S proteasome subunit genes compared to β-tubulin in flower and fruit tissues of Arabidopsis has been observed via RNA blot analysis (Fu et al., 1998). Under 24 h of abiotic stress (cold, drought, and heat), two genes for cold and one gene for drought exhibited high expression at the seedling and flowering stage. No gene was reported for heat. However, in wild rice, the OgTT1 gene was reported under heat stress conditions (Li et al., 2015). Under 264 h and 72 h of biotic stress (L. maculans) as many as one gene exhibited higher expression at the seedling stage. Under 96 h, 48 h and 24 h of biotic stress (S. sclerotiorum) as many as 1, 1 and 0 genes respectively, showed high expression in the flowering stage. In this way, the 20S proteasome gene plays a significant role in the development of different plant organs such as roots, seeds, leaves, cotyledons, hypocotyls, and radicles, as well as in abiotic stresses (Xu and Xue, 2019). The functions of the aforementioned genes that showed differential expression under biotic and abiotic stresses may be investigated in future studies.




5 Conclusion

The present study is the first report in B. napus on phylogenomic analysis for identifying and describing genes that encode 35 BnPA and 47 BnPB genes of the 20S proteasome. The orthology and paralogy of BnPA and BnPB genes were inferred and identified on the basis of the pattern of speciation and duplication of genes in Arabidopsis and rice. A full-length 3D model was predicted for the proteins encoded by BnPA and BnPB genes. A number of BnPA and BnPB genes were found to be expressed in many organs of B. napus under normal as well as abiotic and biotic stress conditions. In this way, the present study provides much information that can be utilized for the development of climate resilient cultivars of B. napus.
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Water scarcity is a significant environmental limitation to plant productivity as drought-induced crop output losses are likely to outnumber losses from all other factors. In this context, triazole compounds have recently been discovered to act as plant growth regulators and multi-stress protectants such as heat, chilling, drought, waterlogging, heavy metals, etc. Paclobutrazol (PBZ) [(2RS, 3RS)-1-(4-chlorophenyl)- 4, 4-dimethyl-2-(1H-1, 2, 4-trizol-1-yl)-pentan-3-ol)] disrupts the isoprenoid pathway by blocking ent-kaurene synthesis, affecting gibberellic acid (GA) and abscisic acid (ABA) hormone levels. PBZ affects the level of ethylene and cytokinin by interfering with their biosynthesis pathways. Through a variety of physiological responses, PBZ improves plant survival under drought. Some of the documented responses include a decrease in transpiration rate (due to reduced leaf area), higher diffusive resistance, relieving reduction in water potential, greater relative water content, less water use, and increased antioxidant activity. We examined and discussed current findings as well as the prospective application of PBZ in regulating crop growth and ameliorating abiotic stresses in this review. Furthermore, the influence of PBZ on numerous biochemical, physiological, and molecular processes is thoroughly investigated, resulting in increased crop yield.
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Introduction

Climate change has posed a severe danger to crop productivity and output. Numerous types of abiotic stressors, such as heat, drought, and salt, cause morphological, physiological, and biochemical alterations that eventually hamper crop growth (Yadav et al., 2020). Drought is a big worry since numerous variables such as high and low temperatures, limited water availability, erratic rain patterns, low rainfall, salt, high light intensity, etc. led to drought (Salehi-Lisar and Bakhshayeshan-Agdam, 2016). Drought in plants is characterized by decreased leaf water potential, turgor pressure, stomatal closure, and impaired cell growth. Drought impacts photosynthesis, chlorophyll production, nutrient metabolism, ion uptake and translocation, respiration, carbohydrate metabolism, etc. in plants (Farooq et al., 2009).

When it comes to drought-induced plant damage, oxidative stress is critical. Drought raises reactive oxygen species (ROS) levels in plant cells (Smirnoff, 1993). Excessive ROS generation and accumulation induce cellular oxidative damage, disrupt cellular membranes, and result in enzyme inactivation, protein breakdown, and ionic imbalance in plants (Hasanuzzaman et al., 2020). ROS disrupts cellular macromolecules, including DNA, and may result in base deletion owing to alkylation and oxidation, both of which have been associated with a variety of physiological and biochemical ailments in plants (Apel and Hirt, 2004). Plants have a sophisticated antioxidative defense system that controls the overproduction of ROS. The ROS-induced damages and disruption of cellular homeostasis are alleviated by the action of different enzymatic (e.g., catalase, CAT; superoxide dismutase, SOD; peroxidase, POD; glutathione reductase, GR; glutathione peroxidase, GPX) and non-enzymatic (e.g., ascorbic acid, carotenoids, tocopherols, and glutathione content) antioxidants (Prochazkova et al., 2001; Rady and Gaballah, 2012). This plant defense system is only active up to a specific threshold of tolerance. Under severe and persistent stress, the natural defense system is hampered, resulting in physiological anomalies (Smirnoff, 1993). The mechanism of ROS generation and scavenging by plants with high antioxidative capacity has been linked to plant tolerance to abiotic stressors (Wahid et al., 2014). As a result, various studies have been conducted to improve plant resilience and drought adaptations, as well as to mitigate the negative effects of drought. These studies mostly involve the use of phytoprotectants (such as growth promoters, antioxidant compounds, and osmoprotectants), which are highly effective measures of promoting drought responses in agricultural plants (Garg et al., 2019; Desta and Amare, 2021).

Plant growth regulators (PGRs) are commonly utilized in agriculture to augment overall plant growth. Plant growth regulators have both beneficial and negative effects on growth, development, and plant metabolism (Ashraf et al., 2011; Desta and Amare, 2021). There are several classes of PGR including auxin, abscisic acid, cytokinins, gibberellin, salicylic, jasmonic acid, and ethylene, as well as more recently investigated brassinosteroids, strigolactones, polyamine, and triazole, etc. Due to their intrinsic abiotic stress tolerance inducement through augmenting plant self-defense systems such as antioxidant enzymes and molecules in stress-affected plants, triazole compounds, a class of systemic fungicides, have been investigated to have plant growth promoting properties and are sometimes used as stress-safeguards (Jaleel et al., 2007). Various triazole compounds are used as PGRs such as PBZ, uniconazole, triapenthenol and BAS 111, etc. Triazoles regulate plant growth by changing the balance of key plant hormones i.e., cytokinins, gibberellic, and abscisic acid (Hajihashemi, 2018). Triazoles induce morphological (root growth stimulated and shoot elongation inhibition) and biochemical (enhanced cytokinin synthesis and temporary increase in ABA) changes (Fletcher et al., 2000; Gopi et al., 2007).

PBZ is a triazole compound that plays an important function in reducing water deficit stress by lowering glutathione levels and reducing the peroxidation of lipids (Aly and Latif, 2011). Many plants, including tomato, sesame seeds, and mango have been shown to use PBZ to reduce the negative effects of drought by enhancing the activity of anti-oxidative enzymes (Somasundaram et al., 2009; Srivastav et al., 2010). PBZ has been known to be used in horticultural crops for a long time to increase yield. (Assuero et al., 2012; Kamran et al., 2020). PBZ prevents the biosynthesis of sterol and gibberellins (Khan et al., 2009). By modifying the photosynthetic rate and phytohormone levels, PBZ can significantly affect plant growth and development (Kim et al., 2012) (Table 1). The application of PBZ improved leaf number, stem diameter, modified root architecture, decreased plant height, and contributed to enhanced yield and tolerance to lodging (Syahputra et al., 2016; Pal et al., 2016). An enzyme ent-kaurene oxidase in GA biosynthetic pathway which catalyzes ent-kaurene oxidation into ent-kaurene acid is inhibited by PBZ (Rady and Gaballah, 2012; Kondhare et al., 2014). Sankar et al. (2013), reported that PBZ retains endogenous cytokinin levels, stabilizes leaf water capacity, and induces increased leaf and epidermal thickness. Besides discussing possible theories on the regulation of water deficit stress tolerance, this article aims to investigate the impact of PBZ on morphological, biochemical, and molecular responses to drought.


Table 1 | Summary of effect of PBZ on different parameters under the drought stress in various crops species.





Chemical structure and modes of application


Chemical structure and translocation of PBZ in plant

PBZ is a synthetic compound having the empirical formula (1-(4-chloro-phenyl) 4,4-dimethyl-2-(1,2,4-triazol-1-yl)-pentan-3-ol) with two asymmetric carbon (Figure 1B). Therefore, two pairs of enantiomers may exist, (2R, 3R) ‐ and (2S, 3S) ‐PBZ, and (2S, 3R) ‐ and (2R, 3S) ‐PBZ. However, due to steric hindrance production of only the first pair of enantiomers is possible (Wu et al., 2013). While in the case of wheat (2S, 3S) ‐PBZ was a more effective regulator of plant growth inhibition than (2R, 3R) ‐PBZ (Lenton et al., 1994).




Figure 1 | (A)Terpenoid pathway. Paclobutrazol inhibition is indicated by . (CPS), Copalyl diphosphate synthase; (KAO), ent-kaurenoic acid oxidase; (KS), ent-kaurene synthase; (GGPPS), geranylgeranyl pyrophosphate synthase; (PSY), phytoene synthase; (ZEP), zeaxanthin epoxidase; (NCED), 9-cisepoxycarotenoid dioxygenase; (CHS), chlorophyll Synthase; (GGRS), geranylgeranyl reductase. (B) Chemical structure of some triazoles.



Triazoles were previously thought to be transported mainly acropetally in the xylem, (Davis et al., 1988). Later research on castor bean (Witchard, 1997) and pear (Browning et al., 1992) found their presence in both xylem and phloem sap, suggesting that these can be transported both acropetally and basipetally. PBZ was also held by roots, translocated through the xylem mainly in the stems, and collected in leaves (Wang et al., 1985). Early and Martin (1988) found that PBZ was metabolized more quickly in apple leaves than in other plant sections.



Mode of action and methods of application

PBZ is a growth retardant and stress protectant that works by inhibiting GA biosynthesis (Gopi et al., 2009). PBZ suppressed the GA biosynthesis by inactivating ent-kaurene oxidase or cytochrome P450-dependent oxygenase, preventing ent-kaurene to ent-kauronoic acid oxidation (Zhu et al., 2004; Rady and Gaballah, 2012). Since both abscisic acid and chlorophyll are synthesized through the terpenoid pathway, PBZ has been shown to influence their synthesis too (Figure 1A). As PBZ inhibits GA synthesis, common terpenoid pathway precursors accumulate and are redirected to promote ABA biosynthesis (Rademacher, 2018). Kitahata et al. (2005) found that PBZ inhibited natural ABA catabolism by inhibiting the ABA 8’ hydroxylase enzyme (Fig 1a).PBZ is more effective even at lower dose of application compared to other PGRs (Rady and Gaballah, 2012).

Foliar sprays, drenching, and seed priming are the most popular methods of PBZ application. All methods yield good results (Rademacher, 2015) but drenching works for a longer duration and provide uniform regulation at lower doses (10 µM) in Capsicum chinense (Franca et al., 2017). As PBZ is poorly soluble (0.12 mM) in water when applied as a foliar spray, it is only partially translocated in the phloem (Ribeiro et al., 2011). In contrast to foliar spray, PBZ application by drenching is more uniform as PBZ is transported via xylem vessels. Further, PBZ application by drenching inhibits GA more effectively as roots synthesize a significant amount of GA (Sopher et al., 1999). Ruter (1996), demonstrated that drench application was more effective than foliar spray at the lower dose of PBZ (0.5 mg a.i./pot) in shrub lantana. Seed priming treatment using PBZ (100µM) under drought in rice genotypes leads to better growth of the plants compared to unprimed seed plants (Samota et al., 2017a).




Morphological and physio-biochemical responses of plants to PBZ


Effect of PBZ on relative water content

Relative water content (RWC), directly related to the content of soil water (Sarker et al., 1999) is a significant indicator of water stress in leaves (Merah, 2001). Plant exposure to water stress results in an immediate reduction of RWC (Mawlong et al., 2014; Kumar et al., 2015). PBZ accelerated the stomatal closure, improved water retention, and increased drought tolerance in jack pine and oak ( (Marshall et al., 2000; Percival and Salim AlBalushi., 2007). PBZ-treated plants maintained higher RWC than the non-treated ones’ (Jungklang and Saengnil, 2012; Dwivedi et al., 2017; Jungklang et al., 2017). Dwivedi et al. (2017), stated that the application of PBZ (30 mg/l) in wheat under control and water-stressed plants resulted in an increase of 5% and 11% respectively in the mean RWC. The reduced rate of evapotranspiration helps plants maintain a higher RWC, and overcome stress, and developed tolerance to various environmental stresses (Yadav et al., 2005). RWC increased in PBZ-treated triticale (Triticale hexaploide) plants during water stress (Berova and Zlatev, 2003)., Under water stress, PBZ treatment assists plants in retaining water for 30-40 days (Jungklang and Saengnil, 2012). Garg et al. (2019), observed that application of PBZ (90 mg/l) under drought in rice genotypes was responsible for about a 15% increase in RWC as compared to drought without PBZ treatment. Jungklang et al. (2017), found that in Curcuma alismatifolia leaves, PBZ (1500 mg/l) increased RWC by 5% under drought. Iqbal et al. (2020), reported that in okra (Abelmoschus esculentu) cultivar Nutec, application of PBZ (80 mg/l) along with drought increased RWC (60.1%) compared to drought without PBZ treatment (57.2%) although the result was not statistically significant. Similarly, in Safflower (Carthamus tinctorius L.) application of PBZ under drought enhances the RWC (Davari et al., 2022). Overall PBZ enhances the RWC of plants under drought conditions by a reduction in evapotranspiration.



Effect of PBZ on membrane stability index

Membrane stability is a common criterion for determining drought tolerance because water deficit induces water loss from plant tissues, which severely impairs membrane structure and function. The stability of the cell membrane was used as a drought tolerance indicator and leakage of electrolytes showed an increase in water deficit (Agarie et al., 1995). Garg et al. (2019), reported that PBZ (90 mg/l) in rice genotypes led to an 11% increase in mean MSI as compared to drought-stressed plants without PBZ treatment. PBZ (20 mg/l) minimized the leakage of electrolytes in carrots (Gopi et al., 2007). Dwivedi et al. (2017) reported that the application of PBZ (30 mg/l) in wheat under control and water-stressed plants resulted in an increase of 1-2% and 4-5% respectively in the mean MSI. Similarly, Jungklang et al. (2017), reported that PBZ (1500 mg/l) decreased electrolyte leakage by 60% under water deficit stress in Curcuma alismatifolia. Babarashi et al. (2021), observed that the application of PBZ (150 mg/l) in mungbean under drought decreased electrolyte leakage from 52.6% (drought without PBZ) to 47.1%. Similarly, in Safflower (Carthamus tinctorius L.) application of PBZ under drought enhances the cell membrane stability (Davari et al., 2022). Collectively, these findings suggest that PBZ improves MSI by minimizing electrolyte and ion leakage under stress conditions.



Effect of PBZ on plant growth

The most striking growth response observed in PBZ-treated plants is a reduction in shoot growth (Pinto et al., 2005). This response is mainly attributed to internode length reduction. Hua et al. (2014), reported that canola plant height was reduced by 27% when PBZ was applied at 10 cm stalk height as compared to without PBZ. Rezazadeh et al. (2016), reported that red firespike plants treated with PBZ (.24 mg/pot) under drought were 11 cm taller than untreated plants. Under water deficit stress, Jungklang et al. (2017) found that applying PBZ (1500 mg/l) decreased the plant height of Curcuma alismatifolia by 50% relative to non-treated plants. In Amorpha fruticosa, Fan et al. (2020) found that PBZ treatment (150 mg/l) under extreme drought (RWC 35-40%) resulted in a 61% increase in height relative growth rate compared to drought without PBZ. Jungklang and Saengnil (2012), observed that in Patumma after 40 days of withholding water, the plant height was 1.2 times lower in PBZ (1500 mg/l) treated plants compared to water-stressed without PBZ. When PBZ (3750 mg/L) was applied to Patumma, shoot height was reduced by 48.93% relative to untreated plants. In comparison to non-treated plants, soil drenching with PBZ (1500 mg/l) under water stress for 20- and 30-days periods-maintained shoot length (Jungklang et al., 2017). However, in sunflower and zinnia shoot height was reduced by 26.3 and 42.1%, respectively, after soil drenching with PBZ (2.0 mg/pot) (Ahmad et al., 2014). According to Roseli et al. (2012), Syzygium myrtifolium (Roxb.) Walp. plant height was reduced by 19.93% when treated with PBZ (3750 mg/L). According to Azarcon et al. (2022), PBZ (500ppm) increased panicle number, resulting in higher grain yield while reducing water demand, hence increasing rice water use efficiency under drought conditions.

Berova et al. (2002) reported that PBZ (50 mg/l) increased wheat seedling length, fresh and dry weight of shoots, under low-temperature stress as compared to control (low-temperature stress without PBZ). PBZ has been shown to increase both the fresh and dry weight of shoots and roots in cucumber seedlings that have been exposed to high temperatures (Baninasab and Ghobadi, 2011). Kamran et al. (2018), reported that seed soaking of maize with PBZ (300 mg/l) under a semi-arid region increased root dry weight by 102.1% at the seventh leaf stage, 65.1% at the ninth leaf stage, 47.9% at the twelfth leaf stage, compared to drought without PBZ treatment. Sankar et al. (2014), reported that in peanut plants at 80 days after sowing (DAS) application of PBZ (10 mg/l) under drought increased root length from 18.17 to 28.15 cm/plant, total leaf area from 96.38 to 117.31 cm2/plant, whole plant fresh weight from 33.72 to 39.16 g/plant, whole plant dry weight from 3.49 to 4.12 g/plant as compared to drought-stressed plants without PBZ treatment. A similar pattern of results was also obtained by Abraham et al. (2008) in Sesamum indicum by application of PBZ (5 mg/l) during drought. Yooyongwech et al. (2017) observed that in sweet potatoes, PBZ (34 µM) under drought increased vine fresh weight, root fresh weight, vine dry weight, and root dry weight by 40.10, 65.47, 66.91, and 67.86% respectively, compared to water-stressed plants.

After PBZ (500 mg/l) application, the root dry weight of Aesculus hippocastanum was improved (18.4% reduction) after water deficit stress (Percival and Noviss, 2008). Under drought conditions, the dry weight of PBZ (60 mg/l) treated tomato shoots (37.17% reduction) and root dry weight (13.04% reduction) were higher (Latimer, 1992) as compared to the control. Similarly, the dry weight of PBZ (50 mg/l) treated plants decreased by 20.45%, compared to 36.77% for non-treated plants (Bayat and Sepehri, 2012). In turf grass, shoot dry weight was extremely responsive to water deficit conditions (25% FC), resulting in 95 to 97% reduction, respectively, while treatment with PBZ (30 mg/l) reduced the shoot dry weight by 3.14% only (Shahrokhi et al., 2011).

The leaf area of P. angustifolia plants treated with PBZ (30 mg/l) and grown under well-watered conditions was reduced by 83.25%. However, when exposed to mild water deficit conditions, the growth of PBZ-treated plants improved but declined when exposed to severe water deficit stress (Fernández et al., 2006). When exposed to drought, shoot height, leaf area, and root length of PBZ (10 mg/l) pre-treated peanut plants improved compared to the control (Sankar et al., 2014a). Farooqi et al. (2010), reported that the diameter of Vetiveria Zizanioides increased in stressed plants due to 12% PBZ application. According to Pal et al. (2016), PBZ (1.6 mg/l) reduced leaf area (LA) in tomato plants by 24% under water deficit conditions. Overall, PBZ enhanced plant development under stressful circumstances by increasing shoot and root biomass. Although some research implies that PBZ reduces plant height, others report that PBZ increases plant height, hence a greater knowledge of the influence of PBZ application on plant development is required before future application.



Effect of PBZ on photosynthetic pigments

Water stress alters the total chlorophyll content and stability within thylakoid membrane protein-pigment complexes which are the first structures to be weakened under stress conditions (Pospíšilová et al., 2000). Chlorophyll reduction under water deficit stress is mainly due to chloroplast damage caused by ROS (Smirnoff, 1995). PBZ (3 g a.i./tree) increased Chlorophyll a (27.35%), Chlorophyll b (54.54%), total chlorophyll (30.98%) and carotenoids (13.55%) compared to control without PBZ in cashew (Mog et al., 2019). According to Dwivedi et al. (2018), applying PBZ (30 mg/l) to wheat plants under water deficit stress resulted in a 25.7% increase in chlorophyll content as compared to stressed plants without PBZ. Kamran et al. (2020), reported that in maize PBZ (300 mg/l) increased the chlorophyll content by 48.2%, 54.3%, 51.2%, and 79.0%, at 0, 15, 30, and 45 DAS respectively Similarly carotenoid contents increased by 15.7%, 17.3%, 27.9% and 36.7% at 0, 15, 30 and 45 DAS in water deficit stress as compared to control (drought without PBZ application). Berova et al. (2002) observed that PBZ treatment was 15–18% more effective than the control at preventing chlorophyll loss in wheat during low-temperature stress. PBZ (10 mg/l) increased total chlorophyll, carotenoid, xanthophyll, and anthocyanin content in 80 days old Arachis hypogaea by 120.22%, 112.66%, 116.48%, 111.26%, 114.44%, and 112.24% respectively over control under drought (Sankar et al., 2013) reported that PBZ (2 mg/l) increased chlorophyll content by 62% as compared to control in maize. Dewi et al. (2018), observed that treatment with 25 or 50 mg/l PBZ in black rice plants had greener leaves and encountered late senescence than control plants. Similarly, in Safflower (Carthamus tinctorius L.) application of PBZ under drought enhances the photosynthetic pigments (Davari et al., 2022).

Rezazadeh et al. (2016), reported that net photosynthesis was 51% higher in red firespike plants treated with PBZ (0.24 mg/pot) under drought than in those without PBZ. In Zoysia japonica, PBZ (50 mg/l) during water deficit stress increased leaf chlorophyll content by 0.6 mg/g FW compared to water-stressed without PBZ (Cohen et al., 2019). Similarly, Pal et al. (2016), recorded that PBZ in both irrigated and deficit-irrigated plants increased chlorophyll content as compared to control plants (without PBZ). PBZ increased the photosynthetic pigment content in Festuca arundinacea and Lolium perenne under water stress (Shahrokhi et al., 2011). Under water deficit stress, PBZ significantly increased chlorophyll a, chlorophyll b, and carotenoids in wheat cultivars (Aly and Latif, 2011). Babarashi et al. (2021), reported that PBZ (150 mg/l) treatment in mungbean under drought increased SPAD value from 34 (drought without PBZ) to 37.7. All prior investigations have concluded that PBZ improves photosynthesis by increasing chlorophyll and other photosynthetic pigments under stressful circumstances.



