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Background: Tunisia harbors a rich collection of unexploited durum wheat landraces (Triticum durum ssp. durum) that have been gradually replaced by elite cultivars since the 1970s. These landraces represent an important potential source for broadening the genetic background of elite durum wheat cultivars and for the introgression of novel genes for key traits, including disease resistance, into these cultivars.
Methods: In this study, single nucleotide polymorphism (SNP) markers were used to investigate the genetic diversity and population structure of a core collection of 235 durum wheat accessions consisting mainly of landraces. The high phenotypic and genetic diversity of the fungal pathogen Pyrenophora tritici-repentis (cause of tan spot disease of wheat) in Tunisia allowed the assessment of the accessions for tan spot resistance at the adult plant stage under field conditions over three cropping seasons. A genome-wide association study (GWAS) was performed using a 90k SNP array.
Results: Bayesian population structure analysis with 9191 polymorphic SNP markers classified the accessions into two groups, where groups 1 and 2 included 49.79% and 31.49% of the accessions, respectively, while the remaining 18.72% were admixtures. Principal coordinate analysis, the unweighted pair group method with arithmetic mean and the neighbor-joining method clustered the accessions into three to five groups. Analysis of molecular variance indicated that 76% of the genetic variation was among individuals and 23% was between individuals. Genome-wide association analyses identified 26 SNPs associated with tan spot resistance and explained between 8.1% to 20.2% of the phenotypic variation. The SNPs were located on chromosomes 1B (1 SNP), 2B (4 SNPs), 3A (2 SNPs), 3B (2 SNPs), 4A (2 SNPs), 4B (1 SNP), 5A (2 SNPs), 5B (4 SNPs), 6A (5 SNPs), 6B (2 SNPs), and 7B (1 SNP). Four markers, one on each of chromosomes 1B, and 5A, and two on 5B, coincided with previously reported SNPs for tan spot resistance, while the remaining SNPs were either novel markers or closely related to previously reported SNPs. Eight durum wheat accessions were identified as possible novel sources of tan spot resistance that could be introgressed into elite cultivars.
Conclusion: The results highlighted the significance of chromosomes 2B, 5B, and 6A as genomic regions associated with tan spot resistance.
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1 INTRODUCTION
Durum or tetraploid wheat (Triticum turgidum ssp. durum, 2n = 4× = 28, AABB) is thought to have been domesticated, approximately 12,000 years ago, in the Fertile Crescent region which spans Israel, Lebanon, Syria, southeastern Turkey, Jordan, western Iran, southern Iraq, Palestine, and northern Kuwait (MacKey, 2005; Tanno and Willcox, 2006; Zohary et al., 2012; Martínez-Moreno et al., 2020). It was then introduced to the low rainfall regions of the Mediterranean basin, North Africa, Southern Europe, India and eventually the northern plains of Canada and the United States. The spread of durum wheat from the Fertile Crescent to regions all over the world is associated with human migration (Bozzini, 1988). Currently, durum wheat is considered a staple food in the Mediterranean region and North Africa, where it is grown mainly for its various end use products such as pasta, frike, couscous, and burghul, and where around 70% of worldwide durum wheat production occurs (Bonjean and Angus, 2001; MacKey, 2005; Li et al., 2013; Kabbaj et al., 2017).
Tunisia, located in North Africa and the Mediterranean basin, harbors a rich collection of durum wheat landraces, which have been gradually abandoned in favor to elite cultivars since the 1970s (Harlan, 1971; Beanjean, 2001). In Tunisia, during the 2021–2022 cropping season, wheat production was estimated at 1.2 MT over an area of 0.607 M ha (USDA, 2023). The contrasting environmental conditions of North Africa and the Mediterranean basin have led to the development of a widely diversified collection of local accessions (Mercer and Perales, 2010; Ouaja et al., 2021). Several studies reported that landraces from the secondary centers of wheat diversity such as the horn of Africa region and the Mediterranean region are genetically diverse and tolerant to both abiotic and biotic stresses (Mengistu et al., 2016; Kabbaj et al., 2017; Ouaja et al., 2020; Laribi et al., 2021; Ouaja et al., 2021; Ben M’Barek et al., 2022; Ferjaoui et al., 2022; Laribi et al., 2022b). Thus, Mediterranean landraces represent an important potential source for broadening the genetic background of elite durum wheat cultivars and for the introgression of potential novel genes for key traits into these cultivars. At present, few Tunisian farmers still sustain some of these landraces under traditional farming systems, mainly to meet their own food needs.
