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Abstract

:

Drought-induced stress poses a significant challenge to wheat throughout its growth, underscoring the importance of identifying drought-stable quantitative trait loci (QTLs) for enhancing grain yield. Here, we evaluated 18 yield-related agronomic and physiological traits, along with their drought tolerance indices, in a recombinant inbred line population derived from the XC7 × XC21 cross. These evaluations were conducted under both non-stress and drought-stress conditions. Drought stress significantly reduced grain weight per spike and grain yield per plot. Genotyping the recombinant inbred line population using the wheat 90K single nucleotide polymorphism array resulted in the identification of 131 QTLs associated with the 18 traits. Drought stress also exerted negative impacts on grain formation and filling, directly leading to reductions in grain weight per spike and grain yield per plot. Among the identified QTLs, 43 were specifically associated with drought tolerance across the 18 traits, with 6 showing direct linkages to drought tolerance in wheat. These results provide valuable insights into the genetic mechanisms governing wheat growth and development, as well as the traits contributing to the drought tolerance index. Moreover, they serve as a theoretical foundation for the development of new wheat cultivars having exceptional drought tolerance and high yield potentials under both drought-prone and drought-free conditions.
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1. Introduction


Wheat (Triticum aestivum L.) is an important staple crop, because it feeds more than 35% of the world’s population [1]. To meet the associated rising food demand, it is estimated that crop production needs to grow by at least 2.4% annually [2]. Thus, improving the grain yield potential is still a major task in wheat breeding, and it can be realized by improvements in the three main grain yield components, i.e., spike number per unit area, grain number per spike (GNPS) and thousand-grain weight (TGW) [3]. Moreover, other agronomic traits also play important roles in the determination of wheat yield, such as plant height (PH), spike length (SL), grain weight per spike (GWPS), grain length (GL) and grain width (GW) [4].



Potential yield is closely associated with plant photosynthesis [5]. Genetic improvement of grain yield components and physiological traits can certainly increase total yield. Quantitative trait loci (QTLs) mapping is a key approach for understanding the genetic architecture of yield components and physiological traits in wheat [6]. Previously, QTL mapping using various segregating populations was conducted for plant height, spike length, spike number per unit area, grain number per spike and thousand-grain weight [7,8,9,10,11]. However, QTLs were defined by relatively large genetic distances due to the limited numbers of markers. In addition, QTLs for physiological traits were rarely reported, except a few association studies for Soil and Plant Analyzer Development (SPAD) values of chlorophyll content, normalized differential vegetation index (NDVI) and canopy temperature (CT) in spring wheat [12,13,14].



However, climate stress and depleting fresh water for agricultural irrigation have severely affected wheat production, and drought stress is a major threat to wheat yield [15]. Wheat is particularly susceptible to drought-induced stress throughout the growth period; therefore, mining drought-stable QTLs is vital for increasing wheat yield. The drought susceptibility index (DSI) is used to measure yield stability in wheat genotypes that captures the changes in both drought stress and non-stress environments [16], whereas DSI values of <1 indicate tolerance to drought stress [17]. Genotypes with high yield stability index [18] and relative drought index [19] values are generally regarded as stable under stress and non-stress conditions. Similarly, the stress tolerance index [20] and geometric mean productivity [21] are useful indices for the identification of stable genotypes, which produce high yields under drought stress and higher or optimum yields under non-stress conditions.



QTLs have been detected for grain yield-related drought-tolerance indices traits in wheat [12,22,23]. However, research on the identification of QTLs associated with drought-tolerance indices of traits other than grain yield is scarce. For instance, the QTLs associated with drought indices calculated from total yield (TY), thousand-grain weight and grain number in durum wheat have been identified [24]. Similarly, the QTL-rich regions associated with drought indices derived from grain yield, thousand-grain weight and grain number per spike in bread wheat were identified [25].



In this research, a consensus genetic map was constructed using one bi-parental population of RILs in wheat to screen the genotypic variations in the agronomic index and drought tolerance index (DI) under different water-stress conditions. The main goal was to identify growth and development, as well as drought-tolerant, relevant QTLs in wheat. The findings will improve the understanding of the genetic mechanisms of wheat growth and development, as well as drought-tolerance index, traits and will provide new genetic loci for breeding new high-yielding and stress-tolerance wheat varieties.




2. Results


2.1. Phenotypic Data Analysis


In total, 18 yield-related agronomic traits and physiological traits of the RILs and parents were investigated in the field under non-stress and drought-stress conditions, and they displayed a continuous distribution (Figure S1), indicating that these traits were controlled by multiple genes in this population. The differences between non-stress and drought-stress conditions reached a significant level (p < 0.01) for all the traits, except the heading date (HD) (Figure S1, Table 1). Therefore, the wheat in the drought-stress trials was subjected to drought stress for almost the entire growth period that affected each trait examined. In particular, grain weight per spike (GWPS) and total yield (TY) exhibited the most significant decreases under drought-stress conditions (−16.8% and −14.1%, respectively, p < 0.01), but the number of basal sterile spikelet (BSS) was most significantly increased (26.9%, p < 0.01) (Table 1), indicating that the key factors directly limiting yield were particularly sensitive to drought stress.



Pearson’s coefficients of correlation for all the traits were analyzed under different conditions. Compared with the non-stress condition, total yield was significantly negatively correlated with grain number per spike, early filling stage canopy temperature (EF-CT) and middle filling stage canopy temperature (MF-CT) under drought-stress conditions, but there was no significant correlation between total yield and plant height, heading date chlorophyll content (HD-SPAD), EF-SPAD, elongation stage normalized differential vegetation index (ES-NDVI), HD-NDVI and MF-NDVI (Figure 1). Drought stress may change the relationships between yield and other traits in wheat.




2.2. QTL Analysis of Agronomic Traits


A total of 1027 SNP markers established on all the chromosomes (except 4D) were used for linkage map construction, producing a total map length of 2188.35 cM. The A, B and D sub-genomes harbored different numbers of SNPs, the 462 (0.63 per cM), 471 (0.51 per cM) and 114 SNP (0.22 per cM), respectively. The genetic map was used to identify significant associations between SNP markers and agronomic traits (Table 2).



QTL mapping was performed for all 18 yield-related agronomic traits and physiological traits under non-stress and drought-stress conditions. In total, 131 QTLs for the 18 traits were identified across the non-stress and drought-stress conditions, and they explained 0.25–45.11% of the phenotypic variances (Table S2). Among them, 28 repetitive QTLs in more than two environments were defined as reliable loci (Table 3).