Effect of PBZ on grain yield and dry matter partitioning

Drought primarily affects production by reducing the number of seeds by either influencing the quantity of dry matter produced at the time of flowering or by directly affecting pollen or ovules, leading to a decrease in seed collection. PBZ has been shown to modify sink efficiency, prompting assimilates to be redistributed to meristematic regions other than shoot apices and improving assimilate flow to reproductive structures in plants (Setia et al., 1996). Under drought, the use of PBZ (50 mg/l) increased the average weight of 1,000 seeds and yield in maize (Zea mays L.) (Bayat and Sepehri, 2012). According to Kamran et al. (2018), average maize grain yields increased by 61.3% after seed soaking with 300 mg/l PBZ, while seed dressing with PBZ at 2.5 g/kg increased yield by 33.3% compared to control without PBZ in semi-arid regions. Under water stress, wheat genotypes treated with PBZ increased grain yield per plant by 6-7%, grain numbers per panicle by 24-33%, 1,000-grain mass by 3-6%, and harvest index by 2-4% (Dwivedi et al., 2017). According to Iqbal et al. (2020), under water stress, yield per plant was reduced. Stress effects, on the other hand, were found to be reduced when PBZ was applied (40 mg/l). Babarashi et al. (2021) reported that the application of PBZ (150 mg/l) in mungbean under drought increased seed yield from 622 (drought without PBZ) to 1921 kg/ha. Drought impaired flowering in red firespike plants, but PBZ treatment (0.24 mg/plant) promoted flowering and maintained the same number of flowers (6 flowers/plant) as the control (Rezazadeh et al., 2016). Tomato plants treated with PBZ (50 mg/l) produced 1.37 times more fruit than non-treated plants. The yield of pre-treated plants was reduced by 4.79% when they were subjected to drought at 60% field capacity (Mohamed et al., 2011). (Latimer, 1992) observed that PBZ (30 mg/l) pre-treated tomato plants retained their fruit yield (3.89 kg/plant) and fruits per plant (31 fruits/plant) when exposed to water deficit stress. Overall, past research indicates that the use of PBZ boosted grain yield/fruit set under drought by improving sink efficiency.



PBZ hampered the gibberellin biosynthesis

GAs are growth regulators which fall under a large family of tetracyclic diterpenoids. GAs are plant hormones that are required for a variety of developmental activities in plants such as pollen maturation, stem elongation, leaf expansion, trichome creation, seed germination, and flowering induction (Achard et al., 2009). Furthermore, the exogenous application of gibberellins can reverse PBZ-induced growth inhibition (Lever, 1986). These findings support the theory that PBZ-induced growth inhibition is due to a reduction in gibberellin biosynthesis. Wu et al. (2019), studied the effect of PBZ (200 mg/l) in rice varieties under submergence stress and found that gibberellic acid content was decreased by the application of PBZ compared to submergence stress without PBZ. Fan et al. (2020) found that PBZ (150 mg/l) under severe drought (RWC 35-40%) decreased GA content more than drought without PBZ in Amorpha fruticosa.

PBZ-induced abscisic acid biosynthesiAbscisic acid (ABA) is classified as a stress phytohormone because it accumulates quickly in response to stress and mediates many stress responses that help plants survive (Zhang et al., 2006). The effect of PBZ on ABA is of significant importance because ABA is synthesized through the isoprenoid pathway. Fan et al. (2020), reported that PBZ (150 mg/l) under severe drought (RWC 35-40%) increased ABA (27.1%) than without PBZ in Amorpha fruticosa. Similarly, Dwivedi et al. (2018), recorded that treatment with PBZ in wheat cultivars did not significantly affect ABA content, however, mean ABA content was significantly enhanced by 25% under water deficit stress. Pal et al. (2016), showed that DI (Deficit irrigated) + PBZ treated plants significantly increased ABA accumulation compared to DI control plants. PBZ application increased ABA and decreased gibberellins during the reproductive stage in the shoot of mango plants (Burondkar et al., 2016). Compared to untreated seedlings, PBZ treatment has been shown to minimize endogenous ABA by about one-third caused by water stress in apples and wheat (Buta and Spaulding, 1991; Wang et al., 2016). Mackay et al. (1990), found that PBZ-induced stress tolerance in snap beans was due to increased endogenous ABA content. PBZ substantially enhanced endogenous ABA levels in hydroponically grown seedlings and detached leaves of oilseed rape, according to Häuser et al. (1990). According to Aly and Latif (2011), PBZ enhanced the endogenous level of ABA in wheat under water deficit stress. Wu et al. (2019), observed that PBZ (200 mg/l) increased ABA content in rice varieties under submergence stress compared to submergence stress without PBZ application. The effect of PBZ on ABA may be the source of stress defense (Fletcher and Hofstra, 1988).



PBZ elevated antioxidant enzymes activity

PBZ enhances the detoxification of ROS, antioxidant, and chlorophyll (Chl) content (Rady and Gaballah, 2012). As photosystem II (PSII) operation is reduced, an imbalance between electron generation and usage occurs, causing quantum yield shifts. These changes in chloroplastic photochemistry cause excess light energy to be dissipated in the PSII core and antenna under drought, resulting in the development of potentially harmful active oxygen species (O2-1, 1O2, H2O2, OH) (Peltzer et al., 2002). ROS detoxification pathways can be found in all plant species and are classified as enzymatic which include ascorbate peroxidase (APX), superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), and non-enzymatic which include reduced glutathione (GSH), ascorbic acid and tocopherol (Prochazkova et al., 2001).

Somasundaram et al. (2009) showed that PBZ (5 mg/l) application to Sesamum indicum resulted in 464.74%, 267.49%, and 359.08% increase in SOD, APX, and POX activity respectively in leaf tissue under drought conditions as compared to without PBZ. Different PBZ treatments increased SOD activity in maize grown in the semi-arid environment to varying degrees. From 0 to 15 days after silking (DAS), SOD activity increased, then decreased until it reached 45 DAS (Kamran et al., 2020). The APX activity of PBZ-treated ryegrasses was found to be 25% higher than that of untreated under drought. No considerable difference in CAT activity was observed in PBZ-treated plants under drought. PBZ increased POX activity considerably under drought (Sheikh Mohammadi et al., 2017). Under salt stress, a higher dose of PBZ (1500 mg/l) increased the activity of antioxidant enzymes in mango leaves. Under salt stress, mango plants treated with PBZ had higher SOD (24%), POX (163%), and CAT (46%) activity than control plants without PBZ treatment (Srivastav et al., 2010). Application of PBZ increased SOD by 19.09% and 33.07% in roots and leaves, respectively, and CAT activity by 33.17% in quinoa leaves under salinity. Similarly, PBZ improved POD activity in quinoa by 78.18% in roots and 55.56% in leaves under salinity stress (Waqas et al., 2017). Kamran et al. (2020), reported that PBZ (300 mg/l) in semi-arid region increased the mean SOD activity by 12.4%, 22.9%, 29.1%, and 38.6%, POD activity by 21.0%, 33.0%, 32.2% and 59.2%, CAT activity by 29.7, 25.6%, 45.0%, and 70.6%, APX activity by 40.9%, 28.7%, 56.2%, and 53.8% at 0, 15, 30, and 45 DAS, respectively in maize compared with the drought-stressed plants without PBZ treatment. PBZ decreased H2O2 and O2− contents by 51.0% and 40.1% at 0 DAS, 45.0% and 42.0% at 15 DAS, 63.4% and 51.8% at 30 DAS, and 58.2% and 50.4% at 45 DAS, respectively, compared with the water-stressed plants without PBZ treatment. Similarly, Forghani et al. (2020), reported an increase in antioxidant enzymes under salt stress with PBZ in sweet sorghum.

Under water deficit stress, PBZ application resulted in a 2-fold increase in GSH/GSSG ratio compared to control allowing for precise regulation of the ascorbate-peroxidase pathway and, as a result, preventing oxidative damage in tomato plants (Pal et al., 2016). Sankar et al. (2007), reported that in Arachis hypogaea L. (ICG221) application of PBZ (10mg/l) under water deficit stress increased ascorbic acid content in leaf from 9.08 to 9.52 mg/g dry weight basis, ά tocopherol from 0.52 to 0.70 mg/g fresh weight basis, reduced glutathione from 33.06 to 47.48 µg/g fresh weight basis as compared to drought-stressed plants without PBZ.



PBZ enhanced proline content

Proline is a key amino acid in protein and membrane structures, as well as a ROS scavenger under drought (Ashraf and Foolad, 2007). PBZ treatment enhanced proline content and improved drought tolerance. However, further research is needed to determine the actual molecular mechanism underlying the effect of PBZ on mobile proline concentration in plants (Chandra and Roychoudhury, 2020). PBZ treatment (75 mg/L) significantly reduced proline content (0.030 μmol/g FW) in pomegranate leaves by 59.22% to control (0.067 μmol/g FW) (Moradi et al., 2017). Mohamed et al. (2011) found that free proline concentration increased by 54.56 mg g-1 in PBZ (50 mg/l) treated tomato plants grown at 60% field capacity, which was 1.52-fold greater than the control. However, in water-stressed conditions, the free proline level in PBZ (10 mg/l) in pre-treated peanuts was lower (1.04-fold over control) than in untreated plants (1.49-fold over control) (Sankar et al., 2014). Dwivedi et al. (2017), showed that the wheat plants treated with PBZ under water stress had a 40% decrease in proline content as compared to the stressed plants without PBZ. These findings suggested that the wheat genotypes experienced less stress (as indicated by the proline content) and improved drought tolerance as a result of PBZ application. Another study showed a considerable increase in free proline content after Mannitol+PBZ treatment in wheat cultivar Sakha 8 (3.342 mg g-1 f.w) as compared to control (without PBZ+Mannitol) and the same pattern was observed in all the wheat cultivars (Aly and Latif, 2011). Endogenous proline level increased by 17% in mango leaves treated with PBZ (1500 mg/L) under salt stress when compared to salinized plants without PBZ treatment (Srivastav et al., 2010). Samota et al. (2017a), showed a significant increase in proline content in drought-sensitive and drought tolerant rice genotypes after priming with PBZ under drought as compared to their unprimed samples. Babarashi et al. (2021) reported that the application of PBZ (150 mg/l) in mungbean under drought increased proline content from 7.28 (drought without PBZ) to 7.87 μmol/g f.wt. Similarly, in Safflower (Carthamus tinctorius L.) application of PBZ under drought enhances the proline content (Davari et al., 2022).



PBZ reduced malondialdehyde content

Usually, membrane lipid peroxidation in plants is detected by measuring malondialdehyde (MDA). MDA is a widely used marker of oxidative lipid injury caused by environmental stress. Kamran et al. (2020), showed that the MDA content was significantly lower in the PBZ-treated maize plants over the control under drought. PBZ treatment under drought considerably reduced the MDA content in maize leaf by 31.5% at 0 DAS, 31.4% at 15 DAS, 32.2% at 30 DAS, and 20.2% at 45 DAS compared with drought without PBZ. Other studies carried out on PBZ-primed rice samples indicated that PBZ showed insignificant change in MDA content in the sensitive genotype under drought while a 55% decrease in MDA content was found in the tolerant genotype as compared to PBZ treated under control conditions (Sasi et al., 2021). Similar findings were documented by Samota et al. (2017b), who observed that plants raised from PBZ-primed seeds had lower MDA levels under control and drought conditions than plants raised from unprimed seeds. The amount of MDA decreased as the amount of PBZ increased. PBZ (80 mg/l) decreased MDA content (51.15 mol/g f.wt.) under water deficit stress relative to drought alone (61.92 mol/g f.wt.) (Samota et al. (2017b). Kamran et al. (2020), reported that PBZ (300 mg/l) in the semi-arid region reduced MDA content by 44.1%, 50.4%, 66.3%, 40.5%, at 0, 15, 30, and 45 DAS respectively compared with the water-stressed plants without PBZ treatment.



PBZ influence on protein content

The protein content in plants decreases with the onset of water deficiency. PBZ treatment increased the protein content of the leaves and tubers in carrots (Gopi et al., 2007). From 0 to 15 DAS, the soluble protein content of maize increased slightly, then steadily decreased from 15 to 45 DAS. Plants treated with a high concentration of PBZ under drought retained higher protein content from 0 to 15 DAS, but protein content was significantly inhibited from 30 to 45 DAS (Kamran et al., 2020). Wheat seeds primed with PBZ had increased protein content (Nouriyani et al., 2012). Also, there are other similar reports which showed that PBZ priming increased the protein content under abiotic stress and non-stress conditions (Razavizadeh and Amu, 2013). According to Iqbal et al. (2020) when PBZ was applied under drought to the okra cultivar Nutec, total soluble proteins increased as the amount of PBZ was increased. Total soluble proteins were 11.04, 11.29, 10.75, and 11.76 mg/g f.wt. at four different PBZ treatments of 0, 20, 40, and 80 mg/l, respectively under water stress conditions.



PBZ influence on sugar content

During drought, the accumulation of compatible solutes such as carbohydrates is claimed to be an effective stress tolerance mechanism (McKersie and Leshem, 1994). Sugar resulting from transitory starch degradation was noticed in PBZ-pretreated plants (Kaur and Gupta, 1991), which retains the leaf water potential under water deficit stress conditions (Zhu et al., 2004). PBZ treatment in mango increased total sugar, sugar: acid ratio, reducing sugar, and titratable acidity reduction (Vijayalakshmi and Srinivasan, 1999; Yeshitela et al., 2004). In drought-stressed ryegrass, PBZ application significantly increased soluble sugar content compared to untreated plants. The impact of PBZ was mainly pronounced on 30 and 45 days of drought treatment in Iranian perennial ryegrass (Sheikh Mohammadi et al., 2017). According to Fan et al. (2020), PBZ (150 mg/l) under extreme drought (RWC 35-40%) had 119% higher soluble sugar content than drought without PBZ in Amorpha fruticosa. In untreated and PBZ-treated (50 mg/l) tomato plants total soluble sugars increased by 1.16 and 1.52 times under water deficit (60% FC), respectively (Mohamed et al., 2011). Sugar content increased by 2 mg/l after foliar application of PBZ under 6% PEG-induced water deficit stress in S. rebaudiana Bertoni as compared to stressed plants (Hajihashemi and Ehsanpour, 2014). Total soluble sugar enrichment in PBZ-treated sweet potatoes may be required for cellular osmotic adjustment under water deficit stress situations.




Molecular responses of plants to PBZ

PBZ inhibits GA biosynthesis by inactivating cytochrome P 450-dependent oxygenase, which inhibits the oxidation of ent-kaurene to ent-kauronoic acid (Zhu et al., 2004; Rady and Gaballah, 2012). PBZ inhibits ABA degradation into phaseic acid, resulting in ABA accumulation. In drought-stressed tomato plants, PBZ increased the expression of ABA biosynthesis genes (SlZEP, SlNCED, and SlAAO1) (Pal et al., 2016). To gain a better understanding of the dwarfism mechanism, Zhu et al. (2016), analyzed gene transcripts of Lily leaves after PBZ treatment. 2704 genes were found to be differentially expressed by comparing PBZ-treated samples to untreated samples. PBZ increased the expression of nine genes encoding GA biosynthesis enzymes (one KAO and eight GA20ox genes) while decreasing the expression of a gene involved in GA deactivation (GA2ox gene). Song et al. (2011) reported that the expression of ent-kaurene oxidase (ZmKO1-2), ent-kaurene synthase (ZmKS1,2,4), and ent-copalyl diphosphate synthase (ZmCPS) decreased, whereas the expression of GA 3-oxidase (ZmGA3ox1), GA20-oxidase (ZmGA20ox1,5) and ent-kaurenoic acid oxidase (ZmKAO) increased in maize seedlings treated with PBZ. PBZ has been shown to increase SLGA20ox-3 and SLGA3ox2 expression in tomato plants through feedback regulation. Upregulation of SLGA20ox-3 and SLGA3ox2 transcript accumulation was observed in response to PBZ-induced ent-kaurene oxidase inhibition, which was thought to be a feedback upregulation of GA biosynthesis in response to lower GA content (Hedden and Thomas, 2012).

Another study examined the expression profiles of GA biosynthesis genes (ent-kaurene oxidase; KO, gibberellin 20-oxidase1; GA20ox1 and gibberellin 3-oxidase; GA3ox) and floral transcription factor genes (UFO, WUSCHEL; WUS, and LFY) in response to 1,250 mg/l of PBZ treatment of Jatropha floral buds. Then, samples were selected at the different time points of 14 days (no sex organs observed), and 20 days after treatment (blooming and sex organs observed). The results showed that PBZ significantly reduced the expression level of GA20ox1, GA3ox, and LFY as compared to the control (P<0.05) at 14 days. On the other hand, the expression level of UFO and WUS1 were significantly higher than the control. At 20 days, there was no difference in the expression level of GA biosynthesis genes between the control and treatment. At the same time blooming time of PBZ-treated flowers was delayed which might be due to low expression levels of GA20ox1, GA3ox, and LFY in treated floral buds (Seesangboon et al., 2018).

PBZ (200 mg/l) inhibited the GAs content in rice varieties under submergence stress compared to submergence stress without PBZ (Wu et al., 2019). qRT-PCR was used to analyze the expression of GAs biosynthetic genes such as OsCPS1, OsKS1, and OsGA2ox1. OsCPS1 mRNA was repressed in PBZ treatment, which was consistent with the GA content in leaves. PBZ application increased ABA content regardless of rice genotypes due to the upregulation of 9-cis-epoxycarotenoid dioxygenase (NCED), the main enzyme in ABA biosynthesis, encoded by OsNCED3 (Barrero et al., 2006).

In contrast to plants not treated with PBZ, Rubisco-small subunit expression was higher at the anthesis and post-anthesis stages in all wheat cultivars with PBZ (Dwivedi et al., 2017). At the anthesis and post-anthesis stages of wheat growth, the PBZ-treated water-stressed plants showed downregulation of the stress marker pyrroline-5-carboxylate synthase (P5CS) expression in all genotypes studied (Dwivedi et al., 2017). At various growth stages after the formation of the basal second internode of wheat, the complex changes in the activities of enzymes involved in lignin biosynthesis, such as phenylalanine ammonia-lyase (PAL) and 4-coumarate: CoA ligase (4CL), were assessed in response to PBZ (200 mg/l) application. The activity of PAL and 4CL were higher by 42% and 35.6% respectively as compared to the control (Peng et al., 2014; Wang et al., 2016; Kamran et al., 2018).

PBZ (PBZ) at 0.8 and 1.6 mg/l significantly increased aquaporin (gene and protein) expression in tomato plants compared to controls, implying a coordinated increase in ABA and aquaporin levels in response to water stress. Treatment with PBZ during deficit irrigation increased SlTIP2 expression by 5.3-fold above the control and resulted in greater PIP2-7 protein levels (compared to PBZ-irrigated). The increased expression of PIP2-7 in response to PBZ treatment during deficit irrigation shows that it enhances water intake and management by encouraging de novo synthesis of aquaporin (AP) channels. Under deficit irrigation, PBZ (0.8 and 1.6 mg/l) administration raised citrate content 2.18 and 1.64-fold, respectively, compared to PBZ-treated irrigated plants (control). This was due to the up-regulation of Sl Citrate synthase (SlCS) by 1.28 and 1.73-folds, respectively. Application of PBZ under irrigated conditions and PBZ-treated deficit irrigated plants increased Sl Succinyl-CoA ligase, SlSCoAL1, and SCoAL2 expression by 1.66 and 2.01-fold, 1.21, and 3.66-fold, respectively, resulting in substantially increased succinate abundance (1.63-fold). PBZ-treated irrigated and deficit irrigated plants produced more GABA than control plants. When PBZ-treated irrigated and deficit irrigated plants were compared to their respective control plants, increased expression of glutamate decarboxylase, SlGAD, was connected to better GABA buildup. GABA production was boosted by increasing the expression of SlGAD, an enzyme necessary for glutamate to GABA conversion.

DNA methylation plays an important role in plant growth and development. Recent research findings have shown that the imposition of various biotic and abiotic stresses on the plant contributes to increased methylation of the genome and thus leads to genome activity degeneration. Garg et al. (2019), found that the application of PBZ under water deficit stress leads to hypermethylation which was predominant in the drought susceptible genotype as compared to drought tolerant genotypes.



Conclusion

By suppressing GA biosynthesis, PBZ increases ABA and chlorophyll. By reducing stomatal conductance and transpiration rates, the increased ABA level increases the RWC and WUE of crop plants. By increasing antioxidant activity and limiting lipid peroxidation, PBZ improved membrane stability and maintained photosynthetic machinery integrity under stress conditions. It also increased the photosynthetic pigment profile, suggesting that the application of PBZ triggers the xanthophyll cycle pigments and thus contributes to the defense of the photosynthetic machinery. As a result, PBZ application increases grain yield by facilitating greater photo assimilation by increasing the exchange of photosynthetic gases, higher chlorophyll content, and photosynthetic activity for longer periods. As a result, PBZ-induced physiological activities boost crop yield under water stress, salinity, temperature stress, and climate change conditions (Figure 2), resulting in more sustainable agricultural practices. This, however, is contingent on attracting agricultural scientists’ attention and farmers’ trust in this novel compound in the future. Furthermore, further research is needed to uncover the PBZ-induced multi-stress defense mechanism, especially in terms of its association, interrelation, and crosstalk with other phytohormones and stress-sensitive genes. As PBZ causes many physiological changes as a drought defence mechanism, these changes are not the same in all plant species, so more research is needed to determine the impact of PBZ and its application in crop fields along with its residual impact on soil.




Figure 2 | Depiction of overall impact of paclobutrazol under drought on physiological, biochemical, and molecular responses. Arrow showing the trend (Upward-Increase; Downward- Decrease).
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Abiotic stresses adversely affect rice yield and productivity, especially under the changing climatic scenario. Exposure to multiple abiotic stresses acting together aggravates these effects. The projected increase in global temperatures, rainfall variability, and salinity will increase the frequency and intensity of multiple abiotic stresses. These abiotic stresses affect paddy physiology and deteriorate grain quality, especially milling quality and cooking characteristics. Understanding the molecular and physiological mechanisms behind grain quality reduction under multiple abiotic stresses is needed to breed cultivars that can tolerate multiple abiotic stresses. This review summarizes the combined effect of various stresses on rice physiology, focusing on grain quality parameters and yield traits, and discusses strategies for improving grain quality parameters using high-throughput phenotyping with omics approaches.
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1 Introduction

Global warming and accompanying climate variabilities adversely impact global agricultural output, dwindling the production of food grains such as rice (Ramegowda and Senthil-Kumar, 2015). Abiotic stresses such as heat or temperature stress, submergence, drought, or nutritional deficiency create suboptimal environments (Jeyasri et al., 2021) that impair germination, seedling establishment, vegetative growth, flower initiation, panicle growth, grain filling, and productivity (Banerjee and Roychoudhury, 2020; Beena et al., 2021a). In rice, these attributes severely compromise crop establishment, growth (Beena et al., 2021b; Anie et al., 2022; Stephen et al., 2022), grain quality, and productivity (Pravallika et al., 2020; Pathak et al., 2021). Some abiotic pressures in rice-growing environments spur the development and infection of biotic causal agents, aggravating the losses in productivity (Narsai and Whelan, 2013) and grain quality.

As the major staple food crop in the world, reductions in rice production due to climate change will have serious socioeconomic impacts. Many paddy growers experience frequent crop failure, resulting in unprecedented hardships such as starvation and financial pressure (Rejeth et al., 2020). Exposure to multiple abiotic stresses leads to physical and biochemical alterations in crop produce (Manikanta et al., 2020; Ali et al., 2022; Manikanta et al., 2022). Concurrent abiotic stresses damage rice crops more than individual stresses (Pandey et al., 2017), posing various physiological effects that trigger cross-talk reactions that affect rice phenology (Ramu et al., 2016; Ali et al., 2022). While not an abiotic stress component, elevated CO2 (eCO2) can alleviate or aggravate the stress effects.