Nonetheless, the durum varieties grown in Tunisia remain susceptible to various fungal diseases including Septoria tritici blotch (Bel Hadj Chedli et al., 2020; Ben M’Barek et al., 2020; Ben M’Barek et al., 2023), tan spot (Kamel and Cherif, 2021) and rusts (Hammami and Gharbi, 2018), as well as abiotic stresses, particularly drought and heat (Chamekh et al., 2015). Indeed, most cultivated varieties in Tunisia were found to be susceptible to tan spot, caused by the fungus Pyrenophora tritici-repentis, across all wheat-growing regions of the country (Kamel and Cherif, 2021). Infection by this foliar pathogen can result in yield losses of up to 50% under favorable conditions. To date, six of the eight known races of P. tritici-repentis (races 2, 4, 5, 6, 7, and 8) have been identified in Tunisia. Furthermore, numerous “atypical” isolates also have been reported; these isolates cause necrosis symptoms on the susceptible genotype “Glenlea,” resembling therefore those induced by the necrotrophic effector Ptr ToxA, but lack the ToxA gene coding for this protein (Kamel et al., 2019; Laribi et al., 2019; 2022a).
The homothallic nature of P. tritici-repentis, its high genetic diversity, and the widespread adoption of conservation tillage practices that favor survival of the fungus on crop debris underscore the need to identify novel sources of tan spot resistance (Laribi et al., 2022a). Compared with hexaploid wheat (Triticum aestivum), only a few studies have explored tan spot resistance in tetraploid wheat. Numerous qualitative resistance genes (Friesen and Faris, 2004; Tadesse et al., 2006b; 2006a; 2007; 2010; Singh et al., 2006; 2008; 2010; Faris et al., 2013; 2020) and quantitative trait loci (QTL) conferring race-specific and non-race-specific resistance to tan spot have been identified (Faris et al., 2013; Phuke et al., 2020; Kokhmetova et al., 2021; Lozano-Ramírez et al., 2022). In addition, three susceptibility genes (Tsn1, Tsc1, and Tsc2) that confer sensitivity to the three necrotrophic effectors (Ptr ToxA, Ptr ToxC, Ptr ToxB) produced by P. tritici-repentis also have been reported (Abeysekara et al., 2010; Faris et al., 2010; 2013). The qualitative genes tsr2, tsr5, TsrHar and tsr7 were found on chromosome 3B, while tsr1, tsr3, tsr4, tsr6 and TsrAri were identified on chromosomes 5B, 3D, 3A, 2B, and 3A, respectively. A major challenge facing wheat breeders is the development of new wheat varieties that contain multiple tan spot resistance genes. Another breeding objective is to develop wheat varieties that can withstand abiotic and biotic stresses often brought about by climate change, such as increases in temperature and water scarcity, and which are expected to affect many cereal producing regions (Carew et al., 2017; Ben M’Barek and Ghaffary, 2021). Improvement in the yield and quality of wheat is another important goal for breeders, particularly with the world’s population expected to grow by 50% by 2050 (Grassini et al., 2013; FAO, 2023).
Domestication of wheat allowed the introduction of several key traits including kernel shattering resistance, larger seeds and free threshing that enabled easier harvest, better reproducibility and diversified end uses (Feldman, 2001; Charmet, 2011; Peng et al., 2011; Zohary et al., 2012; Gioia et al., 2015). Nevertheless, it is presumed that natural genetic variability in wheat was gradually lost in the process of domestication and also in the course of natural and human selection pressure for the improvement of modern cultivars (Diamond, 2002; Haudry et al., 2007; Rahman et al., 2020). Mediterranean durum wheat landraces were found to be genetically diverse, highly adapted to environmental conditions and resistant or tolerant to several abiotic and biotic stresses (Lopes et al., 2015; Ben M’Barek and Ghaffary, 2021; Laribi et al., 2021; 2022b; Ben M’Barek et al., 2022). Few studies, however, have evaluated the phenotypic and genotypic diversity of Tunisian durum wheat accessions, provided by the National Gene Bank of Tunisia (Medini et al., 2005; Robbana et al., 2019; 2021; Slim et al., 2019; Ouaja et al., 2021). These studies suggested that Tunisian durum wheat accessions are genetically diverse and well adapted to environmental conditions.