2.3. Drought Tolerance Evaluation


The drought tolerance index (DI) was used to assess the drought tolerance of the RIL population based on non-stress and drought-stress conditions (Figure 2, Table S3). For yield-related agronomic traits, the DIs of grain weight per spike (GWPS) (0.85) and total yield (TY) (0.87) were the lowest, confirming that they were the most vulnerable traits to drought stress, resulting in severe adverse effects on wheat yield (Figure 2). The DI of number of basal sterile spikelet (BSS) (1.36) was higher than those of other yield-related traits, indicating that BSS was greatly affected by drought stress and phenotypic varied greatlyunder different conditions (e.g., no-stress/drought-stress and different years). For physiological traits, the DIs of NDVI in filling stage were significantly difference from other physiological traits, especially in the MF (only 0.73), indicating that the drought tolerance of NDVI in the filling stage was the weakest. Thus, drought stress appears to negatively affect grain development, especially grain formation and grain filling, directly leading to decreases in grain weight per spike (GWPS) and total yield (TY).




2.4. QTL Analysis of the DI


The annual values of the DI of each trait were calculated by combining the phenotypic data from 3 years, and these were then used for QTL detection. There were 20 QTLs related to drought tolerance among yield-related agronomy traits and 23 QTLs related to drought tolerance among yield-related physiological traits. They explained 5.62–53.65% of the phenotypic variances (Figure 3 and Table S4).



Six QTLs were identified as being directly related to drought tolerance in wheat (Figure 4). To verify the drought tolerance roles of these vital QTLs, we performed a polymorphic characterization of the associated SNP markers in the RIL population and examined whether the differences in phenotypic values grouped by polymorphism exceeded a critical threshold (p < 0.05). We identified superior alleles as those associated with high DIs of thousand-grain weight, grain weight per spike and total yield, and inferior alleles as those having the opposite effects. Accessions with superior alleles for DIs of thousand-grain weight, grain weight per spike and total yield at these QTLs showed significantly higher than those with inferior alleles (Figure 5), indicating that the superior alleles of these QTLs could maintain the stability of thousand-grain weight, grain weight per spike and total yield under drought-stress conditions. In conclusion, the superior alleles of these loci could be integrated into wheat cultivars by marker-assisted selection for breeding to improve the drought tolerance and increase the stability of yield-associated traits under drought-stress conditions.





3. Discussion


Owing to climate change, the occurrence of drought stress during crop growth is becoming a major obstacle to yield improvement [27,28]. Thus, it is crucial to assess the adaptability of wheat to drought stress under future climate conditions [29,30]. This study found that drought stress significantly reduced the yield-related agronomic and physiological traits of wheat, especially total yield and yield components, such as thousand-grain weight and grain weight per spike, compared with under non-stress conditions (Table S1). The greatest impact of drought on total yield may be partly due to the cumulative effects it exerts on the yield-related traits, as well as on the flowering and grain filling stages [31,32]. For instance, drought stress caused a significant reduction in tiller number, ovary pollination and spike size [33,34]. Thus, drought stress also changed the relationship between wheat yield and other traits, especially the correlation between yield and physiological traits [35]. Consequently, improving the tolerance of yield component-related traits to drought stress is the basis for maintaining wheat yield levels under extreme weather conditions.



Genetic mapping is an important method to analyze the genetic mechanisms of wheat traits. Here, we used 1047 polymorphic SNP markers from a 90K SNP assay [36] and constructed a high-density genetic map for an RIL population. The average density of the map was 2.09 cM/marker, representing a considerable improvement over previously reported maps [37,38]. In total, 131 QTLs were identified for 18 yield-related agronomic and physiological traits. There were 67 QTLs (51.1%) located on the A genome, 44 QTLs (33.6%) located on the B genome, and 20 QTLs (15.3%) located on the D genome, which was basically consistent with the distribution of markers on the genetic marker map. Many QTLs are pleiotropic [39,40], which was corroborated in the present study, with 27 QTLs being associated with more than two traits. These findings improve our understanding of the genetic mechanisms of wheat growth and development, and they provide a basis for further genetic analysis of wheat yield and physiological traits.



From the experimental procedures under both non-stress and drought-stress conditions, the traits used to calculate the drought tolerance index (DI) were significantly different among wheat materials and treatments. This illustrates the broad genetic diversity present in the materials used to promote drought tolerance in general [40]. This relationship provides the basis for utilizing DIs as means to explain phenotypic variation. In this study, the DIs of grain weight per spike and total yield, the most susceptible yield traits to drought stress, were only 0.85 and 0.87, respectively. The DI-NDVI was only 0.73 at middle filling stage, indicating that drought stress at this stage had an adverse effect on grain formation and grain filling, which directly contributed to drought-induced decreases in grain weight per spike and total yield.



Increasing the tolerance of wheat to drought stress through genetic improvement strategies is of great significance to ensure food security [41]. The drought tolerance index (DI) can be derived from total yield and strongly positively correlated traits, and it is used as a measure to select the best genotype [42,43,44]. A total of 43 QTLs associated with trait-related drought tolerance were identified using the drought tolerance index (DI) of each trait. Among them, six were directly associated with drought tolerance in wheat. Despite the identification of several QTLs that were associated with drought indices in our study, further validations and investigations are needed to understand the molecular functions of the associated genes in wheat drought stress-response mechanisms. Major QTLs with favorable SNP alleles identified in this study could be used to develop markers, such as cleaved amplified polymorphic sequences and competitive allele-specific PCR-based markers, to facilitate future marker-assisted breeding in wheat.




4. Materials and Methods


4.1. Plant Materials and Field Trials


A total of 186 F8 RILs derived by single-seed descent (SSD) from a cross between XinChun7 (XC7) and XinChun21 (XC21) were used for phenotyping and QTL mapping. XC7 is characterized by high yield, excellent bread quality, good lodging resistance and drought-stress tolerance. XC21 is characterized by high yield as well, while being sensitive to drought stress.



The parents and 186 RILs were grown at Xinjiang Wheat Breeder Base in Chang Ji District (43°96′ N, 87°01′ E, altitude 717.2 m) from 2014 to 2016. The field trials were carried out in randomized complete blocks with three replications and two conditions, drought-stress and non-stress conditions. The irrigation method for both conditions was drip irrigation, which was independently controlled for the different treatments, and the areas under the different treatments were separated by 4 m isolation zone. Each replicate experimental plot was 2 m in length, with four rows, and an inter-row spacing of 0.2 m, with 40 grains per row. Field management was consistent with local practices for wheat production. No-stress condition plants were watered eight times during the growing season with irrigation intervals of 10 days. Drought-stress condition plants were irrigated three times at the jointing, heading and early grain filling stages. Non-stress and drought-stress condition plants had 480 mm and 180 mm irrigation water applied, respectively. During the 2014, 2015, and 2016 growing seasons, both treatments received 65, 74.5, and 142 mm of rainfall, respectively.