Rice grain quality is measured primarily on the physical appearance of the grain, mineral content, proportion of amylose and amylopectin starch, aroma, and cooking quality (Chakraborti et al., 2021). Abiotic stresses during grain filling affect milling quality, grain chalkiness, starch composition, and cooking quality (Lanning and Siebenmorgen, 2013). According to ; Liu et al. (2021), high-temperature stress has the greatest impact on grain quality attributes, including reducing the sensory qualities of milled rice. Numerous studies have investigated the fundamentals of rice grain biochemistry, but few have examined how multiple abiotic stresses affect grain quality (Liu et al., 2013; Kadam et al., 2014).

Among abiotic stresses, high temperatures are particularly devastating, decreasing productivity and grain biochemical components. High temperatures decrease photosynthesis and photorespiration, decreasing total biomass production (Moore et al., 2021). High temperatures post-anthesis affect grain quality and appearance and decrease grain production (Dong et al., 2014). Similarly, high temperatures reduce pollen viability and increase spikelet sterility, decreasing grain production and quality (Rang et al., 2011). Extreme temperature stress at the maturity stage abates grain chalkiness, physical appearance, and biochemical properties such as amylose content and protein composition (Ahmed et al., 2015).

Excessive water stresses such as waterlogging and submergence adversely affect rice growth and grain yield. While some historical rice cultivars exhibit notable resilience to submergence, their total yield suffers (Singh et al., 2014). In contrast, modern rice cultivars are sensitive to flooding, often resulting in farmers losing their whole crop. Rice plants can perish soon after flooding due to high energy expenditure and protein hydrolysis during submergence. Flooding degrades the quality of endosperm reserves, adversely affecting the nutritional value and milling and cooking properties of rice grain (Zhou et al., 2020). Flooding at harvest-ready stages results in pre-harvest sprouting, compromising the marketable grain quality (Nonogaki et al., 2018) and reducing the grain’s eating and cooking quality (Zhou et al., 2020).

In recent decades, rice researchers have been working to improve crop yield and quality under stressful situations (Patra et al., 2020). Genomic techniques have been used to investigate how abiotic stresses affect grain development (Verma et al., 2021), with several genetic regulators of tolerance identified and successfully used to improve rice cultivars. For example, genetic loci controlling salinity stress have been discovered and pyramided to develop green super rice types (Pang et al., 2017). Using marker-assisted breeding, Kumar et al. (2018) combined quantitative trait loci (QTL) for submergence and drought tolerance to identify varieties with high yield potential, validating their performance by exposing them to various stresses. However, little information is available on combining stress tolerance and grain quality traits to fulfill food security (Ali et al., 2021).

Another major concern affecting plant growth is eCO2, with carbon dioxide levels expected to reach 685 ppm by 2050, raising the global mean temperature by 3–6°C relative to the pre-industrial era (Kilkis and Caglar, 2022). At the global level, crop models suggest that eCO2 levels could increase precipitation, but large spatial and temporal variabilities exist at the regional scale. Rainfall occurrence and intensity can be unpredictable, creating patches of drought and waterlogging (Walter, 2018). Various experiments have indicated that optimum levels of eCO2 can mitigate the effects of drought stress.

Candidate gene markers can be used to identify genes or QTL for grain production (Azharudheen et al., 2022). Anabolic gene expression requires favorable environmental conditions. Increased temperature impairs starch production, slowing sugar and starch metabolism and thus reducing grain filling and the number of filled grains per panicle (Fahad et al., 2019); a similar response occurs under salt stress (Hussain et al., 2017). Furthermore, significant QTL identified for drought tolerance are crucial for normal reproduction in paddy under drought (Catolos et al., 2017; Feng et al., 2018). The effects of combined mild salinity stress (75 mM NaCl) and moderately high temperatures (30/26°C day/night) were not additive when compared to the individual stresses. The combined stress had longer seedling roots and higher relative water content and Chl b than the salinity treatment alone. He et al. (2018) reported that ABA treatment mimicked protein perturbations in rice subjected to combined salinity stress and desiccation. In another study, Wytynck et al., 2021 reported similar ultrastructural changes in young leaf cells of rice seedlings subjected to salinity or high temperature stress, including the enhanced formation of rough endoplasmic reticulum assembly, reduced cristae formation in mitochondria, and disorganized cell wall fibrils.

QTL conferring tolerance to drought (qDTY1.1, qDTY2.1), salinity (Saltol), and submergence (Sub1) were introgressed by marker-assisted breeding, resulting in a climate-ready rice genotype, Improved White Ponni, a classic example of how information from multiple studies can assist in pyramiding traits for crop improvement (Muthu et al., 2020). The basal methylation patterns in the genomes of Pokkali (salinity tolerant), Nagina 22 (drought tolerant), and IR64 (susceptible) revealed that various stress-associated transcription factors (TFs) and signaling intermediates hypermethylated and thus downregulated to impart stress tolerance relative to IR64 (Garg et al., 2015). In addition, submergence-tolerant rice (FR13A) could withstand the compromise in photosynthetic traits despite lacking innate salinity tolerance (Sarkar et al., 2016). Several combined salinity and submergence stress experiments have revealed various physiological responses in rice. In one study, one week of this combined stress had little impact, while two weeks had detrimental effects on paddy rice, decreasing the relative growth rate, increasing the time to flowering, and decreasing yield (Kurniasih et al., 2021).

This review investigates the individual and interactive effects of various abiotic stresses (e.g., drought, salinity, high temperature, eCO2, submergence, nutrient deficiency) on rice growth, agronomy, and physiological traits, including grain quality and production, and the benefits of genomics for improving rice productivity and grain quality.



2 Physiological and molecular implications of individual stresses in rice yield and quality


2.1 Impact of drought stress on paddy

Climate change disrupts the regularity and magnitude of hydrological events, threatening crop production and affecting food security. The major regions affected include South and Southeast Asia, Sub-Saharan Africa, and Latin America, with unbunded and bunded uplands and shallow rainfed lowlands. Globally, drought stress events account for up to 40% of overall crop and livestock output losses, totaling nearly USD 28 billion (FAO, 2017). In Asia, frequent drought stress affects about 34 million ha of rainfed lowland rice and 8 million ha of upland rice (Barik et al., 2019). Drought stress frequently affects an area of 27 million ha of rainfed rice area (Shamsudin et al., 2016). In 2002, severe drought and depleted soil moisture affected over 65% of South Asia, resulting in considerable rice yield losses (~400 kg ha–1).

Water deficit causes numerous unfavorable changes in rice (Nithya et al., 2020). For example, 15 days of drought stress during reproductive stage reduced rice yields by up to 70%, increasing to up to 88% during flowering and 52% during grain filling. Drought stress at the flowering stage resulted in incomplete panicle exertion, 30% spikelet sterility, and a 20–46% reduction in seed set in a set of rice cultivars (Bahuguna et al., 2018). Drought stress during grain filling stage increases the proportion of chalky grains (Yang et al., 2018). The imposition of drought stress at the onset of anthesis for 30 days reduced the grain yield and harvest index of 25 rice genotypes, with reduced pollen fertility and test weight of grains for most genotypes, compared to irrigated conditions (Ahmad et al., 2022). While leaf rolling is considered a defense mechanism against drought stress, its promptness correlated with anatomical traits rather than water deficit (Nithya et al., 2021. While more leaf rolling occurred in genotypes such as Dangar, water deficit did not affect transpiration (Cal et al., 2019). Drought stress also affects the root system, with the ill-effects on root architecture and yield genotype-dependent (Prince et al., 2015; Beena et al., 2017; Beena et al., 2018c).

Plants have developed numerous adaptive responses to drought stress that aid their survival, including deeper roots, reduced water loss from shoots due to thick cuticle deposition, reduced leaf area, and osmotic adjustment, primarily by maintaining a high internal water status (Beena et al., 2018b; Manikanta et al., 2020; Rejeth et al., 2020). Beena et al. (2012) reported that root architecture, water uptake, and osmotic adjustment are important traits for drought tolerance screening. Physiological and biochemical changes in rice under drought are given in Supplementary Table 1. In rice, QTL mapping has revealed regions responsible for physiological traits, yield, and yield components. Table 1 lists QTL/genes introgressed into rice for drought stress tolerance.


Table 1 | Major QTLs reported for physio-morphological traits under various abiotic stress conditions in rice.





2.2 Impacts of submergence on paddy

Rice is adapted to stagnant conditions because its well-developed aerenchyma promotes oxygen transport through roots. However, submergence caused by recurrent flooding can adversely affect plant growth and productivity. In lowland and deep-water rice areas, flooding occurs on more than 16 million ha, with annual economic losses estimated to exceed $600 USD million (www.knowledgebank.irri.org). In addition, unpredictable flash floods can occur at any stage of paddy development.

Submergence reduces the quality and quantity of rice, especially when it occurs during the reproductive and maturity stages. Submergence significantly delays flowering and maturity, reducing grain yield, shoot biomass, harvest index, and yield components (Marndi et al., 2022). Reductions in grain filling, grain number per panicle, and grain weight are primarily responsible for decreased grain production due to submergence (Kato et al., 2014). Submergence during the vegetative stage affects critical grain quality parameters, with a higher proportion of hull, brown rice, and bran in rough rice compared to non-stressed counterparts, as well as chalky grains, breakage during hulling, and reduced proportion of amylose, but increased in crude protein content. Starch accumulation negatively correlated with ADP-glucose pyrophosphorylase activity in submerged rice. ADP-glucose pyrophosphorylase (AGPase) catalyzes the first committed reaction in the pathway of starch synthesis. ADP-glucose pyrophosphorylase is activated by posttranslational redox-modification in response to light and to sugars in leaves of wheat and other plant species (Ferrero et al., 2020).

Yield losses due to submergence are attributable to a smaller sink size/capacity and reduced carbohydrate metabolism and thus reduced partitioning into grain. Djali et al. (2012) reported that submerged rice had higher protein, moisture, and amylase contents than the control plants but lower yield, hardness, stickiness, and brightness. Physiological and biochemical changes in rice under submergence/flash flooding is given in Supplementary Table 1. Further, increased starch and non-structural carbohydrate accumulation positively correlated with survival percentage under submerged conditions (Panda and Sarkar, 2014). Table 1 lists QTL/genes identified in rice for submergence tolerance.



2.3 Impact of salt stress on paddy

Rice is sensitive to soil salinity, which occurs in 25–30% of irrigated regions of rice, equating to more than 1 billion ha of saline or sodic land (Shahid et al., 2018). Rice is more resistant to salt during the germination and vegetative stages than the seedling and reproductive stages. High-yielding rice cultivars at salinity levels >3 dS m–1 suffered yield losses of ~12%, which increased to ~50% at 6 dS m–1 (Kumar and Sharma, 2020). Plants subjected to salt stress have delayed seed germination and seed set, sterile spikelets, and reduced leaf dry matter, leaf area, tiller number, grains per panicle, pollen viability (Reshma et al., 2021).

Salt-stressed rice plants suffer from a reduced water potential, poor nutrient uptake, and increased sodium (Na+) and chlorine (Cl–) uptake. Salinity stress also affects proline and anthocyanin contents, peroxidase activity, and Ca2+, Na+, K+, chlorophyll, and H2O2 concentrations (Negrão et al., 2017). Salt stress significantly reduced amylose concentration in a salt-tolerant rice genotype but not a semi-tolerant genotype, even at low EC (4 mS cm–1) and alkalinity (pH 9.5), while high EC (8 dS m–1) and alkalinity (pH 9.8) significantly reduced starch content in both genotypes, but not the susceptible genotype (Rao et al., 2013). Details of physiological and biochemical changes in rice under salinity is listed in Supplementary Table 1. In addition, salinity (EC 4 and 8 mS/cm) and high alkalinity (pH 9.8) affected gel consistency in the salt-susceptible genotype (Rao et al., 2013). Table 1 lists QTL/genes identified in rice for salinity-related traits.



2.4 Impact of high temperature on paddy

Heat stress in rice is related to specific morphological, physiological, biochemical, and molecular changes. Morphological aspects include genotypes that shield the panicles with their foliage to maintain a lower spikelet temperature for increased spikelet fertility (Beena et al., 2018a). An early morning flowering habit also plays a vital role in plants avoiding high temperatures later in the day (Hirabayashi et al., 2015; Raghunath and Beena, 2021).

Physiological mechanisms that provide heat stress tolerance in rice include an increased membrane stability index, which reduces reactive oxygen species (ROS) damage to biological membranes (Kumar et al., 2016). Increased pollen viability ensures increased fertilization success, maintaining a higher photosynthetic rate to offset yield losses due to excess transpiration rate under heat stress (Sinha et al., 2022). An increased transpiration rate ensures transpirational cooling to prevent ROS increases (Xiong et al., 2014). Physiological adaptations play a critical role in protecting membrane integrity and the biological compounds required to maintain cellular homeostasis. Heat shock proteins (HSPs), which maintain the tertiary structure of proteins, are also critical players in cellular tolerance (Khan and Shahwar, 2020). In addition, enzymatic and non-enzymatic antioxidants such as superoxide dismutase (SOD), peroxidase (POD), glutathione peroxidase (GPX), catalase (CAT), ascorbic acid, phenolic compounds, and carotenoids are crucial for negating the toxic effects of ROS (Irato and Santovito, 2021). Physiological and biochemical changes in rice under high temperature stress is given in Supplementary Table 1.

Marker-assisted introgression of QTL controlling spikelet fertility (Vivitha et al., 2018) and early morning anthesis traits (Ishimaru et al., 2022) under high-temperature conditions have contributed greatly to crop improvement. Table 1 lists QTL/genes identified for physiological and yield traits in rice under high-temperature stress.



2.5 Impact of elevated CO2 on paddy


CO2 levels have risen from 270 ppm during the pre-industrial era (1850s) to 400 ppm. At this rate, atmospheric CO2 (aCO2) will reach eCO2 levels by 2050, estimated at 550 ppm, affecting the morphology, physiology and biochemistry of rice (Abdelhakim et al., 2022). A meta-analysis involving 125 studies on the effect of eCO2 in rice showed that hybrid cultivars respond with higher biomass and yield over popular indica and japonica types, primarily due to increased panicle and spikelet numbers, followed by tiller number. eCO2 levels increase the accumulation of root biomass more than shoot biomass (Wang et al., 2018). A three-year experiment in a free-air CO2 enrichment (FACE) facility revealed a declining proportion of brown, milled, and head rice under eCO2 (200 ppm above ambient) relative to aCO2 (Gao et al., 2021). In addition, the eCO2 increased grain chalkiness, viscosity, and stickiness but, improving palatability; however, the eCO2 compromised the processing quality and nutritional attributes such as protein and mineral contents (Ca, Cu and S; except for K) (Gao et al., 2021). A comparative study at eCO2 (700 ppm) improved seedling emergence, C/N ratio, and biomass in two rice genotypes (IR20 and ADT46). Changes in physiological traits under elevated CO2 is given in Supplementary Table 1. When subjected to brown plant hopper infestation, the eCO2-grown plants had greater insect attack, but insect survival decreased by several days, relative to the control plants (SenthilNathan, 2021). Thus eCO2 poses several ecological effects on rice-based agri-ecosystem.



2.6 Impact of soil nutrient deficit on paddy

Since the green revolution, fertilizer application is essential due to the unintentional emergence of fertilizer-responsive, high-yielding semi-dwarf rice cultivars (Neeraja et al., 2021). Reported poor nutrient use efficiencies in rice, with 30−50% for nitrogen, 30% for phosphorous, and 26% for potassium. In addition to macronutrients, breeders are now paying close attention to micronutrient deficits (‘hidden hunger’) due to human health concerns. The most common micronutrient disorders are Fe insufficiency, Zn deficiency, and B toxicity for wetland rice and Fe and B deficiency and Mn toxicity for upland rice (Shrestha et al., 2020).

Rice is the primary source of nutrition for much of the world’s population. However, rice is deficient in essential fatty acids, vitamins, minerals, phytochemicals, and amino acids (Sultana et al., 2022). Zhou et al. (2018) reported positive effects of nitrogen on the milling and nutritional quality of rice. Increased nitrogen application increased protein content but decreased milling quality, appearance, amylose content, gel consistency, cooking/eating quality, and rice flour viscosity (Zhu et al., 2017). The nitrogen‐efficient line (OsNRT2.3b‐overexpressing (O8) and wild type (WT) were treated with different levels of nitrogen and carbon fertilizers under field conditions to study the effects of different fertilization treatments on rice quality. The results showed that the appearance, nutrition, and taste qualities of O8 were generally high compared with WT under various fertilization treatment conditions (Zhang et al., 2022).

Rice is particularly vulnerable to nutrient deficit stress at the seedling emergence, tillering, panicle initiation, booting, heading, and maturity stages (Shrestha et al., 2020). During the early and mid-phases of grain filling, K and Ca control root exudation, which affects grain quality characteristics such as the proportion of chalky kernels, chalkiness, and amylose content (Lijun et al., 2011). N fertilization can affect micronutrient concentrations.




3 Physiological and molecular implications of combined abiotic stresses on rice yield and quality


3.1 Effect of combined drought and temperature

Drought and high-temperature stress often occur simultaneously in the field, drastically affecting plant growth, development, and yield by inducing physiological, biochemical, and molecular changes and responses that impact various cellular and whole plant functions (Figure 1). Combined effect of drought and high temperature is more severe than individual effects (Dreesen et al., 2012).




Figure 1 | The physiological aspects of sensitivity to combined drought and high temperature stress in rice with respect to grain yield, and quality.




3.1.1 Physiological and genetic components of sensitivity

Drought and heat stress combined affect rice crops at the cell, organ, plant, and canopy level, ultimately reducing growth and yield. The combined stress often has conflicting or antagonistic responses dissimilar to their individual effects. Vapor pressure deficit (VPD) naturally increases during heat waves and droughts, impacting rice physiology (Williams et al., 2014). During heat stress, plants open stomata to cool their leaves by transpiration but cannot open them when faced with combined heat and drought stress (Sinha et al., 2022). In perennial grasses, combined heat and drought stress reduces PSII function, weakens N anabolism, strengthens protein catabolism, and increases lipid peroxidation. Long-term combined heat and drought stress affects growth, leaf gas exchange, and water use efficiency (WUE) in rice, severely reducing total biomass relative to individual stresses (Perdomo et al., 2015; Perdomo et al., 2016).

Rice is more sensitive to drought, heat, and combined stress during the reproductive stage, specifically flowering, than the vegetative stage. Combined heat and drought stress at the seedling and tillering stages resulted in the absence of panicles for seven African rice cultivars (Mukamuhirwa et al., 2019). The number of germinated pollens on the stigma decreased when exposed to heat (81%), drought (59%) and concomitant stress (Rang et al., 2011). Combined heat and drought stress at flowering significantly affected peduncle length, anther dehiscence, pollen number, pollen germination, spikelet fertility, and thus yield in rice (Li et al., 2015; Rang et al., 2010). Heat and drought stress hinder the accumulation of various seed constituents in rice by inhibiting starch processes and protein synthesis. Grain quality is more susceptible to combined stress than yield. High temperature (30°C) inhibited starch metabolism by decreasing starch synthase activity due to thermal denaturation (Pravallika et al., 2020). Reduced grain endosperm starch content is a leading cause of reduced quality and yield in crops subjected to drought and heat (Worch et al., 2011). Similar to drought, heat stress decreases starch content but increases grain protein and mineral concentrations (Mariem et al., 2021). Heat stress reduced amylose content and partially altered the fine structure of amylopectin, indicating that the abnormal expression of the starch synthesizing enzymes is a key factor causing chalkiness (Nakata et al., 2017).

The changing climate is adversely affecting the nutritional quality in terms of mineral content and protein, which will impact human health (Mariem et al., 2021). Higher temperatures also decrease aroma quality in rice. Basmati rice had excellent aroma when grown under relatively cool temperatures in the afternoon (25–32°C) and night (20–25°C) and 70–80% humidity during the primordial and grain-filling stages (Singh et al., 2000). It is important to understand the physiological, biochemical and genetic mechanisms governing the response to combined heat and drought stress to develop strategies to improve stress tolerance.



3.1.2 Physiological and genetic components of tolerance

Plants cope with drought and heat stress through cellular tolerance via metabolic homeostasis, osmotic adjustment, cellular membrane stability, oxidative stress management, production of stress proteins (e.g., late embryogenesis abundant proteins and HSPs) and secondary metabolites, and reducing fatty acid desaturation. Sucrose accumulated in the anthers of rice genotype Nagina 22 under combined drought and high-temperature stress (Li et al., 2015). Heat shock factors (HSFs) and HSPs showed differential upregulation in rice, with HSF7A upregulated under drought stress, HSF2a upregulated under heat stress, and HSP74.8, HSP80.2, and HSP24.1 upregulated under the combined stress (Piveta et al., 2020).

He et al. (2018) noted that a complex regulatory network mobilizes these defenses by involving upstream signaling molecules that transmit the stress signal via hormones, ROS, and nitric oxide (NO). Under drought and heat stress condition, overexpression of the gene Rab7 (OsRab7) improved tolerance in rice by high survival rate, relative water content, chlorophyll content, gas-exchange characteristics, soluble protein content, soluble sugar content, proline content, and activities of antioxidant enzymes (CAT, SOD, APX, POD) than that of the wild-type. In contrast, the levels of hydrogen peroxide, electrolyte leakage, and malondialdehyde of the transgenic lines were significantly reduced when compared to wild-type. Furthermore, the expression of four genes encoding reactive oxygen species (ROS)-scavenging enzymes (OsCATA, OsCATB, OsAPX2, OsSOD-Cu/Zn) and eight genes conferring abiotic stress tolerance (OsLEA3, OsRD29A, OsSNAC1, OsSNAC2, OsDREB2A, OsDREB2B, OsRAB16A, OsRAB16C) was significantly up-regulated in the transformed rice lines as compared to their expression in wild-type (El- Esawi and Alayafi, 2019).

Combined heat and drought stress studies have been undertaken on a few cultivars in rice, with one study identifying Nagina 22 as the only tolerant cultivar (Reshma et al., 2021). Therefore, systematic screening of rice germplasm and mapping populations are needed to identify and introgress QTL into elite cultivars. Genome-wide association studies can identify QTL/genes for dissecting the genetic basis of combined stress tolerance. The grain-filling stage is one of the most important phases that determine yield. Stay green traits can be used as an indicator of sustainable assimilate supply and stem reserve utilization to promote seed filling under stressful conditions (Abdelrahman et al., 2017). There is an immense need to identify plant species and genotypes tolerant to combined stresses (Zandalinas et al., 2018) and tailor genotypes with acceptable performance under combined drought and high-temperature stress for sustainable crop production.




3.2 Effect of combined drought and elevated CO2


3.2.1 Physiological and genetic components of sensitivity

Rice requires 5000 L of water to produce 1 kg biomass and 3,000–5,000 L for 1 kilo grain (Mainuddin et al., 2020). Studies in controlled environment chambers showed that eCO2 reduced evapotranspiration, allowing photosynthesis to continue for 1–2 days longer than aCO2 under drought stress (Supplementary Figure 1). While the saturation point for CO2 is 500 ppm in rice, the down regulation of photosynthesis occurred beyond 900 ppm. In addition, eCO2 attenuated the canopy dark respiration. Dark respiration has physiological relevance, as the energy derived is used for plant growth and metabolism (Zou and Xu, 2021). The reduced stomatal aperture increased the canopy temperature due to the suppression of transpiration. Prolonged exposure to eCO2 also reduced the net photosynthetic rate. The resultant decrease or increase in yield will be location specific, influenced by regional temperatures. Drought stress increases ABA content, which affects CO2 intake. Drought stress also reduces the levels of RuBisCo large and small subunits at the proteomic level. Thus plants cannot harness all of the benefits of CO2 fertilization under drought stress (Perdomo et al., 2017).