Different types of molecular markers have been employed to study the genetic diversity of wheat accessions from different agroecological origins (Poland et al., 2012; Mengistu et al., 2016; Soriano et al., 2016; Sansaloni et al., 2020). Genotyping-by-sequencing (GBS) is an advanced next-generation sequencing (NGS) approach for genotyping that is rapid, robust, high-throughput, and cost-effective method for determining the order of nucleotides in complex large sized genomes such as rice, maize, sorghum, barley, and wheat. GBS technologies including restriction-site associated DNA sequencing (RAD-seq) and DArTseq target the genomic sequence flanking restriction enzyme sites to produce a reduced representation of the genome. These two technologies have been widely used in wheat genetics (Sansaloni et al., 2011; 2020; Poland et al., 2012; Sehgal et al., 2015). DArTseq (https://www.diversityarrays.com/) technology has been applied successfully in several genomes including wheat (Sansaloni et al., 2011; 2020). This high throughput genotyping technology was first developed by Jaccoud et al. (2001) for rice, and since then has gained an increased interest (Sansaloni et al., 2020). DArTseq generates two types of markers, dominant and co-dominant, and produces less missing data compared with other GBS technologies (Sansaloni et al., 2011). It has been applied successfully in studies of genetic diversity, QTL identification, genomic selection, and GWAS (Robbana et al., 2019; Sansaloni et al., 2020).
The completion of a high-quality assembly of the genome of the durum wheat cultivar Svevo facilitated the breeding for several key traits in wheat (Maccaferri et al., 2019). The latter genome assembly provided a genome-wide account of modifications imposed by thousands of years of empirical selection and breeding and enabled fine mapping, cloning, functional analysis of genes, and accelerated the genetic improvement and the molecular-assisted selection of wheat (Maccaferri et al., 2019). Currently, with the rapid advances in next-generation sequencing (NGS) technologies, single nucleotide polymorphisms (SNPs) have become the most common type of marker used for assessment of the genetic diversity in wheat (Elshire et al., 2011; Holtz et al., 2016). The use of this type of markers in genetic studies, marker assisted selection and in genome wide association studies (GWAS), has significantly increased in the last years given their abundance in genomes, effectiveness, affordability, and potential for high-throughput screening (Gurung et al., 2011; Galagedara et al., 2020; Kokhmetova et al., 2021; Lozano-Ramírez et al., 2022).
Enhancing genetic diversity in durum wheat is an important breeding objective, while the study of this genetic diversity is important for its conservation and for understanding the evolution of this species. The exploration of wild relatives and landraces, especially within the primary and secondary centers of wheat diversity, could compensate for the loss in allelic variation as well as lead to the introgression of desirable agronomic (Lopes et al., 2015), nutritional (Cooper et al., 2001), and disease resistance (Ben M’Barek and Ghaffary, 2021; Ferjaoui et al., 2022) traits. Most Tunisian landraces, however, have not been well characterized at the molecular level or been fully exploited for cultivar development.
The objectives of this study were: 1) to evaluate the genetic diversity and population structure of a panel of Tunisian durum wheat accessions, including many landraces, by next-generation sequencing; 2) to test the collection for tan spot disease resistance at the adult plant stage under field conditions in Tunisia; and 3) to identify genomic regions associated with this resistance using GWAS. Assessment of the genetic diversity of this panel could potentially identify novel alleles for enhancing the biodiversity of durum wheat breeding materials.