4.2. Phenotypic Evaluation


The traits were measured at physiological maturity. Three individual plants were selected from each row and used to investigate plant height, grain number per spike and number of basal sterile spikelets in accordance with established protocols [45,46]. The heading date was assessed as the interval between the date of seeding emergence and the date at which 50% of spikes per row emerged from the flag leaf [47]. The grain fullness was divided into nine grades, from very shrunken (1) to very full (9). In addition, thousand-grain weight and grain weight per spike were recorded using the rapid SC-G grain appearance quality image analysis system [45]. Finally, all the plants in the plot were harvested manually, and after threshing, the weight was calculated as the total yield (t/ha) when the water content was 13%.



The canopy temperature was measured at 13:00–15:00 using a hand-held thermal infrared instrument (FLIR Integrated Imaging Solutions Inc., Richmond, BC, Canada) during the heading stage, early filling stage (9 days after flowering) and middle filling stage (18 days after flowering), with a field of view of 25° × 20° and a resolution of 320 × 240 [48]. The SPAD was measured in 10 flag leaves per plot at the heading stage, early filling stage and middle filling stage using a SPAD-502 Minolta chlorophyll meter (Spectrum Technologies, Plainfield, IL, USA). Three points were taken per leaf, and the three readings were averaged [48]. The NDVI was measured during the elongation stage, heading stage, early filling stage and middle filling stage using a Green Seeker 505 (Hand Held Optical Sensor Unit, Model 505; NTech Industries Inc., Ukiah, CA, USA) [49].




4.3. Statistical Analyses


The phenotypic data analyses were conducted using Genstat v.17.1 (VSN International Ltd., Hemel Hempstead, UK) and SPSS Statistics v.20.0 (IBM Corporation, Armonk, NY, USA). PROCGLM was used for the analysis of variance, in which genotypes were considered as fixed effects, and environments and replicates nested in environments were considered as random effects. Pearson’s correlation analysis and independent-samples t-tests were performed using the IBM SPSS Statistics version 20.0 software (IBM Corporation, Armonk, NY, USA).



The drought-resistance coefficient (DC) and DI were used to assess the drought tolerance of wheat [16,50]. The formulas are as follows:


DC = Pd/Pi










DI = DC × Pd/Pd,








where Pd represents the phenotype under drought conditions; Pi represents the phenotype under irrigated conditions; and Pd represents the average phenotype under drought conditions.




4.4. SNP Genotyping


Total genomic DNA was isolated from the lyophilized young leaves of each genotype using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA; cat. no. 69106). The DNA quality was assessed using 0.8% agarose gel electrophoresis, and the DNA concentration was measured using a NanoDrop™ ND-2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The RIL, XC7 and XC21 accessions were genotyped using the Illumina 90K iSelect wheat SNP assay [36] in the Small Grains Genotyping Lab at the USDA-ARS, Fargo, ND, USA. The Illumina iSelect 90K assay produced data for 81,587 SNPs. The analyses of SNP genotyping, clustering of the SNP alleles and calling of the genotypes were performed using Genome Studio v2011.1 (https://www.illumina.com, accessed on 5 June 2023). The minimum number of points used in a cluster was 10 [36]. Monomorphic SNPs, and SNPs having more than 20% missing genotypic data and 10% heterozygosity, were excluded. The polymorphic SNPs selected after filtering based on the above-mentioned criteria were screened to determine their positions on the chromosomes based on the wheat consensus genetic map [36].




4.5. Genetic Map Construction and QTL Mapping


For genetic map construction, the monomorphic markers between parents and the markers with a high missing value (i.e., more than 20.0%) or minor allele frequency less than 0.3 were removed, and the remaining 11,213 high-quality polymorphic markers were used for subsequent analyses. The BIN function in IciMapping v4.2 (http://www.isbreeding.net/, accessed on 5 November 2023) [51] was used to remove redundant markers. A linkage analysis of the 4784 non-redundant markers was performed with the JoinMap v4.0 Software using the regression mapping algorithm. The linkage maps were drawn using the IciMapping v4.2 Software.



A QTL analysis was carried out using the inclusive composite interval mapping function of IciMapping v4.2. The mapping parameters were set as step = 0.1 cM and PIN = 0.001, and the logarithm of odds threshold was calculated with 1000 permutations at p < 0.05. QTLs that explained more than 5% of the phenotypic variance were considered to be major loci, and those detected in more than two environments were regarded as stable.





5. Conclusions


We evaluated 18 yield-related agronomic and physiological traits, along with their drought tolerance indices, in a recombinant inbred line population derived from the XC7 × XC21 cross. Drought stress exerted negative impacts on grain formation and filling, directly leading to significant reductions in grain weight per spike and grain yield per plot, compared with non-stress conditions. Genotyping the recombinant inbred line population using the wheat 90K single nucleotide polymorphism array resulted in the identification of 131 QTLs associated with the 18 traits. Among the identified QTLs, 43 were specifically associated with drought tolerance across the 18 traits, with 6 showing direct linkages to drought tolerance in wheat.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants13060898/s1, Figure S1: The Frequency distribution of 186 RILs in different treatments; Table S1: The phenotypes of parents and 186 RILs in different treatments; Table S2: All QTLs of wheat agronomic traits; Table S3: The DI of yield-related agronomic traits and physiological traits of 188 RILs; Table S4: All QTLs of the wheat drought resistance index.