Prolonged drought stress significantly decreases some core physiological traits. The eCO2 treatment increased RuBisCo activity by 17.5% compared to the aCO2 treatment. One study showed that eCO2 (700 ppm) treated plants under drought stress had a 40% lower CO2 exchange rate than drought-stressed plants under aCO2 (350 ppm). The Km of RuBisCo also decreased compared to irrigated and drought-stressed plants under aCO2. Plants raised in a CO2-enriched atmosphere had higher RuBisCo content and activity after ~20 days of drought stress, but this comparative advantage did not occur after ~30 days of stress. In this situation, eCO2 plants had inferior physiological traits. Prabnakorn et al. (2018) reported that rice production would suffer more under climate change events, where increases in CO2 cannot mitigate the adverse effects on rice productivity.



3.2.2 Physiological and genetic components of tolerance

Rice grown under eCO2 has more tillers and higher grain yield (Cho and Oki, 2012). eCO2 increased biomass by 5.7% due to an increased leaf area index and leaf water potential in rice (Kumar et al., 2017). Certain simulation models have highlighted the significance of CO2 fertilization in assisting crops to withstand water deficits (Kang et al., 2021). A meta-analysis study on rice, wheat, and maize under increased CO2 levels and drought stress revealed that the CO2 component alone increased grain yield and starch content but decreased protein and mineral contents. The inevitable consequence of stomatal conductance for CO2 leads to loss of water, affecting the proportion of net photosynthesis to transpiration rate (i.e., transpiration efficiency), as a function of leaf anatomical features that determine the utilization of CO2 levels in the atmosphere (Ouyang et al., 2017). Under eCO2 (700 ppm), the imposition of drought stress had less effect on yield attributes than aCO2 and reduced water use by 10% (Shanker et al., 2022) Similarly, combined eCO2 and drought stress maintained canopy net photosynthesis by 6−12%. CO2 supply extended the maintenance of mid-day photosynthesis for a few days, which had an ameliorative effect on rice.

In rice, a soil matric potential of –40 kPa (~43% moisture) or below results in water deficit stress (Kumar et al., 2019). An eCO2 (550 ppm) treatment at a 2°C elevated temperature imparted intrinsic drought (–40 kPa) stress tolerance traits in aerobic rice genotypes (CR-143-2-2, APO, and CR Dhan 201), reducing antioxidant enzyme (SOD, POX, CAT) activities in leaves (Padhy et al., 2018). Drought stress also decreased the aboveground biomass and yield in IR72. However, an eCO2 (700 ppm) treatment maintained higher rice biomass and yield than aCO2 (350 ppm), with both CO2 regimes maintaining a comparable harvest index in corresponding treatments. Both CO2 regimes increased sucrose and reduced starch content in drought-stressed IR72, reducing grain quality. Plants raised under aCO2 conditions exposed to drought stress had more pronounced reductions (45%) in sucrose phosphate synthase activity (sucrose biosynthesis enzyme) than those raised under eCO2 (Wang et al., 2022).

Under drought stress, ABA acts as the primary regulator of stomatal closure, eCO2 delays the sunthesis of ABA. Crosstalk also occurs between these two components at the aquaporin level (Li et al., 2020). A brassinosteroid (BR) treatment ameliorated the ill-effects of drought stress by improving CO2 assimilation (Raghunath et al., 2021; Lakshmi et al., 2022). The induction of endogenous BR under drought stress might help accumulate carbon. A study on d1 mutants for the Gα subunit (of heterotrimeric G protein complex) gene RGA1 (Rice Gα subunit 1) reported that Nipponbare and Taichung 65 had higher mesophyll conductance for CO2 than the wild type and likely had higher WUE and productivity under drought stress (Zait et al., 2021). Overexpression of the OsEPF1 (Epidermal Patterning Factor 1) gene reduced stomatal density in rice, enhancing drought tolerance but compromising yield, which improved with 450–480 ppm CO2 supply. Such a plant type will benefit future climate scenarios with scant rainfall and elevated CO2 (Caine et al., 2019).




3.3 Effect of combined high temperature and eCO2


3.3.1 Physiological and genetic components of sensitivity

Periods of high temperature and eCO2 concentration due to anthropogenic activities threaten rice production (Supplementary Table 2). eCO2 should enhance the photosynthetic rate, increasing total yield and productivity (Kant et al., 2012; Hasegawa et al., 2013) because CO2 is directly involved in major physiological processes such as photosynthesis and stomatal conductance. Rising temperatures reduce rice yield alone or in combination with eCO2 (Wang et al., 2020). A higher respiration rate and declining membrane thermostability reduce rice yield under high night temperature (HNT) conditions (Mohammed and Tarpley, 2010). The decreased membrane stability index in susceptible rice varieties under elevated temperature was related to the extent of lipid peroxidation by ROS (Das et al., 2014; Kumar et al., 2016).

The most sensitive stages to high-temperature stress in rice are booting, anthesis, and fertilization. Several studies have investigated the effect of high temperature and eCO2 concentrations in rice in growth or open-top chambers. The closed chamber experiments revealed that rice is highly susceptible to heat stress and heat-induced spikelet sterility (HISS) at flowering, resulting in yield losses. eCO2 cannot ameliorate yield losses due to the high temperature (Wang et al., 2018). Cai et al. (2016) and Wang et al., (2018, 2020) reported that rising temperatures decreased panicle number per unit area and spikelet number per panicle, decreasing rice yields; these effects escalated under eCO2. eCO2 alone exacerbates HISS as stomatal closure increases the canopy temperature, with a stimulatory effect on biomass production, but an increase in night temperatures counteracts this effect. Significant compromises in yield occur due to the higher respiratory cost of the increased biomass. Night respiration increased by 4–18 mg C hill–1 h–1 in rice genotypes under eCO2 and HNT at various crop stages before heading (Shanker et al., 2022).

The interactive effect of heat stress and eCO2 adversely impacts rice growth, development, and pollen viability (Mittler et al., 2012). Decreased anther dehiscence, poor pollen shedding, poor pollen grain germination on stigmas, and decreased pollen tube elongation led to spikelet sterility under heat stress. Raised night temperatures have more adverse effects than raised day temperatures due to deprived anther dehiscence, impaired pollination, abnormal pollen germination, and floret sterility (Das et al., 2014; Fahad et al., 2018). Floral sterility under high temperatures reduces sink demand due to the reduction in carbohydrate transfer from shoots to grain (Madan et al., 2012). Active selection and breeding for the eCO2 response and HNT-resilient rice are needed to compensate for yield losses.

Heat stress during the reproductive and grain-filling stage reduces rice yield by diminishing the proportion of fertile spikelets (Beena et al., 2018a), shortening the grain-filling period (Ahmed et al., 2015), and reduction in sink activity (Kim et al., 2011). Thus, elevated CO2 and high-temperature stress during flowering and early grain filling significantly reduce rice seed set and thousand-grain weight (Chaturvedi et al., 2017). eCO2 and high temperature also shorten the phenology of rice. Rice grain quality is reflected in parameters such as head and chalky rice rate, amylose and protein contents, and edible quality, as indicated by gel consistency. As CO2 and temperature increased, rice grain appearance initially declined but then improved (Liu et al., 2017). Exposure to high temperature during ripening causes abnormal morphology and grain discoloration in rice, probably due to reduced enzymatic activity related to grain filling, respiratory consumption of assimilation products, and decreased sink activity. Combined eCO2 and high-temperature stress significantly affects amylose content and gel consistency (Supplementary Figure 2). Madan et al. (2012) reported a slight decrease in amylose content and gel consistency in the sensitive genotype IR64, which carries one of two heat-sensitive alleles responsible for amylose accumulation during grain filling.

Soluble protein is the principal holder of plant nitrogen and an important index for measuring leaf aging. Liu et al. (2017) documented that soluble protein content did not vary widely across rice growth stages under eCO2 and high-temperature conditions. In another study, eCO2 stimulated grain production and starch accumulation but negatively affected nutritional traits such as protein and mineral contents (Mariem et al., 2021). The severity of eCO2 and high-temperature stress increases when the stress period coincides with flowering and grain filling and further intensified by high canopy temperatures associated with stomatal opening. Elevated CO2 combined with canopy warming affects plant C, N, and P ratios due to insufficient N uptake and allocation (Wang et al., 2019). The whole plant C/N ratio will remain unaffected if C assimilation and N absorption both increase under eCO2 and HNT conditions (Cheng et al., 2010).



3.3.2 Physiological and genetic components of tolerance

Being a C3 crop, rice theoretically will benefit from the eCO2 fertilization effect, whereas the concomittent increase in temperature will negate the positive benefit of eCO2 (Chaturvedi et al., 2017). At the cellular level, the photosynthetic response to eCO2 will be greater at higher temperatures due to the reduction in RuBisCo activity. In addition, canopy photosynthesis will significantly increase with eCO2, which could negate the adverse effects of high-temperature stress on the C3 pathway (Kadam et al., 2014).

In contrast to high day temperature (HDT) stress, rice lacks an escape or avoidance mechanism under HNT stress (Bahuguna et al., 2014; Bahuguna et al., 2015; Hirabayashi et al., 2015). However, rice may have an enhanced ability to meet the increased carbon demand under increased night respiration, minimizing the negative impact of HNT on grain yield and quality (Impa et al., 2020). The usefulness of increased crop responsiveness to eCO2 under warmer nights has not been investigated. Bahuguna et al. (2022) reported that rice cultivars with significantly higher CO2 responsiveness could fix the additional carbon available under future scenarios.

FACE experiments revealed that eCO2 significantly reduced rice grain quality. However, newly developed heat-tolerant rice cultivars retained high grain quality under eCO2 (Usui et al., 2014), suggesting that current breeding efforts for heat tolerance will be useful for the projected climate change scenarios. Under climate change, the photosynthetic apparatus should be improved and some physiological responses such as stomatal conductance and transpiration rate should be maintained. The sensitivity of rice to HNT could be overcome by surveying germplasm to develop climate-resilient varieties for eCO2 responsiveness through marker development and genomic mapping (Silva et al., 2020; Bahuguna et al., 2022). Supplementary Figure 2 shows the interactive effect of high temperature, and eCO2.




3.4 Effect of combined salinity and drought stress


3.4.1 Physiological and genetic components of sensitivity

Salinity and drought stress disrupt morphological features and physiological and biochemical processes in rice. While these stresses have their respective domains and scopes, drought and salinity stress often co-occur in natural field environments (Fan et al., 2015; Paul et al., 2019; Yadav et al., 2022). The severity and occurrence of combined drought and salinity stress are expected to increase with global environmental changes, which could have profound implications on the food supply. This combined stress is a major limiting factor for rice cultivation and productivity (Landi et al., 2017), triggering oxidative, osmotic, and temperature stresses leading to cellular dehydration and reduced cytosolic and vacuolar volume (Fan et al., 2015). ROS production under combined salinity and drought stress amplifies the damage to proteins, DNA, and membranes (Landi et al., 2017), reducing the photosynthetic rate and efficiency and inducing programmed cell death; thus reducing yields by more than 30% each year (Bhar, 2020).

Several studies have shown that drought and salt stress share similar initial plant responses, resulting in ion toxicity in the long term. Salinity and drought stress both cause physiological water deficits that affect all plant organs to varying degrees. However, plants react to hyper-ionic and hyper-osmotic stress under extended salt stress. Concomitantly large VPD also increases under drought stress. The effect of drought and salinity on photosynthesis ranges from restricted CO2 diffusion into chloroplasts, limited stomatal opening mediated by shoot and root-generated hormones and CO2 transport through the mesophyll, and changes in leaf photochemistry and carbon metabolism (Ma et al., 2020). The combined effect of drought and salinity at early stages (germination, seedling establishment, and tillering) delays transplantation (in rainfed lowlands) or crop establishment (in uplands) and stunts growth, resulting in poor stand establishment and ultimately reducing the number of panicles per unit area and panicle size. The combined stresses at the reproductive stage (panicle initiation, flowering, and grain filling) cause varying degrees of spikelet sterility and poor grain filling, with greater detrimental effects on grain yield (Ali et al., 2022).



3.4.2 Physiological and genetic components of tolerance

Most drought and salt stress studies focus on roots and shoots, with measurements of physiological and genetic parameters (Qin et al., 2020; Hao et al., 2022). Among them, ABA plays an important role in plant responses to abiotic stresses (Zhao et al., 2021). The overexpression of OsPYL5 can improve drought and salt tolerance through ABA-mediated processes (Ruiz et al., 2021). Secondary messengers such as Ca2+ and ROS can alleviate osmotic stress damage and improve drought and salt tolerance through ABA-dependent/independent pathways. In addition, H2O2 plays a vital role in stomatal closure through ABA-dependent and ABA-independent pathways (Chen et al., 2021). Under drought and salt stress, stress-response genes increase plant resistance by activating the associated proteins and accumulating protective metabolites. Downregulating the expression of DST1 (DROUGHT AND SALT TOLERANT 1), ABIL2 (ABL INTERACTOR-LIKE PROTEIN 2), and HDA704 (histone deacetylase) positively regulates drought and stress tolerance in rice. hda704 knockdown mutants exhibited susceptibility to drought and salinity stress. HDA704 imparts drought tolerance by promoting stomatal closure (Zhao et al., 2021). Shikimate pathway is known to be activated under abiotic stress conditions, such as drought and salinity, resulting in the accumulation of high levels of aromatic amino acids and related secondary metabolites (Francini et al., 2019). Overexpression of OsSKL2 in rice increased tolerance to salinity, drought and oxidative stress by increasing antioxidant enzyme activity, and reducing levels of H2O2, malondialdehyde, and relative electrolyte leakage (Jiang et al., 2022).




3.5 Effect of combined salinity and submergence stress

The changing climate and resultant rise in sea water levels lead to unexpected spells of multiple abiotic stresses at different stages of paddy production. In coastal areas, increasing temperatures, erratic rainfall, and inundation of saline water due to sea-level rises can change the micro-environment in fields. Studies are limited in this arena for rice. Tolerant rice genotypes adapt to combined salinity and submergence due to the presence of well-developed constitutive aerenchyma and increased ethylene production and respiratory burst oxidase homolog (RBOH) signaling. RBOH-mediated ROS production resulted in the development of constitutive aerenchyma in a saline and flooding tolerant rice variety, Rashpanjor (Chakraborty et al., 2021). Chlorophyll fluorescence imaging identified tolerant varieties under combined salinity and partial submergence (Pradhan et al., 2018).



3.6 Effect of combined salinity and high temperature

High temperature and salinity in tropical coastal belts derail rice productivity. Exposure to salinity and high temperature, in combination or in tandem, changes rice growth patterns, defense mechanisms, reproduction, and survival functions, reducing shoot fresh weight, relative water content, photosynthetic pigments, and protein content and increasing proline and SOD activities. A saline-tolerant rice variety, YNU31-2-4, under combined high temperature and salinity stress, downregulated K+ transporter OsHKT1;5 and upregulated OsHSP18, OsP5CS, and Na+/H+ antiporter OsNHX (Nahar et al., 2022). However, under combined stress condition Nagina-22 performed well than other genotypes in terms of proline content, cell membrane stability index, SOD activity, pollen viability, spikelet fertility, and yield per plant and lower lipid peroxidation and Na+/K+ ratio than susceptible genotypes (Ali et al., 2021). Combined effects of various abiotic stresses on physio-biochemical traits in rice is given in Supplementary Table 2. Figure 2 shows the interactive effect of high temperature, eCO2. and drought.




Figure 2 | The physiological aspects of tolerance to various paired combinations of high temperature, water deficit stress and elevated CO2 with respect to grain yiled, and quality in rice.






4 Conclusion

Rice (Oryza sativa L.) is the staple food crop consumed by much of the world’s population. Projected rice statistics for 2021–22 estimated global production of 505.4 million tons, an increase of 1.9 million tons than previous year, mainly attributed to China, Bangladesh, South Korea, and Taiwan. Paddy is cultivated primarily in tropical climates, where water scarcity, high temperatures, salinity, and nutrient deficits can significantly reduce yields. Rapid fluctuations in environmental conditions can impact the adaptive ability of rice, further impairing its productivity. Various abiotic stresses affect seed germination, seedling establishment, shoot and root lengths, plant height, days to flowering, grain filling, maturity, and grain quality. Abiotic stresses during both vegetative and reproductive stage compromise panicle development and grain filling, impacting overall grain production and jeopardizing global food security. Genomics and QTL-based approaches have helped identify genes and loci responsible for abiotic stress tolerance in rice. Introgressing these newly identified molecular candidates can improve rice physiological growth under suboptimal conditions and stimulate reproductive development and grain production. However, further studies involving next-generation sequencing platforms and high-throughput phenotyping will help identify novel candidate genes responsible for regulating grain development in combined stress situations and pave the way for developing climate-ready crops.
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The impact of climate change has been alarming for the crop growth. The extreme weather conditions can stress the crops and reduce the yield of major crops belonging to Poaceae family too, that sustains 50% of the world’s food calorie and 20% of protein intake. Computational approaches, such as artificial intelligence-based techniques have become the forefront of prediction-based data interpretation and plant stress responses. In this study, we proposed a novel activation function, namely, Gaussian Error Linear Unit with Sigmoid (SIELU) which was implemented in the development of a Deep Learning (DL) model along with other hyper parameters for classification of unknown abiotic stress protein sequences from crops of Poaceae family. To develop this models, data pertaining to four different abiotic stress (namely, cold, drought, heat and salinity) responsive proteins of the crops belonging to poaceae family were retrieved from public domain. It was observed that efficiency of the DL models with our proposed novel SIELU activation function outperformed the models as compared to GeLU activation function, SVM and RF with 95.11%, 80.78%, 94.97%, and 81.69% accuracy for cold, drought, heat and salinity, respectively. Also, a web-based tool, named DeepAProt (http://login1.cabgrid.res.in:5500/) was developed using flask API, along with its mobile app. This server/App will provide researchers a convenient tool, which is rapid and economical in identification of proteins for abiotic stress management in crops Poaceae family, in endeavour of higher production for food security and combating hunger, ensuring UN SDG goal 2.0.




Keywords: abiotic stress, activation function, deep learning, web-server, mobile application 

  1 Introduction

The drastic climatic changes due to global warming after the 1980s lead to significant yield loss in various crops (Lobell et al., 2011). The Poaceae family of crops, especially rice, wheat, and maize, which account for ~50% of the world’s food calories and 20% of its protein intake (Erenstein et al., 2022), are highly susceptible to abiotic stress like heat, salinity, drought, and cold (Landi et al., 2017). On the other hand, due increasing global population, which may be around 9.5 billion by 2050, the current food availability gap requires a dramatic increase in food by 2050 (Cobb et al., 2013). It is already well known that environmental stressors negatively regulate the growth and development of plants leading to substantial yield and quality losses (Boyer, 1982; Palanog et al., 2014, Gupta et al., 2021). A recent study suggests that climate change could reduce global crop yields by 3–12% by mid-century, and by 11–25% by the century’s end, under a vigorous warming scenario (Sue Wing et al., 2021).

Stresses in plants, like drought, salinity, cold, etc. are their defensive states which result from deviations from their optimal growth conditions (Jansen and Potters, 2017). These stresses lead to a loss in yield, thus affecting food security, especially in the current scenario of climate change (Rico-Chávez et al., 2022). Therefore, there is a need to conceive comprehensive strategies for trait improvement of important crops, especially of the Poaceae family, under adverse climatic conditions. Artificial intelligence (AI)- based machine learning techniques have become the forefront of prediction-based data interpretation and plant stress responses (Gill et al., 2022). Analyses of high-throughput genomic data in recent years, like, genes, transcripts, proteins, metabolites, etc., require advanced analytical methods for proper associations and interactions. The promising computational power in terms of artificial intelligence (AI) based methodologies had been a promising means for analyzing various plant stress mechanisms (Fenu and Malloci, 2021). Also, machine learning (ML) based methodologies for identifying DNA N6-methyladenine sites of plant genomes (Hasan et al., 2021), a deep-learning-based hybrid framework for identifying human RNA N5-methylcytosine sites (Hasan et al., 2022), solving classification problems in molecular data like amino acid sequence, protein sequences and structures (Cai et al., 2020; Xu et al., 2020; Gelman et al., 2021; Sridevi and Kanimozhi, 2021; Wang, 2022; Ding et al., 2022) proves the versatility of ML methodologies. The use of ML-based studies to identify, classify, and predict various stresses in plants are well reported, namely, in basil, coriander, parsley, baby-leaf, coffee, pea, and maize for water stress (Niu et al., 2021; Zahid et al., 2022), in Arabidopsis thaliana for heat, cold, salt, and drought (Kang et al., 2018), salt stress in rice (Das et al., 2020) and wheat (Moghimi et al., 2018), drought stress in Bromus inermis (Dao et al., 2021), and biotic stresses in soybean (Venal et al., 2019), etc.

Various studies have been done using ML/Deep Learning techniques to classify stress-responsive varieties in corn using deep convolutional neural networks (Ghosal et al., 2018; Khaki et al., 2019), neural networks (Etminan et al., 2019), linear mixed model (Chen et al, 2012) and CNN (An et al., 2019), etc. However, there are limited resources of deep-learning-based prediction models for the abiotic stress protein sequence of the Poaceae crop family. Therefore, we developed a deep learning approach for the classification of the abiotic stress protein sequence of this family. In addition, we developed a novel activation function, namely, sielu that has increased accuracy as compared to the existing models. The same has been applied to the stress datasets. Most of the data under study were benchmark data collected from Uniprot. Although, the DL model works well in the structure, unstructured, and complex features of the dataset, however, it requires a large dataset to train the model (Elaraby and Elmogy, 2016). It also uses different optimization techniques, weight functions, loss functions, and activation functions during model development (Wen et al., 2018; Salman and Liu, 2019). During model building, an activation function plays an important role in boosting the performance of the model as this helps in the activation or deactivation of neurons (Benvenuto and Piazza, 1992; Sarker, 2021). DL model without an activation function converges to linear regression model. Several activation functions like sigmoid, ReLU, LeakyReLU, Tanh, and Softmax have been reported in the literature (Xu et al., 2015; Hendrycks and Gimpel, 2016; Agarap, 2018; Pratiwi et al., 2020) are being used in building DL for the classification and prediction (Li et al., 2018; Armenteros et al., 2019; Bileschi et al., 2022). Some of the major limitations of these activation functions are the vanishing gradient, loss of neurons, and problems in training small datasets (Srinivasan et al., 2019).

In this study, we proposed a novel activation function, named Gaussian Error Linear Unit with Sigmoid (SIELU) to overcome issues related to the activation function. Further, we have built a DL model using the proposed activation function for the prediction of abiotic stresses, i.e. heat, drought, cold, and salinity responsive protein sequences from the crops of the Poaceae family. Also, a Web server has been developed, which can be extensively used by researchers/breeders for the development of abiotic stress resistance varieties of the crops of the Poaceae family for increasing agricultural production and productivity. In the future, there is a scope for developing different weight initialization techniques, activation functions, optimizers, etc. for more efficient classification using deep learning models.