2 MATERIALS AND METHODS
2.1 Genetic diversity of Tunisian durum wheat accessions
2.1.1 Plant materials and DNA extraction
The plant materials used in this study comprised 235 durum wheat accessions obtained from the United States Department of Agriculture (USDA) National Small Grains Collection (https://www.ars.usda.gov/pacific-west-area/aberdeen-id/small-grains-and-potato-germplasm-research/docs/national-small-grains-collection/), Aberdeen, ID. The accessions included 212 landraces, 10 breeding lines, eight cultivars, and five accessions of uncertain improvement status. The complete list of accessions is provided in Supplementary Table S1.
The 235 accessions were multiplied and checked for uniformity during the 2016–2017 cropping season. Seeds of a single plant were selected for each accession, and were used for DNA extraction and then sequencing, as well as to grow plant material for field trials. Hereafter, the genotypic and phenotypic characterizations were performed for a genotype that was selected and kept distinct from the original landrace population.
Five seeds of each accession were grown under greenhouse conditions at the International Maize and Wheat Improvement Center (CIMMYT), El Batán, Mexico, for 2 weeks at 20°C with a photoperiod of 16 h light and 8 h darkness. Leaves were then harvested, frozen at −80°C, and lyophilized for 24 h. Genomic DNA was extracted in 96-well plate format from lyophilized young leaves using the cetyltrimethylammonium bromide (CTAB) method following Hoisington et al. (1994). The quality and concentration of the DNA were determined with a NanoDrop 8000 spectrophotometer V 2.1.0 (Thermo Fisher Scientific, Waltham, MA, United States).
2.1.2 Genotyping
High-throughput genotyping using DArTseq™ technology (http://www.diversityarrays.com/dart-application-dartseq) was employed to generate the genomic profile of the germplasm at the Genetic Analysis Service for Agriculture (SAGA) facility at CIMMYT, El Batán, Mexico (Sansaloni et al., 2011). The DNA was prepared according to Sansaloni et al. (2011); briefly digestion and ligation reactions were performed with the restriction enzymes (RE) PstI and HpaII in order to reduce the genome complexity and generate a genomic representation of the samples. Samples were Multiplexed in 96-well microtiter plates with equimolar amounts of amplification products to run in a flow cell of a NovaSeq 6000 System (Illumina Inc., San Diego, CA). Successfully amplified fragments were sequenced to generate approximately 500,000 unique reads per sample. The FASTQ files were filtered for quality with a Phred quality score of 30 as the threshold, representing a base call accuracy of 90% for ≥50% of the bases. An additional filter was applied on the barcode sequences using a Phred quality score of 10, which represented a base call accuracy of 99.9% for ≥75% of the bases. SNP calling was performed using DArTsoft 14 (Diversity Arrays Technology, Bruce, Australia).
2.1.3 SNP marker filtering
Accessions missing >20% of the genotype data were removed by filtering. In addition, the markers were filtered for minor allele frequency (MAF) >5% or >7.5% as per software requirements. In the case of filtering at MAF >5%, 9191 SNP markers were retained to determine polymorphic information content (PIC) and gene diversity (GD) with PowerMarker 3.25 (Liu and Muse, 2005). The same 9,191 markers were used to determine the population structure and conduct cluster analyses with STRUCTURE v2.3.4 (Pritchard et al., 2000) and TASSEL 5 v5.2.2.5 (Bradbury et al., 2007), respectively. The maximum number of columns in Excel (Microsoft, Toronto, ON) is 16,384, and hence GenAlEx 6.503 (Peakall and Smouse, 2006; 2012) cannot accommodate all 9,191(×2) SNP markers. Therefore, a MAF >7.5% was used to filter the markers, leaving 7,654 markers for determination of the genetic diversity within and among the subpopulations. Five thousand and seventy (5,070) of the retained SNP markers, which could be positioned on the A-genome (2,436) or B-genome (2,634), were used for linkage disequilibrium (LD) analyses. The remaining 128 SNP markers on scaffolds and 3,993 SNP markers not assigned to any of the genomes were not used for the analysis (Supplementary Table S2).