Author Contributions


Conceptualization, Z.F. and Y.Z.; Formal analysis, X.L., Z.L. and M.L.; Investigation, Z.W., C.W., H.Y., J.L. and H.Z.; Writing—original draft, Z.W. and X.L.; Writing—review and editing, M.L. and Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Innovation Project of Wheat Biological Breeding, grant number 2021A02001-1.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We thank the Shengbao Xu give the valuable suggestions for this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Igrejas, G.; Branlard, G. The importance of wheat. In Wheat Quality for Improving Processing and Human Health; Springer: Berlin/Heidelberg, Germany, 2020; pp. 1–7. [Google Scholar]

	



Hart, J.P.; Ray, D.K.; Mueller, N.D.; West, P.C.; Foley, J.A. Yield Trends Are Insufficient to Double Global Crop Production by 2050. PLoS ONE 2013, 8, e66428. [Google Scholar] [CrossRef]

	



Simmonds, J.; Scott, P.; Leverington-Waite, M.; Turner, A.S.; Brinton, J.; Korzun, V.; Snape, J.; Uauy, C. Identification and independent validation of a stable yield and thousand grain weight QTL on chromosome 6A of hexaploid wheat (Triticum aestivum L.). BMC Plant Biol. 2014, 14, 191. [Google Scholar] [CrossRef]

	



Liu, Y.; Lin, Y.; Gao, S.; Li, Z.; Ma, J.; Deng, M.; Chen, G.; Wei, Y.; Zheng, Y. A genome-wide association study of 23 agronomic traits in Chinese wheat landraces. Plant J. 2017, 91, 861–873. [Google Scholar] [CrossRef]

	



Reynolds, M.; Bonnett, D.; Chapman, S.C.; Furbank, R.T.; Manès, Y.; Mather, D.E.; Parry, M.A. Raising yield potential of wheat. I. Overview of a consortium approach and breeding strategies. J. Exp. Bot. 2011, 62, 439–452. [Google Scholar] [CrossRef] [PubMed]

	



Holland, J. Genetic architecture of complex traits in plants. Curr. Opin. Plant Biol. 2007, 10, 156–161. [Google Scholar] [CrossRef]

	



Börner, A.; Schumann, E.; Fürste, A.; Cöster, H.; Leithold, B.; Röder, S.; Weber, E. Mapping of quantitative trait loci determining agronomic important characters in hexaploid wheat (Triticum aestivum L.). Theor. Appl. Genet. 2002, 105, 921–936. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, N.; Kulwal, P.L.; Balyan, H.S.; Gupta, P.K. QTL mapping for yield and yield contributing traits in two mapping populations of bread wheat. Mol. Breed. 2007, 19, 163–177. [Google Scholar] [CrossRef]

	



Cuthbert, J.L.; Somers, D.J.; Brûlé-Babel, A.L.; Brown, P.D.; Crow, G.H. Molecular mapping of quantitative trait loci for yield and yield components in spring wheat (Triticum aestivum L.). Theor. Appl. Genet. 2008, 117, 595–608. [Google Scholar] [CrossRef] [PubMed]

	



Golabadi, M.; Arzani, A.; Mirmohammadi Maibody, S.A.M.; Sayed Tabatabaei, B.E.; Mohammadi, S.A. Identification of microsatellite markers linked with yield components under drought stress at terminal growth stages in durum wheat. Euphytica 2011, 177, 207–221. [Google Scholar] [CrossRef]

	



Bennett, D.; Reynolds, M.; Mullan, D.; Izanloo, A.; Kuchel, H.; Langridge, P.; Schnurbusch, T. Detection of two major grain yield QTL in bread wheat (Triticum aestivum L.) under heat, drought and high yield potential environments. Theor. Appl. Genet. 2012, 125, 1473–1485. [Google Scholar] [CrossRef]

	



Edae, E.A.; Byrne, P.F.; Haley, S.D.; Lopes, M.S.; Reynolds, M.P. Genome-wide association mapping of yield and yield components of spring wheat under contrasting moisture regimes. Theor. Appl. Genet. 2014, 127, 791–807. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, R.S.; Reynolds, M.P. Common genetic basis for canopy temperature depression under heat and drought stress associated with optimized root distribution in bread wheat. Theor. Appl. Genet. 2015, 128, 575–585. [Google Scholar] [CrossRef] [PubMed]

	



Sukumaran, S.; Dreisigacker, S.; Lopes, M.; Chavez, P.; Reynolds, M.P. Genome-wide association study for grain yield and related traits in an elite spring wheat population grown in temperate irrigated environments. Theor. Appl. Genet. 2015, 128, 353–363. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, H.G.M.; Zeng, Y.; Shah, A.N.; Yar, M.M.; Ullah, A.; Ali, M. Conferring of drought tolerance in wheat (Triticum aestivum L.) genotypes using seedling indices. Front. Plant Sci. 2022, 13, 961049. [Google Scholar] [CrossRef]

	



Fischer, R.A.; Maurer, R. Drought Resistance in Spring Wheat Cultivars. I Grain Yield Responses. Aust. J. Agric. Res. 1978, 29, 897–912. [Google Scholar] [CrossRef]

	



Guttieri, M.J.; Stark, J.C.; O’Brien, K.; Souza, E. Relative Sensitivity of Spring Wheat Grain Yield and Quality Parameters to Moisture Deficit. Crop Sci. 2001, 41, 327–335. [Google Scholar] [CrossRef]

	



Bouslama, M.; Schapaugh, W.T. Stress Tolerance in Soybeans. I. Evaluation of Three Screening Techniques for Heat and Drought Tolerance. Crop Sci. 1984, 24, 933. [Google Scholar] [CrossRef]

	



Fischer, R.A.; Rees, D.; Sayre, K.D.; Lu, Z.M.; Condon, A.G.; Saavedra, A.L. Wheat Yield Progress Associated with Higher Stomatal Conductance and Photosynthetic Rate, and Cooler Canopies. Crop Sci. 1998, 38, 1467–1475. [Google Scholar] [CrossRef]

	



Fernandez, G.C.J. Effective selection criteria for assessing stress tolerance. In Proceedings of the International Symposium on Adaptation of Vegetables and Other Food Crops in Temperature and Water Stress Tolerance, Shanhua, Taiwan, 13–16 August 1992. [Google Scholar]

	



Ramirez-Vallejo, P.; Kelly, J.D. Traits related to drought resistance in common bean. Euphytica 1998, 99, 127–136. [Google Scholar] [CrossRef]

	



Maccaferri, M.; Ricci, A.; Salvi, S.; Milner, S.G.; Noli, E.; Martelli, P.L.; Casadio, R.; Akhunov, E.; Scalabrin, S.; Vendramin, V.; et al. A high-density, SNP-based consensus map of tetraploid wheat as a bridge to integrate durum and bread wheat genomics and breeding. Plant Biotechnol. J. 2015, 13, 648–663. [Google Scholar] [CrossRef]

	



Qaseem, M.F.; Qureshi, R.; Shaheen, H.; Shafqat, N. Genome-wide association analyses for yield and yield-related traits in bread wheat (Triticum aestivum L.) under pre-anthesis combined heat and drought stress in field conditions. PLoS ONE 2019, 14, e0213407. [Google Scholar] [CrossRef]