 2 Materials and methodology

 2.1 Activation function

A series of studies have been carried out related to various activation functions and their performance in DL network building. The extensively used activation functions in DL models are Sigmoid, Tanh, ReLU, LeakyReLU, SoftMax, etc. (Dunn et al., 2011).

 Sigmoid function: For any given input of data, the sigmoid maps to 0 or 1. If a given input goes above the predetermined threshold value, it will give output as 1, otherwise, 0, i.e., the neuron will remain deactivated. Scientifically, it has been proven that the human brain functions like the sigmoid function for differentiating and classifying objects (Pratiwi et al., 2020). Mathematically, it is expressed as:

 

 Tanh function: It is similar to the Sigmoid function with little modification for the output and expressed mathematically as (LeCun et al., 2012):

 

 Rectified Linear Unit (ReLU): This activation function uses stochastic gradient descent for back-propagation by adjusting the learning rate and minimizing the errors during training a model. Also, it provides a better solution without decaying the hidden layers by adjusting the learning rate and minimizing the error differentiation by removing all the negative values in back-propagation. Mathematically, ReLU can be expressed as (Agarap, 2018):

 

 Leaky Rectified Linear Unit (LaekyReLU): It is an extension of ReLU i.e., by using some value, say σ=0.01 that makes the neuron active instead of deactivating for zero values. Mathematically, the LeakyReLU function is expressed as (Xu et al., 2015):

 

 Softmax function: It gives the probability of each true class and is expressed as (Kanai et al., 2018):

 

Many other activation functions have been developed which are mainly derived from the above activation functions such as Gaussian Error Linear Unit (gelu) (Hendrycks and Gimpel, 2016), a multi-layer perceptron model with a sigmoid, tanh, conic section, and radial bases function (RBF), etc. (Karlik and Olgac, 2011; Cai et al., 2015).


 2.2 Proposed Gaussian error linear unit with sigmoid activation function (SIELU) activation function

It may be noted that the Tanh activation is used in the Cumulative Distribution Function of GELU. Also, Tanh activation function is reported to perform better than sigmoid (Szandała, 2021; Ingole and Patil, 2020; Jiang et al., 2020) but takes more time. However, in the prediction of high-dimension datasets, computational time is one of the crucial factors. It has been pointed out that the sigmoid function requires less time and is computationally inexpensive by approximating its polynomial for positive outputs (Wang et al., 2020). Further, the sigmoid function is computationally easy to perform. Therefore, a thorough investigation was done to derive a novel activation function i.e., SIELU from the GELU function.

An approximation of normal distribution (q) was carried out in 1955 for the first time by (Hastings, 1955; Brophy, 1985) which was expressed as:

 

Hence  ;

where , α 0=2.30753 ,  α 1=0.27061 ,  b 1=0.99229 ,  b 2=0.04481 or  ,

were, q→ normal distribution ,  t→ time,  α 0=2.515517 ,  α 1=0.802853 ,  α 1=0.010328 ,  b 1=1.432788 ,  b 2=0.189269 , b 2=0.001308 (Hastings., 1955).

With the advancement of technology, a more accurate approximation was introduced by estimating the standard normal deviated distribution z  by (Zelen and Severo, 1964) followed by Emerson, 1979.

 

where,  and  |e(p)|<4,5×10−4 ,  C 0=2.515517 ,  C 1=0.802853 ,  C 2=0.010328 ,  d 1=1.43288 ,  d 2=0.189269 ,  d 3=0.001308 .

Later, in 2008, standard normal deviated distribution to approximate the function was given by Kiani and co-workers (Kiani et al., 2008) as follows:

  ; −∞<z<∞ where  ; −∞<z<∞ .

Moreover, the approximation of Φ(x)−0.5 with absolute error<  3×10−5 (Bagby, 1995) is estimated from:

 

Our proposed Gaussian Error Linear Unit with Sigmoid (SiELU) was constructed by modifying the GELU function as follows:

 

Let  where,  On simplification of the equation (1):

 

Tanh and Sigmoid functions are mathematically defined as:

 

 

On further simplification of the equation (2),

 

By dividing numerator and denominator by e-x, equation (4) is changes to:

 

From equation (1) , f(x)=0.5x[1+tanhy] Now, equating sigmoid with tanh function and simplifying, we get:

 

 

Finally, the SiELU can be expressed as:

 

On simplification, we got the Gaussian Error Linear Unit with Sigmoid activation function, termed SIELU as follows:

 


 2.3 Deep learning model with proposed activation function.

 2.3.1 Data collection and pre-processing:

Abiotic stress responsive protein sequence data, namely, “salt stress”, “drought stress”, “heat stress” and “cold stress” of the Poaceae family were retrieved using Boolean operator from the public domain (Uniprot database: https://www.uniprot.org/). Also, the negative dataset of the corresponding stress conditions has been downloaded with the NOT operator. A total of 46 features were extracted from each of these sequences using the bio-python package, (Cock et al., 2009) ( Table 1 ). All the redundant sequences were removed with a similarity of 80% or more using the CD-Hit suite (Huang et al., 2010). For pre-processing the dataset, StandardScaler was used to transform these datasets into Standard Normal Distribution (SND) of the data having zero mean and unit variance, which reduces the biases of the models (Ahsan et al., 2021; Karlaš et al., 2022; Cha and Bae, 2022).

 Table 1 | Set of features under study. 



This data pertains to various features that were scaled down and standardized as follows to achieve consistency in the varying range of datasets:

 

 

where, Z is standard normalization with x  variables, μ mean, and σ 2  variance (Tauber and Sánchez, 2002).

For different layers and epochs, first, stratified sampling was performed, followed by random selection of the training dataset using python script, sklearn library. Different combinations of training:test sets, like, 70:30, 80:20, and 90:10 were made, and finally we proceeded with 80:20 based on the accuracy parameter (Gholamy et al., 2018; Akarsh et al., 2019; Pham et al., 2020; Nguyen et al., 2021; Gu et al., 2022). From this training data, actual training data and drop-out prediction data were retained at 80:20. Fine tuning of weight initializer, layers, epochs, and activation function was carried out in the model to assess the model performance in each epoch. For the given datasets of four stresses, different machine learning algorithms such as SVM, RF, LSTM models were applied using GeLU. For SVM models, polynomial kernel function, 0.01 coeff, and 5-fold StratifiedKFold were used in SVM models for maximum efficiency. In the case of Random Forest, we used a minimum of 0.1 leaf weight with 5-fold StratifiedKFold. For the deep learning model, 150 units, He normal kernel initializers, gelu activation function, and the proposed activation function i.e., sielu were used for comparative analysis in input layers. In the case of the hidden layer, 50 units, 0.02 dropout, and sigmoid activation with 1 unit for binary classification (in the output layer) were employed. During the model compilation, an Adam optimizer and mean square error loss function were used with 500 epochs. The schematic diagram of the methodology is represented in  Figure 1 .

 

Figure 1 | Schematic workflow for model implementation in the development of DeepAProt. 





 2.4 Model evaluation indicators

For model evaluation, measures such as accuracy, precision, recall, F1 Score, specificity, and MCC were applied. These parameters were calculated for all four abiotic stresses for SVM, RF, LSTM with GeLU, and LSTM with SieLU activation functions. These are expressed as follows:

 

 

 

 

 

 

where, TP = True Positive, TN = True Negative, FP = False Positive, FN = False Negative.



 3 Results and discussion

A thorough screening of “salt stress”, “drought stress”, “heat stress” and “cold stress” associated protein sequences from the Poaceae family retrieved from the public domain resulted in a total of 739 positive and 1305 negative protein sequences of cold stress, 642 positive and 1284 negative protein sequences of drought stress, 977 positive and 1305 negative protein sequences of drought stress, and 473 positive and 946 negative protein sequences of salt stress. For these datasets, 46 protein sequence features were extracted ( Table 1 ) using the bio-python package. These features were scaled down and standardized. The scaling method was used followed by the transformation of feature information into 0 to 1 to reduce the dominance of one feature over others (Beljkas et al., 2020).

The DL models were built using Sigmoid, Tanh, ReLU, LeakyReLU, SoftMax using the above data set and their performance was evaluated with respect model using the proposed SIELU activation function. Also, models were built based on these stress-associated datasets with different machine learning algorithms, namely, SVM, RF, and DL with GeLU activation function were also evaluated with the model using the proposed SEILU activation function. Off course, the proposed SIELU activation function was used in LSTM along with other fine-tuning hyper-parameters for the model development of four different abiotic stress protein sequence datasets of the Poaceae family. All these developed models were subjected to five-fold cross-validation.

The performance of these models was recorded from the test dataset in the form of a confusion matrix for calculating the various evaluation measures, namely, accuracy, precision, recall, F1 Score, specificity, and MCC. The following points emerged from this analysis:

It was observed that, for the cold stress dataset, accuracy and MCC were highest for LSTM with the proposed activation function, SieLU, i.e., 95.11% and 0.90, respectively for testing and 99.20% and 0.98 for the training dataset. LSTM with GeLU activation function gave an accuracy of 94.62% and MCC of 0.89 for the testing dataset and 100% accuracy and MCC of 0.89 in the training dataset. The performance of RF was lowest, i.e., 87.53% accuracy and 0.74 MCC for the testing dataset, accuracy of 88.43% and MCC of 0.75 for the training dataset ( Table 2 ).

 Table 2 | Comparison of LSTM with sielu and gelu, SVM, and RF for different abiotic stress-associated protein sequences. The figures in bold denote the evaluation parameters of the best fit model for given stress. 



For the drought-responsive protein sequences, the performance of LSTM with SieLU activation function was best with accuracy and MCC as 80.78% and 0.58, respectively for the testing dataset and 97.79% accuracy and MCC 0.95 for the training dataset. This was followed by LSTM with GeLU activation function (Accuracy 78.18%, MCC 0.53 for testing dataset and Accuracy of 100% and MCC 0.53 for training dataset), SVM (Accuracy 75.06%, MCC 0.45 for testing and Accuracy 85.39% and MCC 0.67 for training dataset) and RF (Accuracy 67.53, MCC 0.26 for testing dataset and Accuracy 72.03% and MCC 0.30 for training dataset).

In the case of heat stress also, we found LSTM with a novel activation function, SieLU to perform best with 94.97% accuracy and 0.90 MCC for the testing dataset while an Accuracy of 99.12% and MCC 0.98 for the training dataset. The accuracies for LSTM (GeLU), SVM, and RF were 94.97%, 93.65%, and 87.31%, and 87.96% respectively for the testing dataset whereas for the training dataset, it was found as 99.12%, 100%, 88.71%, and 85.64% respectively, while MCCs were 0.90, 0.87, 0.74, and 0.77 respectively for testing dataset whereas for training it was 0.98, 0.87, 0.77, and 72 respectively. A similar trend was observed in performance for the salt stress dataset also. Accuracy of LSTM (SieLU), LSTM (GeLU), SVM, and RF were 81.69%, 80.63%, 75.35, and 79.93 respectively for the testing dataset, whereas for the training dataset, it was 98.06%, 100%, and 75.49%, and 84.92% respectively.  Table 2  delineates the performance of models in detail.

Training accuracy vs. validation accuracy was captured for each epoch in which performance LSTM (SieLU) was found to be superior for all four abiotic stress datasets ( Figure 2 ). For the binary classification of four different abiotic datasets, we used a precision-Recall graph ( Supplementary Figure 1 ) for measurement of the performance of our developed models (Flach and Kull, 2015; Boyd et al., 2012). Analogously, the ROC (Receiver Operating Characteristics) curve shows the comparison of the performance of the developed ML/DL models for all the abiotic stress datasets ( Supplementary Figure 2 ) (Majnik and Bosnić, 2013). Therefore, it can be concluded that the LSTM model with the proposed SIELU activation function outperformed in all datasets as compared to the other competitive models used in this study for classifying protein sequences. Further, these models were also cross-validated with the benchmark heart disease dataset available in the UCI machine learning repository which consists of 303 samples with the 13 most significant features (Otoom et al., 2015). The results showed LSTM (SiELU) to have the highest accuracy (94.74%) and MCC (0.89) as compared to other machine learning models, namely, LSTM (GELU), SVM and RF which showed MCC of 0.86, 0.57 and 0.53, respectively.

 

Figure 2 | Validation curve of LSTM (SiELU) for (A) Cold stress , (B) Drought stress, (C) Heat stress and (D) Salt stress. 



 3.1 DeepAProt: Web implementation

A web-based tool, named as DeepAProt, was developed using the Application Programming Interface (API) flask for the deployment of these DL models. In this web server, the best model for each of the stress-responsive datasets was implemented at the backend to develop a web server for the prediction of related stress-responsive proteins. The architecture of a web-based tool followed the standard three-tier architecture, namely, presentation, web-API, and application layer. The presentation layer is the user interface of the tool which was implemented using HTML and CSS languages. In web-API, a REST API was developed for deploying the model in the server. This layer was implemented using the Python programming language. Finally, the application layer contains the models for the end users, making it more user-friendly for easy use and access. For its application at remote locations, a mobile app “DeepAProt app” was also developed. “DeepAProt app” is developed using Java and XML as a front-end mobile app using android studio. For the interface of the web tool, the Python Flask framework has been used. The Back-end web tool is developed on a python framework using a deep learning module i.e., TensorFlow. This app has the provision to upload protein sequence data in fasta format for analysis and the result will be presented in a tabular form regarding the given protein sequences association with abiotic stresses such as cold, drought, heat, and salt. In this app, a provision was also made to download and help document and sample data. It makes use of HTML (Peroni et al., 2017), javascript (Delcev and Draskovic, 2018), and CSS (Genevès et al., 2012) at the back-end and front-end to classify any protein sequence (in fasta format) that has to be upload as input by biologists.

The user can select either of the abiotic stresses, (i.e., heat/cold/salt/drought) followed by uploading the sequence. Once the raw protein sequence is uploaded in fasta format, the output classifies the sequences to the predicted category. This web server is user-friendly and freely accessible at http://login1.cabgrid.res.in:5500/.  Figure 3  shows the interface of this web-implemented server and its usage. This web-based tool helps the biologist to classify the unknown protein sequence to the respective class of abiotic stress. Also, the developed mobile app can be popularized for easy and quick handling of data for the identification of stress. It can be downloaded from the Homepage.

 

Figure 3 | Interface for use of DeepAProt. 



As classification and prediction of proper abiotic stress protein sequences help the biologist to implement it in crop improvement. Machine learning and deep learning models help to find out the abiotic stress protein sequences in a cost and effective manner. However, most biologists do not have enough knowledge about machine learning and deep learning to predict the proper abiotic stress protein sequences. Therefore, our models help them to distinguish between the abiotic stress and non-abiotic stress protein sequence that comes from the sequencing laboratory directly.



 4 Conclusion

In this study, we proposed a novel activation function name SIELU which was used to build the DL model along with other hyperparameters. The performance of this novel activation function has been studied using public domain data to predict stress-responsive proteins under four abiotic stresses, namely, cold, heat, salinity, and drought from the major crops of the Poaceae family. Further, a comparative analysis was carried out between SVM, RF, and LSTM with GELU, and SIELU activation functions. It has been observed that LSTM with SIELU activation function outperformed as compared to other competitive models used in this study. Hence, LSTM with SIELU models was implemented in the form of web servers for the classification of unknown protein sequences into different abiotic stresses of crops from the Poaceae family. This work can be of immense use for plant breeders for in silico identification of the stress-responsive proteins in crops of the Poaceae family, leading to the rapid development of abiotic stress-resistant varieties.

 Resource used: The research was carried out using python programming packages, version 3.7.8. Also, for the graphical user interface (GUI), Anaconda Repository was used for coding these models in a Jupyter notebook with necessary python libraries. All these model buildings have been carried out in HP-Z400-Workstation dual booting system where Linux - Ubuntu version with 16.04 LTS is used with the memory of 99.3 GB. The RAM of the system was 16 BGB with a processor of Intel® Xeon(R) CPU W3565 at 3.20GHz × 4 having NVC1 graphics.
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Introduction

Wheat is grown and consumed worldwide, making it an important staple food crop for both its calorific and nutritional content. In places where wheat is used as a staple food, suboptimal micronutrient content levels, especially of grain iron (Fe) and zinc (Zn), can lead to malnutrition. Grain nutrient content is influenced by abiotic stresses, such as drought and heat stress. The best method for addressing micronutrient deficiencies is the biofortification of food crops. The prerequisites for marker-assisted varietal development are the identification of the genomic region responsible for high grain iron and zinc contents and an understanding of their genetics.



Methods

A total of 193 diverse wheat genotypes were evaluated under drought and heat stress conditions across the years at the Indian Agricultural Research Institute (IARI), New Delhi, under timely sown irrigated (IR), restricted irrigated (RI) and late sown (LS) conditions. Grain iron content (GFeC) and grain zinc content (GZnC) were estimated from both the control and treatment groups. Genotyping of all the lines under study was carried out with the single nucleotide polymorphisms (SNPs) from Breeder’s 35K Axiom Array.



Result and Discussion

Three subgroups were observed in the association panel based on both principal component analysis (PCA) and dendrogram analysis. A large whole-genome linkage disequilibrium (LD) block size of 3.49 Mb was observed. A genome-wide association study identified 16 unique stringent marker trait associations for GFeC, GZnC, and 1000-grain weight (TGW). In silico analysis demonstrated the presence of 28 potential candidate genes in the flanking region of 16 linked SNPs, such as synaptotagmin-like mitochondrial-lipid-binding domain, HAUS augmin-like complex, di-copper center-containing domain, protein kinase, chaperonin Cpn60, zinc finger, NUDIX hydrolase, etc. Expression levels of these genes in vegetative tissues and grain were also found. Utilization of identified markers in marker-assisted breeding may lead to the rapid development of biofortified wheat genotypes to combat malnutrition.
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Introduction

Wheat (Triticum aestivum L.) is one of the most extensively cultivated crops in the world and contributes a major portion of the calories in the global diet. Wheat provides up to 60% of daily energy needs in developing and underdeveloped nations (Wang et al., 2011). Farming of the crop has undergone significant improvements in productivity and production over the past 50 years, under the moniker “green revolution” (Pingali, 2012; Yadav et al., 2019). As a result, we are in a reasonably secure position to satisfy the demand for food. However, a major emphasis was placed on productivity to hasten the food supply rather than giving importance to the wheat’s quality. Compared with naturally occurring wheat, our improved cultivars have a lower level of micronutrients in their grains (Gupta et al., 2021), which is referred to as the “dilution effect” (Murphy et al., 2008; Khoshgoftarmanesh et al., 2011; Amiri et al., 2015).

In areas that are severely affected by micronutrient deficiencies, cereals make up the majority of daily dietary intake. The micronutrient content of staple cereals like wheat and rice, especially the amount of iron (Fe) and zinc (Zn), is not at its optimal level, and milling further decreases this concentration (Rathan et al., 2022). Enhancing the nutritional qualities of crop plants is a strategy known as biofortification that can be used to fight micronutrient deficiencies in food (Bouis et al., 2011). Agronomic biofortification is based on optimized fertilizer applications, whereas genetic biofortification is based on traditional plant breeding and/or genetic engineering to improve nutrient concentrations (Cakmak, 2008; Borrill et al., 2014). Out of these two strategies, genetic biofortification has been identified as an effective and affordable technique to enhance food nutrition content in a sustainable long-lasting way to combat mineral nutrition deficiencies (Krishnappa et al., 2022).

Among the most common human micronutrient deficiencies worldwide, iron and zinc deficiencies are important ones (Welch and Graham, 1999). Hemoglobin, a vital substance for the transportation of oxygen and carbon dioxide, preserves the acid–base balance in the blood and contains a significant amount of iron. Iron deficiency results in anemia, which negatively impacts hemoglobin function and impairs the physical and mental development of children, and can cause maternal mortality in undernourished pregnant women. Zinc promotes growth, controls the body’s immune response, and participates in the production of numerous enzymes (Liu et al., 2014). Inadequate intake of zinc increases the risk of developing cancer, impaired immune function, defective bone formation, and contagious infection (Brown et al., 2004; Gibson, 2006).

The majority of wheat-growing land is affected by sporadic rains, rising temperatures, and heat waves on a regular basis. Heat and drought stress have an impact on grain-filling time, starch accumulation, and seed size. In addition, during heat and drought stress, the grain sink capacity reduces to a greater extent (Zahra et al., 2021). Food and nutritional security will worsen as a result of rising temperatures brought on by climate change and declining water availability in the majority of spring wheat growing regions (Velu et al., 2016). Grain iron and zinc content are complex characteristics affected by multiple genes, with a complicated genetic inheritance, and is significantly influenced by environmental factors (Krishnappa et al., 2017). Drought and heat stress often change the expression of genes involved in nutrient accumulation and translocation owing to polygenic inheritance and genotype-by-environment interactions.

The direct uptake of minerals from the soil and/or the remobilization of minerals held in vegetative tissues during grain filling are the two main sources of grain mineral supply (Kutman et al., 2012). According to research, the vegetative tissues of wheat plants hold the majority of the reserves of grain micronutrients, with more than 70% of these reserves being remobilized during grain filling (Erenoglu et al., 2011; Cu et al., 2020). Abiotic stress influences the vegetative growth and osmotic regulation of plants, indirectly influencing mineral nutrients in the food grains. Heat and drought stress shortens grain-filling durations, decreases starch accumulation, and leads to smaller and shriveled seeds. In addition, heat and drought stress reduce grain sink capacity (Zahra et al., 2021). To breed stable nutrient-containing grain varieties under drought and heat stress, a thorough understanding of the genetic regulation of nutritional traits and its relationship with grain yield is necessary (Samineni et al., 2022). Introgression and mobilization of the genes underlying the desired traits into locally adapted cultivars could result in the genetic improvement of grain nutritional state under abiotic stress.

Recent improvements in high-throughput genotyping and phenotyping have boosted the feasibility of discovering the genetic basis of complex traits (Devate et al., 2022a), such as grain nutrient content. This has led to the popularization of whole-genome-marker-based techniques such as Quantitative trait loci (QTL) mapping, genome-wide association studies (GWASs), and genomic selection (Krishnappa et al., 2021; Anilkumar et al., 2022; Harikrishna et al., 2022). Previous research has been conducted to find grain iron- and zinc- associated QTLs in order to identify potential candidate genomic loci (Xu et al., 2012; Crespo-Herrera et al., 2017; Krishnappa et al., 2017; Velu et al., 2017; Wang et al., 2021). However, QTL mapping requires a long time to establish biparental mapping populations when compared with genome-wide association studies (Edae et al., 2014).

The precise modulation of a complex quantitative trait for adaptation to a specific environmental condition, such as drought or heat stress, necessitates the identification of relevant genetic regions, such as QTLs (Puttamadanayaka et al., 2020; Sunil et al., 2020). GWAS is one of the most effective strategies for identifying genes/QTLs based on linkage disequilibrium (LD). The extent of LD across the genome is greater in self-pollinated crops, such as wheat (Roncallo et al., 2021), providing high resolution and power of association. High-density SNP markers, which are employed in GWASs, may screen large gene pools of breeding material. GWASa have been widely utilized in numerous crops to predict candidate genes using genome-wide-dense markers for various complex traits (Sukumaran et al., 2015; Liu et al., 2018; Srivastava et al., 2020; Alseekh et al., 2021; Danakumara et al., 2021; Devate et al., 2022a; Khan et al., 2022; Tiwari et al., 2022). The benefits of GWASs include the ability to identify Marker trait association  (MTAs) with high resolution utilizing diverse germplasm, making the method more efficient and less expensive than biparental QTL mapping (Jin et al., 2016). GWAS is one of the best methods to identify robust QTLs that have an effect in both normal and stress environments (Jamil et al., 2019; Ahmed et al., 2021; Saini et al., 2022). As a result, GWASs have evolved into a potent and widely used method for studying complex traits (Tibbs Cortes et al., 2021).

There have been attempts to identify the genomic regions targeting grain nutrient content such as iron and zin using GWASs (Bhatta et al., 2018; Kumar et al., 2018; Velu et al., 2018; Krishnappa et al., 2022; Rathan et al., 2022). However, all of them are conducted under stress-free ideal conditions for wheat growth, with a few exceptions (Devate et al., 2022b). Most of the wheat-growing area is impacted by drought and heat stress, influencing the quality and quantity of wheat production. Hence, in this study, our focus is on the identification of a candidate genomic region for grain iron and zinc content in wheat grown under drought and heat stress.



Materials and methods


Plant material and field experimentation

The association panel under investigation included 193 genetically diverse bread wheat genotypes (Supplementary Table 1) consisting of advanced breeding lines, commercial cultivars, elite varieties, germplasm Core-set, and synthetic derivatives. The plant material collections were available at the Division of Genetics, Indian Agricultural Research Institute (IARI), New Delhi. Field experiments were carried out at the field station of the ICAR–Indian Council Agricultural Research Institute, New Delhi (28.6550° N, 77.1888° E, mean sea level 228.61 m) for 2 years, during the rabi seasons of 2020–2021 and 2021–2022. Weather data during the growing season of wheat (November to March) in 2020–2021 and 2021–2022 are included in Supplementary Table 2. In each year genotypes were evaluated under three conditions, that is, irrigated (IR), restricted irrigated (RI), and late sown (LS) to impose stress. Irrigated trials received a total of six irrigations, whereas restricted irrigated trials received only one irrigation (i.e., 21 days after sowing in addition to pre-sowing irrigation) to induce terminal drought stress. Terminal heat stress was introduced by planting the crop (late sown; LS) in the second fortnight of December to expose it to high temperatures during flowering and grain filling, rather than the ideal sowing time, which is the first fortnight of November [followed for the control (IR) and drought (RI) treatments]. The genotypes were evaluated under augmented Augmented -Randomized complete block design (Augmented RCBD) (Federer, 1956; Federer, 1961; Searle, 1965), with 193 genotypes and four checks (HD-3271, HD-3086, HD-3237, and HD-2967) replicated twice in each of the six blocks. Each plot consisted of three 1-m lines sown 25 cm apart. Recommended agronomic practices for the given geographical area were carried out in both years. All four check varieties are popular wheat varieties of the northeastern plain zone where experimentation was conducted. HD 3086 and HD 2967 were recommended varieties for timely sown irrigated conditions, whereas HD 3237 and HD 3271 were recommended varieties for RI and LS conditions, respectively. Furthermore, they are non-segregating homozygous lines, hence suitable to evaluate as checks. For a better understanding of the methods followed in the study, see the flow chart in Figure 1.




Figure 1 | Flow chart of the genome-wide association studies (GWASs) conducted.





Phenotyping

In both years, the collection of grain for grain iron content (GFeC) analysis, grain zinc content (GZnC) analysis, and 1000-grain weight (TGW) estimation was carried out by hand picking 20 random spikes from each line into polythene bags. Hand threshing was done to avoid contamination in machines. GFeC and GZnC were estimated using around 20 g of the grain sample from each genotype. A high-throughput energy-dispersive X-ray fluorescence (ED-XRF) spectrometric, bench-top, non-destructive machine (model X-Supreme 8000; Oxford Instruments plc, Abingdon, United Kingdom) (Paltridge et al., 2012), located at ICAR–Indian Institute of Wheat and Barley Research, Karnal, was used for phenotyping. The concentration of grain iron and zinc was measured in mg/kg. The TGW was measured from manual hand sampling of random representative grains from each genotype. The TGW was recorded in grams using an electronic balance.



Genotyping

Genomic DNA from leaf samples of all 193 genotypes was isolated with the cetyltrimethylammonium bromide (CTAB) extraction method  (Murray and Thompson, 1980) followed by a DNA quality check through 0.8% agarose gel electrophoresis. Genotyping was carried out using the Axiom Wheat Breeder’s Genotyping Array (Affymetrix, Santa Clara, CA, United States) with 35,143 SNPs following standard protocols. Allele calling was carried out using the Affymetrix proprietary software package Axiom Analysis Suite, following the Axiom® Best Practices genotyping work flow (https://media.affymetrix.com/support/downloads/manuals/axiom_analysis_suite_user_guide.pdf). SNPs were filtered, and monomorphic markers and markers with a minor allele frequency (MAF) of 5%, missing data of more than 10%, and heterozygote frequency greater than 50% were eliminated from the study. The remaining 13,947 SNPs were analyzed further.



Phenotypic data analysis

Analysis of variance, descriptive statistics (mean, SD, range, CV, coefficient of variation H2, heritability), and adjusted means of phenotypic data were calculated by year and by treatment (2020–2021 or 2021–2022, and IR, RI, or LS) using the R package ‘augmentedRCBD’ (Aravind et al., 2021). Individual best linear unbiased predictions (BLUP), combined best linear unbiased predictions (BLUP) values of IR, RI, and LS across two seasons (denoted as IR_BLUP, RI_BLUP, LS_BLUP), and overall BLUP (C_BLUP) across the six environments were estimated using ACBD-R software (Rodríguez et al., 2018) with the following model:

	

	

IdCheckj, Genj, and Checkj correspond to the effects of the identifier of checks, the unreplicated genotypes, and the checks that are repeated in each block (Blocki), respectively. Envi is the effect of ith environment and Envi × Genj, Envi × IdCheckj, Envi × Genj, and Envi × Checkj are the interaction effects. µ is the mean and e is the error component (as described in ACBD-R User Manual, Rodríguez et al., 2018).

Graphical representations of the phenotypic data with frequency distribution and box plot were generated using “ggplot2” package from R software. SNP distribution by chromosome with an SNP density plot was generated using the web tool SR-Plots (https://www.bioinformatics.com.cn/en). Pearson correlation coefficient values among the traits in each environment were also calculated.



Diversity, linkage disequilibrium, and association analysis

Diversity in the GWAS panel was identified by marker-based principal component analysis (PCA) and neighbor-joining (NJ) dendrogram analysis using Genome Association and Prediction Integrated Tool (GAPIT) v3  (Lipka et al., 2012) and trait analysis by association, evolution, and linkage (TASSEL v5.0) (Bradbury et al., 2007), respectively, with default parameters. For cluster analysis, the distance matrix was calculated from TASSEL v5.0 and the NJ tree file in Newick format was exported to iTOL version 6.5.2 (https://itol.embl.de/) to draw the dendrogram.

Intrachromosomal linkage disequilibrium (LD) was calculated from the pairwise r2-value, between markers were calculated from TASSEL 5.0, and the LD decay curve was drawn for each A, B, and D genome along with the whole genome. Pairwise r2-values were plotted against the distance in base pairs (BP) to estimate LD block size and the distance at the half-LD decay point was noted (Remington et al., 2001).

A total of 13,947 Filtered SNPs and adjusted means for each environment, BLUPs calculated from the two-season data for IR, RI, and LS (separately and overall), and A total of 13,947 Filtered SNPs and best linear unbiased predictions (BLUPs) across the six environments were used to decipher the associated markers with traits using ‘BLINK’ (Bayesian-information and linkage-disequilibrium iteratively nested keyway) (Huang et al., 2019) under GAPIT v3 in R. In the model, PCA-based population structure was applied as a fixed effect to eliminate the effect of population structure in the analysis. A Q–Q plot was drawn to determine association model fitting, by plotting the expected vs. observed -log10(p) values. Marker trait associations (MTAs) in all six environments for GFeC, GZnC, and TGW were found to have a significant p-value of< 0.0001. For stringent selection, a Bonferroni correction was applied (p = 0.05/total number of markers).



In silico, gene ontology and expression analysis

Associated markers identified using GWAS were subjected to a basic local alignment search tool (BLAST) search using the sequence information of the markers. The BLAST search was carried out using the data web service Ensembl Plants (Yates et al., 2022) (https://plants.ensembl.org/Triticum_aestivum/Tools/Blast) against the bread wheat reference genome IWGSC (RefSeq v1.0). Putative candidate transcripts within a 100-kb flanking region of SNPs were identified by region comparison followed by protein produced (or coded) by them using InterPro Classification of protein families  (Blum et al., 2021) (https://www.ebi.ac.uk/interpro/). A further gene ontology study of identified genes was carried out to know their biological process, cellular components, and molecular functions from Expression Atlas (Papatheodorou et al., 2020) (https://www.ebi.ac.uk/gxa/home). Expression analysis of putative candidate genes linked to the identified SNPs was carried out in the Wheat Expression Browser by expVIP (Ramírez-González et al., 2018) (http://www.wheat-expression.com/). Expression of genes in high-level tissue, that is, root, shoot/leaves, spike, and grains, was noted down in the transcript per million (TPM). A heat map based on expression data was generated using the ‘ggplot2’ package in R. Genes with a higher expression level were identified.




Results


Phenotypic evaluation

Descriptive statistics were studied for all three traits, i.e., GFeC, GZnC, and TGW, across IR, RI, and LS treatments from both years and are given in Table 1. A frequency distribution histogram demonstrates that all the studied traits were distributed normally in the population (Figure 2). Box plots demonstrated that GFeC and GZnC had a higher mean value under RI (Fe 44.29 mg/kg; Zn 48.09 mg/kg) and LS (Fe 44.79 mg/kg; Zn 53.9 mg/kg) treatment than the control (Fe 33.47 mg/kg; Zn 45.13 mg/kg) in the year 2020, and a similar pattern was observed for LS in 2021. Whereas in 2021, under RI, grain iron content (40.87 mg/kg) was higher than the control, but grain zinc content was observed to be lower (39.24 mg/kg). There was a slight increase in TGW upon drought stress, and a significant decrease under heat stress in both the 2020 and 2021 growing periods, compared with control (Figure 3).


Table 1 | Descriptive statistics, analysis of variance (ANOVA) and heritability for GFeC, GZnC, and TGW across the six environments timely sown irrigated (IR), restricted irrigated (RI) and late sown (LS) treatments evaluated in New Delhi during the 2020 and 2021 growing periods.






Figure 2 | Histogram showing the frequency distribution of all the studied traits across the six environments.






Figure 3 | Box plot depicting the distribution of grain iron content (GFeC), grain zinc content (GZnC)p, and the 1000-grain weight (TGW) under timely sown irrigated (IR), restricted irrigated (RI) and late sown (LS) conditions across the years 2020–2021 and 2021–2022.



Analysis of variance (given as a MSS "Mean sum of squares" ; Table 1) demonstrated that all the studied traits in all the treatments across the years showed significant variation, except for GFeC under IR in 2021. The coefficient of variation (CV) ranged from 4.89% to 12.64% for GZnC under LS in 2020 and RI in 2021, respectively. For GFeC and TGW the CV ranged from 5.14% to 7.27% and 6.72% to 11.46% respectively. All the studied traits depicted medium-to-high broad sense heritability, with the highest heritability by GZnC under LS in 2020. The range of heritability of GFeC, GZnC, and TGW was 19.42% to 61.43%, 41.57 to 88.89%, and 58.13% to 80.08%, respectively (Table 1).

The Pearson correlation coefficient among the traits in each treatment across the year demonstrated a significant positive correlation between GFeC and GZnC under all environments (p<0.001), except under RI in 2020, which showed a non-significant correlation. The correlation of TGW with GFeC and GZnC was non-significant in 2020 under all three treatments. However, in 2021, TGW showed a positive correlation with GFeC under the IR and RI conditions, and a negative correlation with GZnC under IR and LS (Table 2). Correlation among the observations across the three treatments and the years for each trait separately demonstrated all positive correlations with high correlation coefficient values for TGW (Supplementary Figure 1).


Table 2 | Correlation among the traits of grain iron content (GFeC), grain zinc content (GZnC), and 1000-grain weight (TGW) in each environment.





SNP markers distribution, population diversity and linkage disequilibrium

Out of the 35,143 SNPs from the 35K array, a total of 13,947 genome-wide SNPs were retained after filtering for a MAF of<0.05, a heterozygote frequency of<0.5, and missing data<0.1 for quality processing. These SNPs were distributed over the genomes A, B, and D, with 4,307, 5,246, and 4,394 SNPs, respectively. The numbers of SNPs distributed over each chromosome are given in Table 3 and are graphically depicted through an SNP density plot (Figure 4).


Table 3 | Distribution of 13,947 filtered SNPs over chromosomes and three subgenomes A, B, and D.






Figure 4 | SNP density plot indicating the distribution of filtered SNPs across chromosomes.



Molecular marker-based PCA demonstrated that PC1 and PC2 corresponded to 54.56% and 25.03% of the variation, and the population was grouped into three subgroups (Figure 5). A neighbor-joining dendrogram drawn based on the distance matrix among the genotypes from the GWAS panel inferred three main clusters branching into many clusters in the population (Figure 5). PCA-based population grouping was used as a covariate in association analysis to avoid false associations occurring as a result of the population structure.




Figure 5 | Population groupings in the GWAS panel from different models. (A) Principal component-based grouping based on PC1 vs. PC2; and (B) neighbor-joining tree based on a distance matrix.



Linkage disequilibrium (LD) between the marker pairs was calculated as r2. The LD decay plot was drawn using the r2-value against genetic distance in base pairs (bps). A large LD block size of 3.49 Mb was observed for the whole genome indicating that SNPs at this block act as inheritance blocks, whereas subgenomes A, B, and D had block sizes of 2.48 Mb, 4.29 Mb, and 3.82 Mb, respectively (Figure 6).




Figure 6 | Subgenome (A, B, D) and whole-genome-wide linkage disequilibrium (LD) decay in the GWAS panel.





Genome-wide association study

The GWAS for all three traits, with a BLUP value for each treatment in both of the years separately, across all the years, and the overall BLUP, revealed 36 unique marker trait associations (MTAs) for all three traits put together at the cut-off p-value of<0.0001. Among them, five, six, and 10 unique, treatment-specific SNPs were linked to GFeC, GZnC, and TGW, respectively. Similarly, based on combined BLUPs, five SNPs were linked to GFeC, and 10 were linked to TGW (Supplementary Table 3). To enhance the stringency of the selection a Bonferroni correction was applied (–log10(p) >5.45) and 16 MTAs (five for GFeC, one for GZnC, and 10 for TGW) were retained and they were depicted with Manhattan and quantile–quantile (Q–Q) plots (Figures 7 and 8). SNP AX-94926681 located on 6A at 610.4 Mb was linked with TGW, and was identified under more than one treatment and also under combined BLUPs. Similarly, SNP AX-94393306 was linked with GFeC under LS in 2020 and LS_BLUP across the years. Only one linked SNP AX-95095792 was located on chromosome 4B at 660.4 Mb and was identified for GZnC under IR in 2020. A total of five different SNPs were linked to GFeC and were identified on four different chromosomes: 6D, 3A, 7B, and 3B (Table 4; Figure 9).




Figure 7 | Manhattan and respective quantile–quantile (Q–Q) plots of significant associations for GFeC under IR, RI, LS, and combined BLUPs.






Figure 8 | Manhattan and respective Q–Q plots of significant associations for GZnC and TGW under IR, RI, LS, and combined BLUPs.






Figure 9 | Distribution and position (in Mb) of identified marker trait associations (MTAs) at their respective chromosome with associated trait.




Table 4 | Significant marker trait associations (MTAs) with a Bonferroni-corrected p-value (–log10(p) > 5.45) for traits under study at each environment.





In silico analysis

A total of 16 MTAs were retained after stringent selection and were further searched for their candidate genes in a 100-kb flanking region using sequence information from the SNPs identified with the BLAST search in Ensembl Plants. The SNP AX-94393306, which was present on chromosome 7B, was linked to GFeC and was BLASTed to gene codes for HAUS augmin–like complex subunit 2. A gene ontology study found that the gene was an integral part of the microtubule organizing center, as it plays a role in spindle assembly during cell division. In a 100-kb flanking region of this SNP, there is another transcript coding for the P-loop-containing nucleoside triphosphate hydrolase. Similarly, SNP AX-94850629 was within the region coding for a serine–threonine/tyrosine-protein kinase, which is a catalytic domain with a major role in protein phosphorylation. Two other transcripts coding for the glycoside hydrolase superfamily and the bifunctional inhibitor/plant lipid transfer protein/seed storage helical domain were present in the flanking region of the SNP. Only one MTA AX-95095792 was found to be linked to GZnC at a –log10(p) value of 6.92. This MTA was present in the transcribing region codes for restriction endonuclease type II-like protein. In the flanking region of this SNP another two transcribing regions (TraesCS4B02G378800, TraesCS4B02G378500) were identified as coding for cyclophilin-type peptidyl-prolyl cis–trans isomerase domain and tRNA/rRNA methyltransferase, with them having a potential role in protein peptidyl-prolyl isomerization and RNA processing, respectively. A stably identified SNP AX-94926681, linked to TGW, was present in the region coding for ribonuclease H, exonuclease, and RNase T/DNA polymerase III, all of which have crucial roles in nucleic acid binding. Similarly, the location of the transcripts within or near the region of identified MTAs were searched, and are presented in Table 5. Two MTAs namely, AX-94950047 and AX-94824733, were located in the non-genic region.


Table 5 | Putative candidate genes in the 100-kb region of the linked marker with protein produced and gene ontology studies.



An expression study of candidate genes using wheat expression data revealed several transcripts, that is, TraesCS4A02G409100, TraesCS6A02G296400, TraesCS3B02G248500, TraesCS1B02G336000 and TraesCS6D02G277900, which had very high expression in root and shoots, compared with grains and genes, and mainly belonged to MTAs linked to the TGW. The ranges of expression in root, shoot, spike, and grains were 0.03–37.58 TPM, 0.01–24.51 TPM, 0.02–29.37 TPM, and 0–9.18 TPM, respectively. Among the transcripts expressed in grains, TraesCS6D02G394800, TraesCS6D02G278100, TraesCS4A02G409000, and TraesCS1B02G336000 had higher expression than others. Transcript TraesCS1B02G336000 was linked with higher expression in both vegetative tissues and grain (Figure 10). The transcript producing secretory carrier membrane proteins (SCAMPs) was found to be important in subcellular localization and trafficking (Law et al., 2012).




Figure 10 | Expression heat map of identified genes in important tissues, that is, root, shoot/leaves, spikes, and grain.






Discussion

Wheat has nutritional importance in combatting hidden hunger; however, the grain is deficient in iron and zinc. Environmental influence often affects the quality, quantity, and nutritional status of the grain because of environmental influences, such as heat and drought stress, during the growth phase (Sehgal et al., 2018). It is necessary to have a deep knowledge of the genomic region influencing grain iron and zinc content under drought and heat stress in order to develop specific varieties with a high micronutrient status along with a higher yield. Previously identified drought- and its component trait-related QTLs were utilized to improve drought tolerance of varieties through marker-assisted back crossbreeding (Sunilkumar et al., 2022). For such implications, the identification of a marker linked with the trait of interest is a prerequisite. Hence, the use of a diverse mapping panel for the identification of MTAs linked to GFeC, GZnC, and TKW in wheat grown under heat and drought stress along with control plants was attempted in this study.

Analysis of variance for all the studied traits (except GFeC under IR in 2021) in both years showed significant variation among the traits. The trait variations are a prerequisite for genetic studies and a breeding program of the nutrient status of the grain  (Cu et al., 2020). Trait values of GFeC and GZnC were enhanced under drought and heat stress, as compared to the control, due to a lower yield, which is called the concentration effect (Oury et al., 2006; Morgounov et al., 2007; Fan et al., 2008; Liu et al., 2014). A greater yield lowers the grain nutrient content due to the dilution effect (Gupta et al., 2021). However, grain iron and zinc contents were higher in stress conditions, except for GZnC under RI in 2021 (39.24 mg/kg), compared with the control. Given that GFeC and GZnC are complex traits, with a quantitative pattern of inheritance and environmental influence, their expression levels might differ with the season, treatment, and soil nutrient condition, etc.

The coefficient of variation (CV) and broad-sense heritability for GZnC and TKW were higher compared with GFeC. TGW was having high heritability throughout the six environments followed by GZnC, which was similar to previous reports by Krishnappa et al., 2022. Heritability of GFeC was low to medium, having a wide range from 19.42% to 61.43%. Higher heritability indicates the greater contribution of genetic variance to the total variance and indicates the possibility of genetic improvement of traits through marker-assisted selection (Rathan et al., 2022). Inter-season correlation among TGW measured under three different treatments across two years had a strong positive correlation, indicating the higher heritability of the trait. Inter-season correlation for GFeC and GZnC was positive, but the strength was low, similar to a previous report on GZnC (Alomari et al., 2018); this might be because of environmental influence.

We observed that the Pearson correlation coefficient was positive between GFeC and GZnC under all the treatments (except RI in 2020), which was similar to the results reported by Liu et al. (2014); Rathan et al. (2022); Krishnappa et al. (2022). However, Cu et al. (2020) reported both positive and non-significant correlations between GFeC and GZnC in matured and immature grains. TGW had no correlation with GFeC and GZnC in 2020–2021, whereas it showed a positive correlation with GFeC in 2021–2022. Correlation between TGW and GFeC showed positive (Rathan et al., 2022), negative, and no correlations (Cu et al., 2020) in previous studies. Traits harbored by additive gene action and with positive correlation can be improved together efficiently despite environmental influences (Borah et al., 2018).

The use of structured populations influences the identification of MTAs through GWASs (Pritchard et al., 2000). To nullify this effect, population structure is used as a covariate in the analysis. The present material had three subpopulations, as identified by marker-based PCA. PCA is one of the popular approaches for inferring the population structure of the genome-wide association panel using high-density SNPs (Abraham and Inouye, 2014; Devate et al., 2022a). A diversity tree, based on the genetic distance, confirms that there was sufficient diversity by having three main clusters and many subclusters branching further. The grouping pattern seemed to correlate with the origin of materials. All the core-set lines in the GWAS panel were grouped in one group and the varieties of Indian origin were in another.

The linkage disequilibrium (LD) decay over genetic distance in a population determines the density of marker coverage needed to perform GWASs. A faster LD decay indicates the requirement of a higher marker density to capture the markers close enough to the causal loci (Flint-Garcia et al., 2003). In the present study, a large LD block size was found with 3.49 Mb for the whole genome. The LD for the subgenomes was found to be 2.48 Mb, 4.29 Mb, and 3.82 Mb for A, B, and D genomes, respectively. Similarly, a large LD block size of 4.4 Mb was observed by Pang et al., 2020. In the current study, a low rate of LD decay was observed for the B genome followed by D and A, whereas faster LD decay (Ledesma-Ramírez et al., 2019), as well as slow decay in the D genome, were reported in previous studies (Ogbonnaya et al., 2017; Jamil et al., 2019; Li et al., 2019; Pang et al., 2020; Devate et al., 2022a). The LD may vary in different populations because of population size, genetic drift, admixtures, selection, mutation, non-random mating, pollination behavior, and recombination frequency (Gupta et al., 2005; Vos et al., 2017).