	



Sukumaran, S.; Reynolds, M.P.; Sansaloni, C. Genome-Wide Association Analyses Identify QTL Hotspots for Yield and Component Traits in Durum Wheat Grown under Yield Potential, Drought, and Heat Stress Environments. Front. Plant Sci. 2018, 9, 81. [Google Scholar] [CrossRef] [PubMed]

	



Ballesta, P.; Mora, F.; Pozo, A.D. Association mapping of drought tolerance indices in wheat: QTL-rich regions on. Sci. Agric. 2019, 77, e20180153. [Google Scholar] [CrossRef]

	



Lujan Basile, S.M.; Ramirez, I.A.; Crescente, J.M.; Conde, M.B.; Demichelis, M.; Abbate, P.; Rogers, W.J.; Pontaroli, A.C.; Helguera, M.; Vanzetti, L.S. Haplotype block analysis of an Argentinean hexaploid wheat collection and GWAS for yield components and adaptation. BMC Plant Biol. 2019, 19, 553. [Google Scholar] [CrossRef] [PubMed]

	



Qin, P.; Lin, Y.; Hu, Y.; Liu, K.; Mao, S.; Li, Z.; Wang, J.; Liu, Y.; Wei, Y.; Zheng, Y. Genome-wide association study of drought-related resistance traits in Aegilops tauschii. Genet. Mol. Biol. 2016, 39, 398–407. [Google Scholar] [CrossRef]

	



Hossain, A.; Skalicky, M.; Brestic, M.; Maitra, S.; Ashraful Alam, M.; Syed, M.A.; Hossain, J.; Sarkar, S.; Saha, S.; Bhadra, P.; et al. Consequences and mitigation strategies of abiotic stresses in wheat (Triticum aestivum L.) under the changing climate. Agronomy 2021, 11, 241. [Google Scholar] [CrossRef]

	



Khan, S.; Anwar, S.; Yu, S.; Sun, M.; Yang, Z.; Gao, Z.Q. Development of Drought-Tolerant Transgenic Wheat: Achievements and Limitations. Int. J. Mol. Sci. 2019, 20, 3350. [Google Scholar] [CrossRef]

	



Ahmad, A.; Aslam, Z.; Javed, T.; Hussain, S.; Raza, A.; Shabbir, R.; Mora-Poblete, F.; Saeed, T.; Zulfiqar, F.; Ali, M.M.; et al. Screening of wheat (Triticum aestivum L.) genotypes for drought tolerance through agronomic and physiological response. Agronomy 2022, 12, 287. [Google Scholar] [CrossRef]

	



Farooq, M.; Hussain, M.; Siddique, K.H.M. Drought Stress in Wheat during Flowering and Grain-filling Periods. Crit. Rev. Plant Sci. 2014, 33, 331–349. [Google Scholar] [CrossRef]

	



Sallam, A.; Alqudah, A.M.; Dawood, M.F.A.; Baenziger, P.S.; Börner, A. Drought Stress Tolerance in Wheat and Barley: Advances in Physiology, Breeding and Genetics Research. Int. J. Mol. Sci. 2019, 20, 3137. [Google Scholar] [CrossRef] [PubMed]

	



Ozturk, A.; Aydin, F. Effect of Water Stress at Various Growth Stages on Some Quality Characteristics of Winter Wheat. J. Agron. Crop Sci. 2004, 190, 93–99. [Google Scholar] [CrossRef]

	



Daryanto, S.; Wang, L.; Jacinthe, P.A. Global Synthesis of Drought Effects on Maize and Wheat Production. PLoS ONE 2016, 11, e0156362. [Google Scholar] [CrossRef]

	



Gupta, P.K.; Balyan, H.S.; Sharma, S.; Kumar, R. Genetics of yield, abiotic stress tolerance and biofortification in wheat (Triticum aestivum L.). Theor. Appl. Genet. 2020, 133, 1569–1602. [Google Scholar] [CrossRef]

	



Wang, S.; Wong, D.; Forrest, K.; Allen, A.; Chao, S.; Huang, B.E.; Maccaferri, M.; Salvi, S.; Milner, S.G.; Cattivelli, L.; et al. Characterization of polyploid wheat genomic diversity using a high-density 90,000 single nucleotide polymorphism array. Plant Biotechnol. J. 2014, 12, 787–796. [Google Scholar] [CrossRef]

	



Marone, D.; Laidò, G.; Gadaleta, A.; Colasuonno, P.; Ficco, D.B.; Giancaspro, A.; Giove, S.; Panio, G.; Russo, M.A.; De Vita, P.; et al. A high-density consensus map of A and B wheat genomes. Theor. Appl. Genet. 2012, 125, 1619–1638. [Google Scholar] [CrossRef] [PubMed]

	



Nachit, M.M.; Elouafi, I.; Pagnotta, A.; El Saleh, A.; Iacono, E.; Labhilili, M.; Asbati, A.; Azrak, M.; Hazzam, H.; Benscher, D.; et al. Molecular linkage map for an intraspecific recombinant inbred population of durum wheat (Triticum turgidum L. var. durum). Theor. Appl. Genet. 2001, 102, 177–186. [Google Scholar] [CrossRef]

	



Liu, D.; Zhao, D.; Zeng, J.; Shawai, R.S.; Tong, J.; Li, M.; Li, F.; Zhou, S.; Hu, W.; Xia, X.; et al. Identification of genetic loci for grain yield-related traits in the wheat population Zhongmai 578/Jimai 22. J. Integr. Agric. 2023, 22, 1985–1999. [Google Scholar] [CrossRef]

	



Negisho, K.; Shibru, S.; Matros, A.; Pillen, K.; Ordon, F.; Wehner, G. Association Mapping of Drought Tolerance Indices in Ethiopian Durum Wheat (Triticum turgidum ssp. durum). Front. Plant Sci. 2022, 13, 838088. [Google Scholar] [CrossRef] [PubMed]

	



Bapela, T.; Shimelis, H.; Tsilo, T.J.; Mathew, I. Genetic improvement of wheat for drought tolerance: Progress, challenges and opportunities. Plants 2022, 11, 1331. [Google Scholar] [CrossRef] [PubMed]

	



Farshadfar, E.; Moradi, Z.; Elyasi, P. Effective selection criteria for screening drought tolerant landraces of bread wheat (Triticum aestivum L.). Ann. Biol. Res. 2012, 3, 2507–2516. [Google Scholar]

	