A genome-wide association study was carried out with the BLINK model under GAPIT, which is presumed to be superior for identifying QTNs and avoiding false positives to decipher true associations (Huang et al., 2019). A total of 36 MTAs were identified to be linked to the studied traits at a p-value of<0.0001. However, to enhance the stringency of selection to avoid false positives, a Bonferroni correction was applied. A total of 16 stringent markers were found: five for GFeC, one for GZnC, and 10 for TGW. Bonferroni correction is a method to counteract the multiple comparisons problem to reduce type 1 error, i.e., false positives (Kaler and Purcell, 2019).

Recent advances in wheat genome sequencing and annotation made it possible to decipher the candidate genes in the genomic region identified with GWAS, which may be responsible for the variation of the grain nutrient content directly or indirectly by influencing the nutrient metabolism (Cu et al., 2020). Candidate genes located near 100-kb regions of identified MTAs were tabulated with their transcript ID and the probable proteins they code for. Tissue specific expression of genes, responsible for stress management and nutrient content in the grains were identified in the genomic region of linked SNP markers. Stress-related expression of genes in roots, as well as in seed, were identified based on the expression study using the Wheat Expression Database and the Expression Atlas.

Marker trait associations (MTAs) with GFeC were found on chromosomes 3A, 3B, 4B, 6B, and 7D; there have been similar reports on chromosome 3B (Crespo-Herrera et al., 2017; Liu et al., 2019; Cu et al., 2020; Liu et al., 2021; Krishnappa et al., 2022), whereas the rest of the MTAs were novel to this study. The grain iron content-linked SNP marker AX-94877284 was identified to be present near the candidate regions coding for NB-ARC, the winged helix-like DNA-binding domain, and the synaptotagmin-like mitochondrial-lipid-binding domain. The coding regions were identified through in silico analysis. Furthermore, the expression study revealed their expression in the grain as well as in the root, and they are an integral part of the membrane, acting as a lipid transporter. These three important proteins have a crucial role in plant disease resistance (Van Ooijen et al., 2008), iron deficiency response (Colangelo and Guerinot, 2004), and homeostasis during abiotic stress (Ruiz-Lopez et al., 2021). As wheat is a hexaploid with three homeologous genomes there is a high chance that similar genes on the respective homeologous chromosomes would be found. An elaborate study of iron deficiency-specific clone 3 (Ids3)-like genes in hexaploid wheat was conducted by Mathpal et al., 2018. The authors found an ortholog on the telomeric region of chromosome 7A and its homolog ranged from 78% to 88% on chromosomes 7D and 7B. Similarly, we found a novel region related to GFeC on chromosome 7B linked to MTA AX-94393306. The region was found to be present near the gene region that encodes the HAUS augmin–like complex subunit. This subunit has an influence on microtubule development during mitosis (Uehara et al., 2009) and on the P-loop-containing nucleoside triphosphate hydrolase whose homologs have the property to bind divalent cation (Tan et al., 2010). Iron has both divalent and trivalent valency. However, the majority of its uptake and assimilation only take place in its divalent status (Tsai and Schmidt, 2017). There is evidence to influence transporters on more than one kind of ions (Pinilla-Tenas et al., 2011; Wang et al., 2012). The candidate region coding for the tyrosinase copper-binding domain, which performs a metal-binding activity (Solano, 2018), was identified in the vicinity of the marker AX-94565216. SNP marker AX-94850629 was linked with the candidate genes coding for the serine–threonine/tyrosine-protein kinase catalytic domain and the bifunctional inhibitor/plant lipid transfer protein/seed storage helical domain. The first gene influences plant responses to stress signals and developmental processes involving modifications in protein Tyr phosphorylation (Shankar et al., 2015). The second gene is a seed storage proteins homolog such as napin from Brassica napus (Rico et al., 1996) and 2S albumin from Ricinus communis (Pantoja-Uceda et al., 2003). Furthermore, their cellular function was found to be protein phosphorylation and regulation of protein kinase activity. A differential regulation of the transcript during drought and heat stress (Gahlaut et al., 2020) was maintained by a candidate gene near AX-95168777, i.e., C-5 cytosine methyltransferase under the RI condition. Differential regulation of genes may have an influence on nutrient homeostasis in plants.

Stringent selection for MTAs left only one marker AX-95095792 on chromosome 4B linked with grain zinc content. The candidate region is mainly responsible for gene regulation and translation-related activities. Cyclophilin-type peptidyl-prolyl cis–trans isomerase domain, tRNA/rRNA methyltransferase, and SpoU-type proteins were reported in the candidate region. They have functions in the isomerization of the prolyl–peptide bond (Singh et al., 2021) and tRNA modification linked to protein synthesis (Hori, 2017). However, for GZnC, as a quantitative trait, the study revealed its low level of expression in the root as well as the grain and demonstrated it to be a minor gene, which is a common feature of quantitative traits governed by many genes. As housekeeping genes are expressed regularly and have importance in various metabolic and physiological activities of plants, this region might have an indirect influence on the zinc content of grains.

A total of eight unique MTAs were identified for TGW located on chromosomes 1B, 1D, 2B, 3B, 4A, 5A, 6A, and 6D. Similarly, previous studies reported TGW-related QTLs/MTAs on chromosomes 6A (Godoy et al., 2018; Ward et al., 2019; Goel et al., 2019), 5A (Liu et al., 2019; Krishnappa et al., 2022), and 1D (Goel et al., 2019). Stably identified MTA for TGW under different treatments and combined BLUP, AX-94926681 located on chromosome 6A, was identified with transcript TraesCS6A02G402600. The locus codes for three major enzymes ribonuclease H-like and exonuclease and RNase T/DNA polymerase III were identified and are related to the enzymes responsible for nucleic acid metabolism, replication, homologous recombination, DNA repair, transposition (Majorek et al., 2014), epigenetic changes at RNAPIII (Hummel and Liu, 2022), and the repair of double-stranded breaks in Arabidopsis thaliana (Peralta-Castro et al., 2020). Their presence as an integral part of the membrane and property of DNA binding further confirms the results based on gene ontology. Another marker, AX-94888039, located in the region responsible for stress management, had candidate genes expressed in the cytoplasm and nucleus. These genes encode chaperonin Cpn60/GroEL, which is involved in abiotic stress-induced expression (Nagaraju et al., 2021), and the zinc finger FYVE/PHD type, which has a role in abiotic stress tolerance by regulating sodium and potassium homeostasis, reactive oxygen species scavenging, and osmotic potential (Zang et al., 2016). Chaperonin Cpn60/GroEL was found to have a very high expression of up to 37.58 TPM in root tissue under abiotic stress conditions. Two MTAs were found to be linked to TGW under RI conditions, that is, AX-94546067 and AX-94981340. Their transcripts code for the NUDIX hydrolase domain and the ABC transporter-like, ATP-binding domain, with their function being related to plant immune responses as found in Arabidopsis thaliana (Fonseca and Dong, 2014), the negative regulator in response to drought stress in peach (He et al., 2022), and the transport of substrates into and out of the cytoplasm in plants (Locher, 2016). A secretory pathway, subcellular localization, and trafficking-related secretory carrier membrane proteins (SCAMPs) were found in the region of SNP AX-94488007. The location of marker AX-94488007 was in the seventh intronic region of the gene coding for secretory carrier membrane proteins (SCAMPs) and was found to have very high levels of expression in the root (i.e., 32.51 TPM), as well as in grain (i.e., 9.81 TPM), suggesting the importance of this gene in grain filling. It was also found to have higher levels of expression under abiotic stress conditions of up to 17.81 TPM from the wheat expression database. Photosynthate mobilization and accumulation are key factors that determine the source–sink relationship and, hence, may influence grain filling (Chang and Zhu, 2017). However, further study is required to elucidate the role of candidate genes in determining the TGW. The transcript TraesCS5A02G367700 was linked with a TGW-related SNP, AX-94937080. This was found to code for a protein kinase domain and a G-protein beta WD-40 repeat. WD40 repeat proteins were found to have a role in plant cell wall formation (Guerriero et al., 2015), a unique property of the plant cell. The genomic region of AX-95189725 was located in the third exonic region of gene coding for ankyrin and pentatricopeptide repeat proteins, which are found to be responsible for drought and salt tolerance in Arabidopsis and soybean (i.e., gene GmANK114) (Zhao et al., 2020), and pollen development in rice (Zhang et al., 2020). Most of the genes identified in the candidate region were found to play a crucial role in plant development. Many of their homologs have been studied extensively in other species, giving us a broad idea of their role. Expression analysis and gene ontology identified genes with higher expression along with their biological role in the cell organelles. Further study of each of the identified locations could be carried out to gain a better understanding of the genomic region and its potential role in a breeding program.



Conclusion

The development of biofortified wheat varieties through the transfer of genomic regions associated with higher concentrations of micronutrients in grain will aid in the health of millions of malnourished people suffering from hidden hunger. Genetic biofortification is easy, economical, and sustainable in the long term. Identification of genomic regions using linked markers is a prerequisite to transfer them into the popular cultivars to develop a variety with a higher grain nutrient content. The association mapping panel used in this study with 193 wheat genotypes revealed that GFeC, GZnC, and TGW are complex traits that are quantitatively inherited and strongly influenced by abiotic stress, such as drought and heat stress. The significant positive correlation between the GFeC and GZnC, as well as their high heritability, suggests that simultaneous improvement of both traits can be possible. Five of the 16 stringent MTAs identified were linked to GFeC, one to GZnC, and 10 to TGW, and were located near novel candidate genes that have a direct or indirect effect on traits. Several putative candidate genes identified were found to encode proteins that have important molecular functions in plant ionic balance, protein and enzyme metabolism, and abiotic stress responsiveness, etc. Furthermore, identified MTAs could be subjected to validation and utilized in marker-assisted breeding programs to create biofortified varieties.
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Trait
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High yield under drought deployed for introgression using MAS in rice

High yield under drought condition qDTY1.1 1 RM431-RM104 Ghimire et al. (2012)
1 RM104-RM12091
1 RM11943-RM12091 Vikram et al. (2011)
1 RM486-RM472 Venuprasad et al. (2012)
1 RM472 Muthu et al. (2020)
qDTY1.3 ; RM488-RM315 Sandhu et al. (2014)
qDTY1.2 1 RM259-RM315
qDTY2.1 2 RM2634 Muthu et al. (2020)
qDTY2.2 2 RM236-RM279 Swamy BP. et al. (2013)
2 RM211-RM263 Sandhu et al. (2014)
2 RM211-233A Palanog et al. (2014)
qDTY2.3 2 RM263-RM573 Sandhu et al. (2014)
2 | RM573-RM250 Palanog et al. (2014)
B RM168-RM468 Dixit et al. (2014)
qDTY3.2 3 RM569-RM517 Yadaw et al. (2013)
3 RM60-RM22 Vikram et al. (2011)
| qDTY4.1 4 RM551-RM16368 Swamy BP. et al. (2013)
qDTY6.1 6 RM589-RM204 Venuprasad et al. (2012)
6 RM589-RM204
6 RM586-RM217 Dixit et al. (2014)
qDTY6.2 6 RM121-RM541 Dixit et al. (2014)
qDTY9.1. 9 ‘ RM105-RN434 Swamy BP. et al. (2013)
qDTY10.1 10 | RM216-RM304 Vikram et al. (2011)
gDTY10.2 10 RM269-G2155 Swamy BP. et al. (2013)
qDTY12.1 12 | RM28166-RM28199 Mishra et al. (2013)
Submergence
High survival qSUBL.1 1 id1000556-id1003559 Gonzaga et al. (2016)
High survival qSUB4.1 4 id4010621-id4012434 Gonzaga et al. (2016)
High survival qSUB8.1 8 1d08005815-id8007472 Gonzaga et al. (2016)
High survival qSUBI10.1 10 id10005538-RM25835 Gonzaga et al. (2016)
Anaerobic germination qAG-5 5 RM405-RM249 Jiang et al. (2006)
Anaerobic germination qAG-7-2 7 RM21868-RM172, seq- rs3583 Angaji et al. (2010); Zhang et al.
(2017)
| Anaerobic germination qAG-7-1, AG2 7 RM3583-RM21427 Septiningsih et al. (2013)
Anaerobic germination qAG-9-2, AG1 9 RM3769-RM105, seq- rs4216 Angaji et al. (2010); Zhang et al.
(2017)
Anaerobic germination qAG-11 11 RM21-RM22, seq-rs5125 Angaji et al. (2010); Zhang et al.
(2017)
Anaerobic germination qAG-1-2 1 RM11125-RM104; Angaji et al. (2010); Hsu and
1d29187939id32847451 Tung (2015)
Anaerobic germination 3 RM7097-RM520 » Angaji et al. (2010)
Anaerobic germination qAG-9-1 9 RM8303-RM5526 Angaji et al. (2010)
High survival qSUBS.1 8 8,608,433-8,686,009 Gonzaga et al. (2017)
High survival qSUB2.1 2 2,430,179-2,470,790 Gonzaga et al. (2017)
Salinity
Na" absorption/Na" uptake qSNK1 1 RM1287-RM 10825 Thomson et al., 2010
gSNK2 2 2422788 - 2437583* » Gimhani et al,, 2016
qSNK4.1 4 4355198 - 4384860*
qNaK3.1 3 RM282-RM156 Puram et al,, 2018
snkrl.1 1 RM1287-AP3206d de Ocampo et al., 2022
qNaK-R1.1 1 RM472-RM14 Rahman et al., 2019
qNaK-R3.3 3 RM5626- R3M53
qNaK-R5.4 ) RM163-RM19199
Relative shoot potassium conc. compared ~ gSRI-K9.1 9 RM296-RM105 Puram et al,, 2018
to control
qSRI-NaK9.1 9 RM296-RM105
Na*/K" ratio in root qNa/KR-9 9 HvSSR09-11-HvSSR09-39 Pundir et al,, 2021
qRNK1 1 RM1287-RM10825 Thomson et al., 2010
Na'/K" ratio in leaf qNa/KL-1.3 1 HvSSRO1-56HVSSRO1-70 Pundir et al., 2021
Na'/K" ratio in leaf at reproductive stage ~ gNa+/K+LR-3.1 3 RM563-RM186 »
Root Na'/K" ratio qRNK1 1 RM1287-RM10825 Thomson et al., 2010
gSNC1 1 RM1287-RM10793 Thomson et al., 2010
gSNC-12 12 RM1285-RM423 Zheng et al., 2015
gSNC3 5 3528886- id3017899* Gimhani et al,, 2016
qSNCI0 10 9898598 — id10000153*
qNa3.3 3 RM5626-R3M53 Rahman et al., 2019
Na" in leaves at vegetative stage qNa+LV-8.2 8 RM3395-RM281 »
Na' in leaves at reproductive stage qNa+LR-8.1 8 RM3395-RM281
Na* conc.in leaf qNalL-1.2 1 HvSSRO1-56HVSSRO1-70 Pundir et al., 2021
Shoot K* Conc Trait based QTL 12 G24-R1684 Lang et al., 2001
Trait based QTL 1 G24-R1684 Koyama et al,, 2001
gSKC1 1 RM8094-RM 10825 Thomson et al., 2010
qSKC-2 2 RM1285-RM423 Zheng et al,, 2015
qSKC10 10 13069784 - 9922981* Gimbhani et al,, 2016
qK-6 6 RM3827-RM340 Sabouri et al., 2009
qK3.2 3 RM5626-R3M53 Rahman et al., 2019
qK12.3 12 RM27615-RM27877
qK3.1 3 RM282-RM156 Puram et al,, 2018
Root Na* content gRNC-9 9 RM201-RM215 Zheng et al,, 2015
gqNaR-9 9 HvSSR09-11-HvSSR09-39 Pundir et al., 2021
rnc3.1 3 S03072-503099 de Ocampo et al., 2022
Root K* Conc qRKC-4 4 C891-C513 Lin et al,, 2004
qRKC1 1 RM1287-RM11330 Thomson et al., 2010
qRKC6 6 RM19840-RM20350
qKR-1 1 HvSSRO1-11-HvSSRO1-34 Pundir et al,, 2021
qKR-12 12 HvSSR12-11-HvSSR12-28 V
qKR-7.1 7 HvSSR07-25-HvSSR07-37
rke3.1 3 $03072-503099 de Ocampo et al., 2022
qSGEM-7 7 CDO59-RG477
Seedling dry matter ‘ qSDM-5 5 RZ70-RZ225
qSDM-6 6 CDO544-Amy2A
qSDM-10 10 RZ625-RZ500
Seedling root length qSRTL-6 6 RG162-RG653
[ Seedling height gSHI1.2 1 RM5389-RM5759 Wang et al,, 2012
qSHI1.3 1 RM3482-RM3362
Trait based QTL 7 C1057-R565
qSL1.3 1 1d1023892-id1017885% Rahman et al,, 2017
qSL5.3 5 RM163-RM19199
qSHL4.2 4 RM3866-RM3288 Puram et al,, 2018
qSHL-5 5 RM13-RM164 » Ghomi et al., 2013
Shoot Fresh weight qFWsht1.2 1 id1023892 -id1017885* Rahman et al., 2017
qFWsht6.1 6 1d6016941-id6001397*
qSFW-5b 5 RM459-RM3800 Ghomi et al,, 2013
4DSW6.1 6 RM6818-RM6811 » Wang et al,, 2012
qDSW6.2 6 RM340-RM3509
qDWsht5.1 5 [ id5007714-id5014589%
qDWT8.1 8 RM44-RM515 Puram et al,, 2018
qSDW-2 2 RM279-RM5911 Ghomi et al,, 2013
Root fresh weight qRFW-4b 4 E36-M59-5E37-M60-3 Ghomi et al., 2013
rdwl.2 1 RM11570-S01132A de Ocampo et al., 2022
qRL-9 9 RM219-RM7038 Zheng et al,, 2015
| ri2.1 2 RM13332-RM5404 de Ocampo et al., 2022
Plant height qPH2 2 RM13197-RM6318 Thomson et al., 2010
qSTR-3a 3 RM1022-RM6283
Visual tolerance score qSES-2 2 RM1285-RM423 Zheng et al,, 2015
Standard Evaluation qSESI.1 1 ud1000711- 1d1004348* Rahman et al,, 2017
qSES1.3 1 1d1024972- id1023892* Gimhani et al., 2016
Overall Phenotypic performance qSES3.1 3 RM5626- R3M53 Rahman et al,, 2017
qSES5.2 5 RM163-RM19199 ' Rahman et al,, 2019
Survival % qSurl.1 1 RM472-RM14 Puram et al,, 2018
qSTR-3a 3 RM1022-RM6283
Salt survival index qSSI4.2 4 454365 - 24572241* Zheng et al,, 2015
* SNPs were used
qSSI10 10 9898598 — id10000153*
Panicle length qPL-2 2 HvSSR02-66-HvSSR02-68 Rahman et al., 2019
Biomass qBM-8 8 HvSSR08-11-HvSSR08-15
qBM-5a 5; E36-M59-10-RM440 Ghomi et al., 2013
High temperature
1. Spikelet fertility gSF"2, qSF"4.2 24 RM1234-RM3850, Zhao et al., 2016
2. Daily flowering time qDFT3, gDFTS, 38,10, 11 RM3916-RM2431
3. Spikelet fertility and pollen shedding qDFT10.1, 1,4,57,10 RM3766-RM3513
qDFT11 RM5891-RM4997
gPSL™1, RM6737-RM6673
qPSL4.1, RM1355-RM2191
qPSL"'s, RM1196-RM6581
qPSL"7, RM7585-Bb38P21
qPSL"10.2 RM1248-RM4915
RM6394-RM1364
RM7492-RM1859
Flowering time HT QTL qHTT8 8 LOC_0s08g07010 Chen et al,, 2021
LOC_0s08g07440
I 1. Vegetative stage root length QTL rlel.1 12,3 $1.10221082 Kilasi et al., 2018
2. Vegetative stage root length QTL rle1.2 12 $1.30191377
rlc4.1 $4_100099
rlc4.2 S$4_1911293
rlc4.3 S4_13167045
rle7.1 §7_24934857
sle6.1 $6_9368784
slc6.2 $6_32050861
1. Filled grain number per panicle RM468 - RM7076 Buu et al,, 2014
2. Grain yield RM241 - RM26212
3. HT Score RM16686 - RM564
RM241 - RM26212
RM26212 - RM127
RM3586 - RM160
1. Spikelet sterility % qSTIPSS9.1 15 Shanmugavadivel et al., 2017
2. Yield per plant qSTIY5.1
1. Spikelet fertility % qHTSF4.1 4 Ye et al,, 2015
1. Spikelet fertility % qHTSF1.2 2,13 Ye et al, 2015
qHTSF2.1
qHTSF3.1
1. Spikelet fertility % qHTSF6.1 6,11 Ye et al, 2015
qHTSFI1.2

* represents Single NucleotidePolymorphisms (SNPs).
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99.2
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9725
88.43
97.79
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85.39
72.08
99.12
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8871
85.64
98.06
100
7549
8492

Testing

95.11
94.62
9438
8753
80.78

7818
75.06
6753
94.97
93.65
8731
87.96
81.69
80.63
7535
7993

Precision (%)
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98.97
100
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9.6
88.76
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100
893
9559
97.28
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94.4

Testing

92,95
93.42
9645
964
79.31
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95.31
9242
8717
9797
72.63
7381
6263
88

Recall (%)
Training Testing

988 9416

100 9221
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69.69 69.48
95.92 61.79

100 68.31
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98.85 92.89

100 92.89
8357 8274
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100 65.26
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69.27
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9885
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03
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055
044
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Testing

09
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088
074
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053
045
026
09
087
074
077
0.59
055
045
053
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Composition of Asparagine (N)
Composition of Aspartate (D)
Composition of Cysteine (C)
Composition of Glutamine (Q)
Composition of Glutamate (E)
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Composition of Isoleucine (I)
Composition of Leucine (L)
Composition of Lysine (K)
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A- Nitrosylation (Nito A)

B- Nitrosylation (Nito B)

SI. No.