Patel, J.M.; Patel, A.S.; Patel, C.R.; Mamrutha, H.M.; Pachchigar, K.P. Evaluation of Selection Indices in Screening Durum Wheat Genotypes Combining Drought Tolerance and High Yield Potential. Int. J. Curr. Microbiol. Appl. Sci. 2019, 8, 1165–1178. [Google Scholar] [CrossRef]

	



Ayed, S.; Othmani, A.; Bouhaouel, I.; Teixeira da Silva, J.A. Multi-Environment Screening of Durum Wheat Genotypes for Drought Tolerance in Changing Climatic Events. Agronomy 2021, 11, 875. [Google Scholar] [CrossRef]

	



Guan, P.; Di, N.; Mu, Q.; Shen, X.; Wang, Y.; Wang, X.; Yu, K.; Song, W.; Chen, Y.; Xin, M.; et al. Use of near-isogenic lines to precisely map and validate a major QTL for grain weight on chromosome 4AL in bread wheat (Triticum aestivum L.). Theor. Appl. Genet. 2019, 132, 2367–2379. [Google Scholar] [CrossRef] [PubMed]

	



Jobson, E.M.; Johnston, R.E.; Oiestad, A.J.; Martin, J.M.; Giroux, M.J. The Impact of the Wheat Rht-B1b Semi-Dwarfing Allele on Photosynthesis and Seed Development Under Field Conditions. Front. Plant Sci. 2019, 10, 51. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Mao, X.; Wang, J.; Chang, X.; Reynolds, M.; Jing, R. Genetic dissection of drought and heat-responsive agronomic traits in wheat. Plant Cell Env. 2019, 42, 2540–2553. [Google Scholar] [CrossRef] [PubMed]

	



Bao, X.; Hou, X.; Duan, W.; Yin, B.; Ren, J.; Wang, Y.; Liu, X.; Gu, L.; Zhen, W. Screening and evaluation of drought resistance traits of winter wheat in the North China Plain. Front. Plant Sci. 2023, 14, 1194759. [Google Scholar] [CrossRef]

	



Sultana, S.R.; Ali, A.; Ahmad, A.; Mubeen, M.; Zia-Ul-Haq, M.; Ahmad, S.; Ercisli, S.; Jaafar, H.Z. Normalized Difference Vegetation Index as a tool for wheat yield estimation: A case study from Faisalabad, Pakistan. Sci. World J. 2014, 2014, 725326. [Google Scholar] [CrossRef] [PubMed]

	



Ltaief, S.; Krouma, A. Functional Dissection of the Physiological Traits Promoting Durum Wheat (Triticum durum Desf.) Tolerance to Drought Stress. Plants 2023, 12, 1420. [Google Scholar] [CrossRef] [PubMed]

	



Meng, L.; Li, H.; Zhang, L.; Wang, J. QTL IciMapping: Integrated software for genetic linkage map construction and quantitative trait locus mapping in biparental populations. Crop J. 2015, 3, 269–283. [Google Scholar] [CrossRef]








[image: Plants 13 00898 g001] 





Figure 1. The correlation analysis between total yield and agronomic traits under different treatment conditions. (A) The correlation analysis between total yield and agronomic traits with adequate irrigation treatments. (B) The correlation analysis between total yield and agronomic traits under drought-stress conditions. TY, total yield; HD, heading date; PH, plant height; GNPS, grain number per spike; GF, grain fullness; BSS, number of basal sterile spikelet; TGW, thousand-grain weight; GWPS, grain weight per spike; HD-CT, canopy temperature measured in heading stage; EF-CT, canopy temperature measured in early filling stage; MF-CT, canopy temperature measured in middle filling stage; HD-SPAD, chlorophyll content measured in heading stage; EF-SPAD, chlorophyll content measured in early filling stage; MF-SPAD, chlorophyll content measured in middle filling stage; ES-NDVI, normalized differential vegetation index measured in elongation stage; HD-NDVI, normalized differential vegetation index measured in heading stage; EF-NDVI, normalized differential vegetation index measured in early filling stage; MF-NDVI, normalized differential vegetation index measured in middle filling stage. Red lines indicate positive correlations, and gray lines indicate negative correlations. The correlations were analyzed by “corrplot” in the R package using the average values presented in Table S1. 
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Figure 2. Drought tolerance index(DI) of yield-related agronomic traits and physiological traits. The numbers in the column plot represent the average values. Different letters indicate statistically significant differences among samples, determined using the two-tailed Kruskal–Wallis test with Dunn’s multiple comparison post hoc test (p < 0.05). 
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Figure 3. LOD scores of the DIs of TGW, GWPS and TY in the whole genome. DI, drought-resistance index; TGW, thousand-grain weight; GWPS, grain weight per spike; TY, total yield. 
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Figure 4. Chromosomal locations of the QTLs that were associated with drought tolerance in wheat. 
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Figure 5. Phenotypic values of the associated SNP markers in the RIL population. * Indicates significant difference at p < 0.05, ** Indicates significant difference at p < 0.01. DI, drought-resistance index. TGW, thousand-grain weight; GWPS, grain weight per spike; TY, total yield. 
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Table 1. The descriptive statistics on agronomic traits of 188 wheat RILs in two treatments.
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Traits

	
Adequate Irrigation

	
Drought Stress




	
Range

	
Mean

	
SD

	
CV (%)

	
Range

	
Mean

	
SD

	
CV (%)






	
HD

	
38.00–59.00

	
50.44

	
4.47

	
3.79

	
39.00–59.00

	
50.28

	
4.53

	
3.01




	
PH

	
66.90–130.00

	
102.88

	
11.41

	
8.37

	
63.70–122.00

	
96.11

	
10.23

	
8.48




	
GNPS

	
32.30–59.84

	
44.09

	
4.98

	
11.29

	
28.62–56.30

	
39.43

	
4.43

	
11.22




	
GF

	
2.00–8.00

	
4.78

	
1.19

	
12.39

	
2.00–8.00

	
4.28

	
1

	
11.81




	
BSS

	
0.00–4.00

	
1.41

	
0.69

	
34.55

	
0.00–5.20

	
1.79

	
0.86

	
33.01




	
TGW

	
23.20–58.40

	
40.09

	
6.38

	
8.04

	
20.40–53.60

	
37.65

	
5.83

	
8.06




	
GWPS

	
0.38–3.66

	
1.76

	
0.5

	
12.69

	
0.40–3.32

	
1.47

	
0.4

	
11.11




	
TY

	
2.21–12.03

	
6.75

	
1.91

	
8.82

	
2.29–10.39

	
5.8

	
1.53

	
7.81




	
HD-CT

	
13.90–26.90

	
20.11

	
1.97

	
2.55

	
16.70–31.00

	
23.42

	
2.48

	
2.66




	
EF-CT

	
20.85–27.10

	
23.55

	
0.91

	
1.57

	
22.53–32.57

	
27.98

	
1.68

	
2.29




	
MF-CT

	
20.58–32.10

	
25.06

	
2.46

	
1.91

	
23.20–31.00

	
27.33

	
1.66

	
1.43




	
HD-SPAD

	
38.90–69.30

	
49.26

	
2.79

	
3.63

	
42.40–61.10

	
51.8

	
2.45

	
3.17




	
EF-SPAD

	
41.90–60.00

	
50.82

	
2.54

	
3.5

	
43.40–62.40

	
53.86

	
2.52

	
3.09




	
MF-SPAD

	
7.40–63.80

	
40.16

	
16.97

	
4.51

	
5.10–64.20

	
43.29

	
15.57

	
8.25




	
ES-NDVI

	
0.13–0.65

	
0.31

	
0.13

	
9.96

	
0.11–0.65

	
0.33

	
0.14

	
12.01




	
HD-NDVI

	
0.44–0.93

	
0.85

	
0.05

	
2.93

	
0.63–0.93

	
0.84

	
0.04

	
2.71




	
EF-NDVI

	
0.48–0.92

	
0.79

	
0.05

	
3.43

	
0.38–0.91

	
0.68

	
0.11

	
5.96




	
MF-NDVI

	
0.29–0.88

	
0.68

	
0.11

	
7.45

	
0.18–0.83

	
0.49

	
0.13

	
11.72








SD, standard deviation; CV, coefficient of variation; HD, heading date; PH, plant height; GNPS, grain number per spike; GF, grain fullness; BSS, number of basal sterile spikelet; TGW, thousand-grain weight; GWPS, grain weight per spike; TY, total yield; CT, canopy temperature; SPAD, chlorophyll content; NDVI, normalized differential vegetation index; EF, early filling stage; MF, middle filling stage; ES, elongation stage.













 





Table 2. Summary of chromosome assignment, number of SNP marker, map length, marker density and Max Gap of the SNP genetic map.
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	Chromosome
	No. of Markers
	Map Distance (cM)
	Map Density (marker/cM)
	Max Gap (cM)
	Gap < 5 cM





	1A
	88
	75.18
	1.17
	18.44
	97.73%



	2A
	43
	134.94
	0.32
	34.93
	90.70%



	3A
	114
	182.13
	0.63
	44.00
	94.74%



	4A
	85
	58.01
	1.47
	6.88
	98.82%



	5A
	47
	107.93
	0.44
	16.37
	89.36%



	6A
	26
	82.94
	0.31
	28.59
	84.62%



	7A
	59
	90.93
	0.65
	14.48
	94.92%



	1B
	66
	170.98
	0.39
	31.86
	90.91%



	2B
	88
	128.31
	0.69
	34.66
	93.18%



	3B
	88
	157.46
	0.56
	29.13
	92.05%



	4B
	14
	148.68
	0.09
	47.48
	64.29%



	5B
	71
	170.78
	0.42
	35.00
	90.14%



	6B
	34
	42.49
	0.80
	16.02
	97.06%



	7B
	110
	109.54
	1.00
	12.68
	96.36%



	1D
	37
	150.87
	0.25
	39.70
	83.78%



	2D
	19
	102.39
	0.19
	37.67
	84.21%



	3D
	20
	73.74
	0.27
	29.91
	80.00%



	5D
	11
	58.68
	0.19
	58.12
	90.91%



	6D
	15
	26.40
	0.57
	10.54
	86.67%



	7D
	12
	115.97
	0.10
	41.63
	58.33%



	A genome
	462
	732.06
	0.63
	44.00
	94.59%



	B genome
	471
	928.24
	0.51
	47.78
	92.36%



	D genome
	114
	528.05
	0.22
	58.12
	81.58%



	Total
	1047
	2188.35
	0.48
	29.40
	92.17%










 





Table 3. The environmentally stable QTLs of 18 agronomic traits.
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	Trait
	QTLs
	Chr
	Left Marker
	Right Marker
	LOD
	PVE (%)
	Add
	Environment





	HD
	QHD-2A.1
	2A
	BS00068196_51
	BobWhite_c1611_1685
	13.23–13.56
	11.77–11.83
	0.73
	NE1, NE4



	
	QHD-2A.2
	2A
	BS00076693_51
	BS00068139_51
	6.96–9.94
	5.53–7.93
	−0.55
	NE1, NE4



	
	QHD-2B
	2B
	wsnp_Ex_c16144_24583060
	RAC875_c35399_497
	4.23–9.30
	7.41–11.32
	−0.61
	NE1, NE4, D3, D4



	
	QHD-3D
	3D
	Excalibur_c27702_282
	wsnp_Ra_rep_c116793_96612614
	2.71–5.95
	0.44–12.6
	0.44
	NE1, NE2, NE3, NE4, DE1, DE2, DE4



	
	QHD-5B.1
	5B
	wsnp_BJ224975A_Ta_2_2
	wsnp_Ex_c8543_14357051
	5.43–19.87
	1.80–34.62
	−0.91
	NE1, NE2, NE3, NE4, DE2, DE3, DE4



	
	QHD-5B.2
	5B
	TA001900-1836
	Tdurum_contig49576_75
	5.12–5.58
	4.36–7.61
	−0.54
	NE2, NE3, NE4, DE4



	
	QHD-5B.3
	5B
	Tdurum_contig44343_1039
	wsnp_Ku_c21275_31007309
	6.96–7.14
	0.73–11.7
	−0.55
	NE1, DE1, DE2



	
	QHD-6A
	6A
	TA004558-1018
	tplb0028p11_1104
	2.88–4.01
	3.04–4.15
	0.39
	NE3, NE4, DE4



	PH
	QPH-4B
	4B
	wsnp_Ex_c26807_36031771
	RAC875_rep_c72961_977
	3.37–4.74
	8.27–9.66
	−2.8
	NE2, NE3, NE4, DE1, DE2, DE3, DE4



	
	QPH-5B
	5B
	wsnp_RFL_Contig3939_4369467
	BS00072155_51
	2.51–4.47
	5.47–10.3
	2.5
	NE1, NE2, NE4, DE1, DE4



	GF
	QGF-4B
	4B
	wsnp_Ex_c26807_36031771
	RAC875_rep_c72961_977
	3.41–4.95
	8.91–10.41
	−0.19
	NE3, NE4