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
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44
45
46

Features

C- Nitrosylation (Nito C)

Total Nitrosylation (Total Nitro)
A- Nitrotyrosine (YNO A)

B- Nitrotyrosine (YNO B)

C- Nitrotyrosine (YNO C)

Total Nitrotyrosine (YNO Total)
SUMOylation I (SUMO I)
SUMOylation 11 (SUMO II)
SUMOylation 11T (SUMO III)
Total SUMOylation (SUMO Total)
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Number of negative amino acids
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Theoretical PI

Number of carbon atoms
Number of hydrogen atoms
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Number of oxygen atoms
Number of sulphur atoms
Instability index
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Grand average hydropathy (GRAVY)
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Treatment

Irrigated-(IR)

Restricted irrigated-(RI)

Late Sown~(LS)

Location

ICAR-Indian Agricultural Research Institute (IARI)-New Delhi

Agharkar Rescarch Institute- ARI, Pune
Indian Institute of Wheat and Barley Research-IIWBR, Karnal
ICAR-Indian Agricultural Research Institute (IARI)-New Delhi

Agharkar Research Institute- ARI, Pune

ICAR-Indian Agricultural Research Institute, Regional
station-TARI RS, Indore

ICAR-Indian Agricultural Research Institute-IARI, Jharkhand
ICAR-Indian Agricultural Research Institute (IARD)-New Delhi

GPS location

28.6550° N, 77.1888° E, MSL 228.61 m

18.5204° N, 73.8567° E with MSL 560 m
29.6857° N, 76.9905°E, MSL 243 m
28.6550° N, 77.1888° E, MSL 228.61 m

18.5204° N, 73.8567° E with MSL 560 m
22.7196° N, 75.8577° E, MSL 553 m

24.1929° N, 85.3756° E, MSL 580 m
28.6550° N, 77.1888° E, MSL 228.61 m

Year

2019
2020
2020
2020
2019
2020
2020
2020

2020
2019
2020

Abbreviation

DL_IR_2019
DL_IR_2020
PUNE_IR_2020
IIWBR_IR_2020
DL_RI_2019
DL_RI_2020
PUNE_RI_2020
IND_RI_2020

JR_RI_2020
DL_LS_2019
DL_LS_2020
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Condition Environment DH PH DM NDVI_1 NDVI_2 NDVI3 SPAD CT GWPS  BIOMASS PLTY TGW

IR DL-2019 94.1£632 10748 £721 - 08£001  07£035  071£0.04 - - 2204074 - 350.96 £ 75.79 -
(79.24-112.76) (75.06-128.06) (071-0.82)  (0.54-6.66)  (0.56-0.81) (0.49-4.48) (75.12-477.56)
PUNE-2020 63.124378 - - 086004 083004 - - 2691117 1470.13 - 186544568  42.99 4352
(51.02-72.02) (071-0.96)  (0.69-0.94) (24.07-29.98)  (1.05-1.82) (41.45-321.8)  (31.83-50.36)
DL-2020 94994645 108124625 13323384  0.68+005 0592006 021£009 46.66+402 2746+ 148 198044 166134 33287 48453+ 10321 38.82+4.43

(75.21-11396) (87.91-125.12) (123.81-144.81)  (0.54-0.8)  (0.43-0.74)  (0.06-0.5) (3376-56.84) (23.19-30.68) (0.71-4.06) (337.62-2775.25) (101.77-708.65) (24.16-57.28)

TIWBR-2020 88.08 2,51 - 12356166 0.6%0.09 - - - - 2074032 - 261.68 £ 83.68 3683 +5.03
(81.9-100.02) (118.98-127.98)  (0.26-0.82) (1.32-3.09) (46.55-485.27) (23.63-53.33)
LS DL-2019 9334299 - - 081£002 096414  04%0.12 - 2197£087 139031 - 29141 £ 64.32 -
(85.5-100.5) (071-0.85)  (0.55-72.01)  (0.07-0.72) (1991-2451)  (1.1-275) (80.69-441.52)
DL-2020 8299427 8723631 10941305 0574005 042£007 02£007 4975£432 2901£139 16803 9958734444 340.124 110.94 3628 £ 406
(77.69-93.44)  (69.4-103.98) (101.44-120.06)  (038-0.72)  (0.22-0.6)  (0.09-0.56) (36.55-60.79) (2627-39.02) (0.95-29)  (55.9-2267.6)  (53.88-597.63) (23.15-48.15)
RI DL-2019 9438 4 6.49 - - 08001 065004 - - - 249%0.56 - - -
(75.5-107.5) (071-0.83)  (0.53-0.76) (1.14-4.54)
PUNE-2020 58364 2.95 - - 085005  0.81:£004 - - 27934106  166%0.15 - 923143367 4085345
(50.48-68.48) (068-0.97)  (0.68-0.97) (25.43-30.24)  (1.23-2.01) (19.04-215.16)  (31.13-49.01)
JR-2020 7806£352  90.61£7.08  11218£3.99 - - - - - 224034 32049£9854 163854818 43.38£387
(61.53-87.53) (64.74-112.74) (101.67-124.94) (09-321)  (4275-627.75)  (13.48-286)  (29.47-58.86)
DL-2020 9784637 101414662 13043£346  064£005 0532005 021£008 5231£471 3254117 174036 11991332187 30078 £863 3299491
(77.71-11546) (77.47-119.97) (12052-1404)  (051-0.82)  (038-0.67)  (0.07-0.52) (35.34-6224) (29.51-3621)  (0.85-32)  (302-1937.15)  (34.58-560.21) (20.98-50.1)
IND-2020 - - - - - - - - - - 30116+ 646 4438 £3.15

(82.73-466.83)  (36-53.62)

“DL-Delhi, PUNE-Punc, IIWBR-Karnal, JR-Jharkhand, IND-Indore. IR,
**(Mean = SD) with (Min-Max) values are given in brackets for each trait.
“**DH, Days to Heading; PH, Plant Height; DM, Days to maturity; NDVI - Normalized difference vegetation index, SPAD, Chlorophyll content; C’

gated; RI, Restricted irrigated; LS, Late sown.

nopy Temperature; GW Weight per Spike; BIOMA

~ Biomass; PLTY, Plot yield; TC
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Total 3,350 4,083 313
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Sl.no Progenies Rust race (77-5) Rust race (77-9) Reaction of genotypes

TARI RS, Indore IARI RS, Shimla IARI RS, Indore  IARI RS, Shimla

1 HD3086 33+ 3+ 3 3 Susceptible (S)
2 HI1500 0 0 i1 0 Immune/Resistant (R)
3 HD3086-M-1-26 0 1 2 1 R

4 HD3086-M-1-36 5 1- 1 2 1 R

5 HD3086-M-1-49 0 2 2 0 MR
6 HD3086-M-1-55 2 1 1 H R

7 HD3086-E-5-3 ; 1 5 1 HR
8 HD3086-E-5-5 ; 0 H 0 HR
9 HD3086-E-5-17 0 1 H 3 R
10 HD3086-E-5-26 3+ 3 3 3 S
11 HD3086-E-5-27 3+ 2 2 1 Ms
12 HD3086-E-5-33 0 1 5 1 R
13 HD3086-E-5-43 ; 0 5 1 HR
14 HD3086-E-5-60 0 5 5 0 HR
15 HD3086-C-6-1 3+ 3 23 3 N
16 HD3086-C-6-2 0 1 31 0 R
17 HD3086-D-7-9 0 H 1 H HR
18 HD3086-D-7-14 ; 0 d: 2

19 HD3086-D-7-56 ; 1 5 1

20 HD3086-1-3-1 3 3 23 23 S
21 HD3086-F-13-1 0 5 2 2 R
22 HD3086-11-9 0 3 H 1 HR
23 HD3086-11-10 3+ 2 3 3 S
24 HD3086-13-2 0 1 H 0 HR
25 HD3086-13-13 0 1 2 2 MR
26 HD3086-13-16 0 3 5 1 R
27 Agra Local 3+ 3+ 3+ 3+ HS

HR, Highly resistant; R, Resistant; MR, Moderately resistant; MS, Moderately Susceptible; S, Susceptible; HS, Highly susceptible.
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S.no Selected QTLs Leat chlorophyll
progeny linked

trait
1 HD3086- NDVI
M-1-26- +Lr24
410-46
2 HD3086- DH
M-1-36- +Lr24
413-47
3 HD3086- TKW
M-1-49- +CT
417-48 +Lr24
4 HD3086- CT
M-1-55- +TKW
419-49 +Lr24
5 HD3086-E- CT+Chl
5-17-461- +Lr24
50
6 HD3086- CT
C-6-2-481-  +NDVI
51 +TKW
+Lr24
7 HD3086-1-  NDVI
3-1-507-52  +TKW
8 HD3086-F- CT+
13-1-512- TKW
53 +Lr24
9 HD3086- NDVI
13-13-562- +Lr24
54
10 HD3086- CT+Lr24
13-16-565-
55
HD3086(RI)
HD3086(IR)
HI1500(RI)
HI1500(IR)
Mean
CD at 5%

index (LCI)
A GFS
44.5 51.8
51.2 484
49.2 54.2
50.5 51.6
50.2 52.7
484 546
522 55.2
45.5 479
512 514
52 54.2
46.3 514
49.4 52.6
50.2 50.4
49.2 51.6
49.1 51.9
242 249

Canopy
temperature
Q)

VS GFS GMS
283 31 353
258 316 353
275 321 355
264 325 354
211 303 339
28 327 344
27 315 358
269 306 36
266 32 353
288 324 348
291 313 368
2 313 32
279 305 357
245 29 315
2695 3154 3535
097 165 156

\A)

0.78

0.72

0.78
0.79
0.77
0.75
0.77
0.04

NDVI

GFS

0.66

0.65

0.65

0.64

0.68

0.61

0.62

0.6

0.64

0.63

0.61
0.72
0.65
0.63
0.64
0.02

GFS

0.42

041

0.4

0.42

0.46

0.32

035

037

0.5

0.49

0.32
0.54
0.4
0.4
0.41
0.02

GL DH
(mm) (days)
6.84 88
6.79 83
7.11 92
727 91
7.11 96
6.61 90
6.95 88
6.65 88
6.44 93
7.09 100
7.01 92
7.1 93
7.18 86
7.19 89
692 905
031 435

GWPS TKW

(8 (8
122 34

1.71 41.3
141 39.4
139 43.2
1.83 42.5
1.74 41

129 40.1
1.95 332
1J5 34.6
122 339
0.9 333
1.65 45.6
1.5 36.1
1.69 43.5
1.44 37.63
0.06 1.64

YLD

(q/
ha)

45.01

40.16

42.24

47.53

48.11

44.87

38.36

42.93

34.34
63.57
37.82
39.84
41.23
2.25

APR

MR

MR

= ® v v

Total
%
RPG

88.31

90.46

87.37

82.74

95.24

93.87

81.71

83.97

79.13

82.33

CD, Critical Difference; LCI, Leaf Chlorophyll Index; NDVI, Normalized Difference Vegetation Index; GL, Grain Length; GWPS, Grain Weight Per Spike; TKW, Thousand Kernel Weight
LR, Leaf rust; YLD, Yield; APR, Adult Plant Resistance; R, Resistant; MR, Moderately resistant; S, Susceptible; RPG, Recurrent Parent Genome; RI, Rainfed; IR, Irrigated; VS, Vegetative

stage; GFS, Grain Filling Stage; GMS, Grain Maturity Stage.
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Chromosome SNP position Protein Gene ontology
on the gene

Biological process Cellular Molecular
component function
GFeC AX- 6D TraesCS6D02G394700  Exon 3 P-loop-containing nucleoside triphosphate
94877284 hydrolase
TraesCS6D02G394800  Flanking Synaptotagmin-like mitochondrial I Lipid transport Integral component of  Lipid binding
binding domain ‘membrane
AX- 7B TraesCS7B02G365000 | 5' UTR HAUS augmin-like complex subunit 2 Spindle assembly Microtubule organizing
94393306 center organization
‘TraesCS7B02G365100  Flanking P-loop-containing nucleoside triphosphate  ADP binding
hydrolase
AX- 3A TraesC$3A02G326700 5" UTR Protein coding
94565216
TraesCS3A02G326600  Flanking Di-copper center-containing domain
superfamily
AX- 3B TraesCS3B02G295000  Exon 1 Serine-threonine/tyrosine-protein kinase, Protein phosphorylation ~ ATP binding/ Protein kinase activity
94850629 catalytic domain polysaccharide binding
TraesCS3B02G294900  Flanking Glycoside hydrolase superfamily Protein phosphorylation, |~ ATP binding/ Hydrolase activity/carbohydrate
hydrolyzing O-glycosyl  metabolic process/protein kinase
compounds activity
TraesCS3B02G294800  Flanking Bifunctional inhibitor/plant lipid transfer Lipid transport
protein/seed storage helical domain
superfamily
AX- 3A TraesC$3A02G219000  Intron 1 C-5 cytosine methyltransferase Negative regulation of  Nucleus Methyltransferase activity
95168777 gene expression/
epigenetic
GZnC | AX- 48 TraesCS4B02G378700  Exon 1 Restriction endonuclease type II like
95095792
TraesCS4B02G378800  Flanking Cyclophilin-type peptidyl-prolyl cis-trans Protein peptidyl-prolyl Peptidyl-prolyl cis-trans isomerase
isomerase domain isomerization activity
‘TraesCS4B02G378500  Flanking IRNA/FRNA methyltransferase, SpoU type  RNA processing RNA binding RNA methyltransferase activity
TGW AX- 64 TraesCS6A02G402600  5'UTR Ribonuclease H-like superfamily Nucleic acid binding Integral component of
94926681 membrane
Exonuclease, RNase T/DNA polymerase III
4A TraesC$4A02G409100  Exon 4 Chaperonin Cpn60/GroEL ATP binding Cytoplasm Protein folding and re folding

Chromosome SNP position Protein Gene ontology
on the gene

Biological process Cellular Molecular
component function
AX- TraesCS4A02G409000  Flanking Zinc finger, FYVE/PHD-type Metal ion binding Nucleus Chromatin organization
94888039
AX- D TraesCS1D02G238600  Exon 5 S-adenosyl-L-methionine-dependent Methyltransferase
95133680 methyltransferase activity
TraesCS1D02G238700  Flanking Conserved oligomeric Golgi complex subunit  Intra-Golgi vesicle- Golgi transport complex
5 ‘mediated transport
TraesCS1D02G238500  Flanking DNA-directed RNA polymerase, insert Transcription, RNA DNA binding/protein dimerization
domain superfamily polymerase T and 11 activity
activity
AX- 6A TraesCS6A02G296400  IUTR NUDIX hydrolase domain Hydrolase activity
94546067
AX- 3B TraesCS3B02G248500  Exon 15 ABC transporter-like, ATP-binding domain  ATPase activity ATP binding/membrane  Coupled to transmembrane
94981340 movement of substances
AX- 1B TraesCS1B02G336000  Intron 7 Secretory carrier membrane proteins Protein transport Integral component of
94488007 (SCAMPs) membrane
AX- 5A TraesCS5A02G367700  Exon 4 Protein kinase domain Protein phosphorylation ATP binding/protein kinase activity/
91937080 protein binding
TraesCS5A02G367600  Flanking UDP-3-0-[3-hydroxymyristoyl] glucosamine  Lipid A biosynthetic N-acyltransferase activity
N-acyltransferase LpxD process
AX- 6D TraesCS6D02G277900  Exon 3 Ankyrin repeat-containing domain Protein binding Plasma membrane
95189725 superfamily
TraesCS6D02G278000  Flanking Pentatricopeptide repeat Protein binding
TraesCS6D02G278100  Flanking Zinc finger, RING type Integral component of
membrane
AX- 28 NA
91950047
AX- 3B NA

94824733
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Chromosome Subgenome
B

1 687 998 890

2 707 927 920

3 623 717 626

4 446 435 274

5 623 762 609

6 495 727 463

7 726 680 612

Total number of SNPs 4,307 5,246 4,394 13,947
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Treatment Traits Season 2020-21 rabi Season 2021-22 rabi

GZnC GZnC
IR GFeC 1 0.24%% 0.13 1 0.49%%% 0.21%%
GZnC 1 -0.02 1 -0.17*
‘ TGW ‘ 1 1
RI I GFeC 1 I 0.07 0.08 1 0.40°* 0.21+
GZnC 1 -0.04 1 0.03
TGW 1 1
Iy GFeC 1 0.30%+* v 0.11 1 0.374* 0.12
GZnC v 1 0.1 1 -0.29%
TGW 1 1
Significant correlations are given in bold text, ** p < 0.001, **P < 0.01, *p < 0.05.
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Trait En Mean =+ SD (range) MSS (@Y
Fe IR_20 3347 +2.49 6.4 5.28 51.14
(27.01-40.9)
RI_20 4429 +3.65 147 * 5.67 46.54
(35.49-54.59)
1S_20 4479 +3.87 g7 5.65 56.51
(34.63-57.9)
IR 21 39.57 +3.23 102" 7.27 19.42
(29.3-49.89)
RI_21 4087 + 3.62 1025* 5.14 61.43
(30.34-53.22)
LS_21 4241 +£3.19 11.32 % 6.10 34.88
(35.96-56.87)
Zn IR 20 4513 +5.27 2743 ** 7.8 55.87
(33.13-63.73)
RI_20 48.09 +5.44 60.02 ** 7.11 69.59
(30.64-64.97)
1S_20 539 +7.77 37.68 ** 4.89 88.89
(30.86-82.92)
IR 21 45.01 + 6.04 37.35** 6.94 74.39
(31.91-65.97)
RI_21 3924 +6.75 97.03 ** 12.64 41.57
(24.98-68.67)
1S_21 53.82 +9.42 4082 % 9.91 71.38
(32.64-87.69)
TGW IR 20 40.16 +5.18 31.19 ** 7.31 72.88
(24.61-55.11)
RI_20 41.67 + 6.03 235 6.72 79.19
(25.36-58.11)
LS_20 3595 + 4.82 3712 %% 7.07 7237
(19.14-50.02)
IR 21 3491 +5.95 37.06 ** 79 80.08
(20.25-50.53)
RI_21 3658 + 4.7 27.38 ** 7.49 66.47
(26.19-49.99)
1S_21 2991 +4.88 2209 ** 1146 58.13
(19.04-41.28)
* p<0.05; **p< 0.01; ns, non-significant.
Env, environment; SD, Standered deviation; MSS, Mean sum of squares; CV, coefficient of variation; hBS, heritability broad sense.
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Effect of PBZ on RWC

S.No. Crop

1 Triticum aestivum

2. Oryza sativa

3. Curcuma
alismatifolia

4. Abelmoschus
esculentus

Effect of PBZ on MSI

Oryza sativa

Triticum aestivum

Effect of PBZ on plant growth

Curcuma
alismatifolia

Curcuma
alismatifolia

Helianthus annuus
and zinnia

Syzygium
myrtifolium

Curcuma
alismatifolia

Odontonema
strictum

Amorpha fruticosa
Zea mays L

Arachis hypogaea

Sesamum indicum

Ipomoea batatas

Effective
dose

30 mg/l

90 mg/l

1500 mg/l

80 mg/l

90 mg/l

30 mg/l

1500 mg/l

3.75 g/l

2.0 mg/pot

3.75 gll

1500 mg/l

0.24 mg/pot

150 mg/l
300 mg/l

10 mg/l

5 mg/l

34 um

Effect of PBZ on photosynthetic pigments

Anacardium
occidentale

Triticum aestivum

Zea mays L

Arachis hypogaea

Zea mays L
Oryza sativa L.
indica
Odontonema

strictum

Zoysia japonica

Festuca arundinacea
and Lolium perenne

Vigna radiata

3 gailtree

30 mg/l

300 mg/l

10 mg/l
2 mg/l
25 or 50
mg/l

0.24 mg/pot

50 mg/l

150 mg/l

Key findings

RWC was increased by 5% in control and 11% in drought plants treated with PBZ
15% increase in RWC under drought compared to control
RWC increased by 5% under drought

RWC increased by 60.1% under drought

15% increase in mean MSI under drought

4-5% increase in mean MSI under drought

The plant height was 1.2 times lower under drought
Shoot height was reduced by 48.93% under drought
Shoot height was reduced by 26.3 and 42.1%, respectively
Plant height was reduced by 19.93%

Plant height was reduced by 50% under drought

Plants were 11 cm taller under drought

61% increase in the plant height

Increased root dry weight by 102.1% at the seventh leaf stage, 65.1% at the ninth leaf stage, 47.9% at the
twelfth leaf stage

Increased root length from 18.17 to 28.15 cm/plant, total leaf area from 96.38 to 117.31 cm®/plant, whole
plant fresh weight from 33.72 to 39.16 gm/plant, whole plant dry weight from 3.49 to 4.12 g/plant

Increased vine fresh weight, root fresh weight, vine dry weight, and root dry weight by 40.10, 65.47,
66.91, and 67.86% respectively

Increased Chlorophyll a (27.35%), Chlorophyll b (54.54%), total chlorophyll (30.98%) and Carotenoids
(13.55%) under control conditions

25.7% increase in chlorophyll content under drought

Increased the chlorophyll content by 48.2%, 54.3%, 51.2% and 79.0%, at 0, 15, 30 and 45 DAS
respectively.
Carotenoid contents increased by 15.7%, 17.3%, 27.9% and 36.7% at 0, 15, 30 and 45 DAS respectively

Increased total chlorophyll, carotenoid, xanthophyll and anthocyanin content by 120.22%, 112.66%,
116.48%, 111.26%, 114.44% and 112.24% respectively

Increased chlorophyll content by 62%

Plants had greener leaves and delayed late senescence
Net photosynthesis was 51% higher under drought
Increased leaf chlorophyll content by 0.6 mg g FW
Increased the photosynthetic pigment content

Increased SPAD value from 34 to 37.7

Effect of PBZ on grain yield and dry matter partitioning

Zea mays L

Zea mays L

Triticum aestivum

Vigna radiata

Odontonema
strictum
Solanum
lycopersicum
Solanum
lycopersicum

50 mg/l

300 mg/l

150 mg/l
0.24 mg/
plant

50 mg/l

30 mg/l

Increased the average weight of 1,000 seeds and yield

Kamran et al. (2018), average maize grain yields increased by 61.3% after seed soaking with 300 mg/l
PBZ, while seed dressing with PBZ at 2.5 g kg increased yield by 33.3%

Increased grain yield per plant by 6-7%, grain numbers per panicle by 24-33%, 1,000-grain mass by 3-
6%, and harvest index by 2-4%

Increased seed yield from 622 to 1921 kg/ha

Promoted flowering and maintained the same numbers of flower (6 flowers/plant)

Yield increased by 1.37 times more

Pretreated tomato plants retained their fruit yield (3.89 kg/plant) and number of fruits (31 fruits/plant)
when exposed to drought
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Genotype Country Superior studied trait

EL HL NOR FW
ATRI 5310% France 1563 3.657* 4067+ 14713+
ATRI 5325 Argentina 0920* 3310% 4400+ 0796+
ATRI 2679 India 0830 3.343% 3533 0.705*
ATRI 2619 Nepal 0620+ 3.503* 3767+ 0458~
ATRI 3964 Nepal 0647+ 3.380% 3677 1.320%
ATRI 5692 Iran 1883+ 3257~ 4267+ 0.814*
ATRI 5332 USA 1.000* 32777 3.500* 0.808*
ATRI 5304 Sweden 0803 3.073" 4333 0717+

Genotypes that are superior based on all the four studied seedling traits. * refers that the genotype was among the 15 highest performance genotypes under seawater stress for the respective
trait.
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Reference

Yang et al. (2007)

Griffiths et al. (2009); Kumar et al. (2012); Gupta
et al. (2012)

Yang et al. (2007),
Liu et al. (2018)

Gupta et al. (2006); Pallavi et al. (2015)
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AX-94762983 1D L7E+08  NDVI DL2019.LS/ DL.2019.LS 10.8/3.01
AX-94415907 5B 42E+08  PH JRRI/IIWBR 6.65/3.41
AX-94598030 1A 115953 TGW,NDVI JRRI/DLIR 582/3.36
AX-94759710 3D 23E+07  TGW,NDVI PUNE RI 53/3.16

“Bold one are pleiotropic MTAs.
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Cds, Coding sequence; Aa, amino acid length; Chr, chromosomal location; TMHMM, transmembrane domain; Sb, Sorghum bicolor; HAK, high affinity potassium; VDPC, voltage-dependent

potassium channel; TPC, two-pore channels; KEA, K* efflux antiporter; K-trans, K+ transport; KEFC, K+ -efflux system protein; PM, Plasma membrane; N, Nucleus; ER, Endoplasmic reticulum;
C, Chloroplast; M, Mitochondria.
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dS, synonymous substitution; dN, non-synonymous substitution; Sb, Sorghum bicolor; HAK,
high affinity potassium; KEA, K* efflux antiporter.
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