	
	QGF-1A
	1A
	IACX662
	BS00012283_51
	2.99–4.34
	7.73–10.26
	0.16
	NE4, DE1, DE3, DE4



	BSS
	QBSS-1A
	1A
	RAC875_c50864_1921
	wsnp_Ex_c57322_59083238
	4.69–5.63
	9.54–10.45
	−0.18
	NE3, NE4



	
	QBSS-5B
	5B
	wsnp_Ex_c8543_14357051
	IAAV619
	3.31–4.35
	6.40–9.93
	−0.16
	DE3, NE3, NE4



	TGW
	QTGW-1A
	1A
	wsnp_Ex_c33246_41764093_2
	wsnp_Ku_c18923_28319203_2
	17.14–18.69
	8.34–8.38
	−2.25
	NE2, NE4



	
	QTGW-2B
	2B
	Jagger_c1059_300
	TA003703-0582
	2.54–30.4
	4.66–16.2
	−2.29
	NE2, NE3, NE4



	
	QTGW-4B
	4B
	wsnp_Ex_c26807_36031771
	RAC875_rep_c72961_977
	3.01–5.47
	1.75–10.39
	−1.08
	NE1, NE3, NE4



	TY
	QTY-1A
	1A
	BS00022698_51
	RAC875_c400_3378
	3.15–3.18
	7.90–7.96
	0.18
	NE4, DE1, DE4



	HD-SPAD
	QHD-SPAD-4B
	4B
	wsnp_Ex_c26807_36031771
	RAC875_rep_c72961_977
	3.01–6.00
	4.76–14.67
	0.61
	NE2, NE3, NE4, DE1, DE2, DE3, DE4



	
	QHD-SPAD-5B
	5B
	Excalibur_rep_c111129_125
	RAC875_c30566_230
	4.61–6.11
	8.82–8.87
	0.67
	NE3, NE4



	EF-SPAD
	QEF-SPAD-5B.1
	5B
	wsnp_Ra_c13_24911
	wsnp_Ex_rep_c68515_67349904_2
	2.74–4.72
	5.61–8.44
	0.50
	DE2, DE3, DE4



	
	QEF-SPAD-5B.2
	5B
	Excalibur_c6279_381
	Kukri_c52049_277
	3.25–6.06
	6.41–11.2
	−0.54
	NE4, DE2, DE4



	MF-SPAD
	QMF-SPAD-3D
	3D
	RAC875_c35873_1828
	Excalibur_c9472_217
	3.50–4.28
	8.58–8.80
	−0.59
	NE1, NE4



	
	QMF-SPAD-5B
	5B
	Tdurum_contig44343_1039
	wsnp_Ku_c21275_31007309
	5.77–8.18
	9.75–18.92
	−2.40
	DE3, DE4



	ES-NDVI
	QES-NDVI-1A.3
	1A
	Tdurum_contig10036_474
	BS00067525_51
	6.09–6.59
	11.45–14.21
	0.13
	NE4, DE3, DE4



	HD-NDVI
	QHD-NDVI-5B
	5B
	wsnp_Ex_c8543_14357051
	IAAV619
	3.64–9.44
	8.42–19.79
	−0.01
	NE3, NE4, DE2, DE3, DE4



	EF-NDVI
	QEF-NDVI-5B.1
	5B
	wsnp_BJ224975A_Ta_2_2
	wsnp_Ex_c8543_14357051
	3.28–8.24
	7.60–19.72
	−0.01
	NE3, NE4, DE2, DE4



	
	QEF-NDVI-5B.2
	5B
	BS00003944_51
	BS00049719_51
	2.59–2.65
	3.61–6.36
	−0.01
	DE3, DE4







Chr: Chromosome; PVE: phenotypic variation explained [26]. NE1, NE2, NE3 and NE4 indicate non-stress condition in 2014, 2015, 2016 and the average values, respectively; DE1, DE2, DE3 and DE4 indicate drought stress condition in 2014, 2015, 2016 and the average values, respectively.
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Kri_ c78358_129

Tdurum contlg82404 354
wsnp_Ex_c45_97816
1AAV2861

BS00000250_51
Kukri_c27894_369

IAAV3757

Jagger_c9722_251
Excalibur_c20439_825
Excalibur_c4372_363
Tdurum_contig8350_350
RAC875_c34888_65
RAC875_c57939_175
RAC875_c97040_104
RAC875_c16352_326
GENE-0951_398
Excalibur_c84687_162
wsnp_Ku_rep_ c69876 69364477
wsnp_Ex_rep_c67264_65795361_2
wsnp_Ex_rep_c67264_65795361
BS00021739_51
wsnp_CAP11_rep_c8768_ 3788007

QDTY-1B

Kukri_rep_ c71876 521
wsnp_Ex_c15325_23565794_2
wsnp_JD_c18695_17091254_2

Kukri_rep_c83485_398

RAC875_c34757_180
BobWhite_c1611 1685
BS00068196_51
RAC875_c10357_ 732
wsnp_Ku_c22904_ 32775584 _2
wsnp_Ex_c5412_9564478_2
Ra_c58279_702
wsnp_Ex_c5412_9565527

BobWhite_c26374_339

BS00068139_51
BS00076693_51

chromosome 2B

Excalibur_c17904_437
Kukri_s118318_335
wsnp_Ex_c658_1294440
S 0041911_51
NE-2890_445
Tdurum conth49844 58
Kukri_c42466_392
8500075505 51

BS0006351
RAC875 c27963 267
CAP12 rep_c5753 56
BS00034304_51
RAC875_rep_c106700_77
Excalibur_c53930__ 53
wsnp_Ex_rep_c68515_67349904_2
wsnp_Ku_c5071_9050628_2
CAP8 c4920_219
c3432_336
Bobwmte c10901 578

wsnp_CAP11_c299_251533
Kukri_c1106_1489
BS00100107_51
wsnp_Ex_c7383_12655468
IACX5879
IACX7820
Kukri_rep_c77459_316
Tdurum_contig49187_356
BS00023407_51
wsnp_Ku_c35386_44598937
Excalibur_rep_c111546_167
Excalibur_c49597_398

tpl
Tdurum contiq17712 115
$00072156_51
wsnp_RFL Contlg3939 4369467
obWhite c43981 _90

IAAV2328

RAC875_c16943_404
Tdurum_contig49576_75
RAC875 c61493 327
1900-1836

wsnp_Ex_ c47684 52820187 2
500035256 51
Tdurum_