2.1.4 Linkage disequilibrium
Linkage disequilibrium was calculated with TASSEL 5 v5.2.2.5 (Bradbury et al., 2007); it was measured as the allele frequency correlation (r2) for all pairwise SNP comparisons on each chromosome and subsequently the chromosome and genome specific mean values were estimated. Inter-chromosomic LD (unlinked loci) was estimated over the whole genome. The significance of pairwise marker r2-values was determined by calculating the Chi-square (χ2) statistic for each SNP pair according to Zhou et al. (2012), except that a threshold p < 0.001 was used to assess the level of significance. The PROC GPLOT procedure in SAS v. 9.4 (SAS Institute, Cary, NC) was used to generate LD plots of the r2-values of pairs of markers with p < 0.001 vs. physical map distance (in Mb) for each chromosome. The data points were then fitted with a solid curve using the PROC TRANSREG function in SAS v. 9.4. Background linkage disequilibrium (BLD) was calculated as the r2-values for unlinked markers that exceeded 95% (95th percentile) of the data set, following Breseghello and Sorrells (2006). The average extent of LD of each chromosome was estimated by projection of the intersection between the fitted curve and the r2 threshold line onto the physical distance axis (Breseghello and Sorrells, 2006; Bellucci et al., 2015). The linkage disequilibrium (LD) decay pattern analysis was performed according to the Hill and Weir function [Hill and Weir, 1988, as described by Mengistu et al. (2016), Woldeyohannes et al. (2022)].
2.1.5 Population structure
The genetic structure of the 235 durum wheat accessions was investigated using a Markov Chain Monte Carlo (MCMC) algorithm implemented in the population-genetic software STRUCTURE v2.3.4 (Pritchard et al., 2000). The admixture and allele frequency correlated models were used to determine the number of clusters (K) ranging from 1 to 10 with 10 itineration each and without any prior information on the origin of the accessions. The analysis was run with a burn-in length of 100,000 iterations and MCMC run length of 100,000 permutations. The optimal number of clusters (K) was determined via the ΔK method using structure harvester (Evanno et al., 2005; Earl and VonHoldt, 2012). Individual accessions were assigned to a sub-population if the probability of membership was ≥0.70 (Kumar et al., 2020; Aleksandrov et al., 2021).
The genetic and similarity distance matrices within and among the subpopulations and 235 accessions were calculated using GenAlEx 6.503 (Peakall and Smouse, 2006; 2012). The analysis of molecular variance (AMOVA) among and within accessions and populations and their level of statistical significance was assessed with GenAlEx 6.503 based on 10,000 permutations (Excoffier et al., 1992). In addition, patterns in the population were inferred or visualized by Principal Coordinate Analysis (PCoA) was also conducted and visualized for identified clusters (Patterson et al., 2006).
Genetic diversity among the 235 durum wheat accessions was determined using the unweighted pair group method with arithmetic mean (UPGMA) based on genetic distances and the neighbor joining (NJ) method generated with TASSEL 5 v5.2.2.5 (Bradbury et al., 2007). The latter software was used to conduct principal components analysis (PCA) based on genetic distances among accessions; principal components were generated using the covariance method and eigenvalues were generated as a measure of the proportion of variation explained by each of the principal components (Bradbury et al., 2007).
2.1.6 Allele frequency based on population structure analysis
To investigate the genetics of the panel, the 235 durum wheat accessions were assigned to 18 populations based on their common names in Tunisia (Supplementary Table S1). For instance, there were six different landraces all with the name Adjini. However, these may have been collected from different geographic locations and hence may be ecotypes. In addition, farmers from different locations may assign a name that does not reflect the pedigree. Accessions with the same name were grouped together to determine their relatedness. The populations obtained comprised Adjini (6 accessions), Agili (19), Arbi (5), Azizi (7), Bidi (10), Biskri (15), Chili (8), Derbessi (7), Frigui (10), Hamira (18), Jenah Khetifah (11), Mahmoudi 17), Medea (12), MG (14), other-cvs (38), Sbei (6), Souri (12), and Unassigned Genotypes (20 accessions) (Supplementary Table S1). In addition, along with the 18 populations assigned based on common name, the subpopulations assigned following selection of the optimal K, were used for the AMOVA and PCoA analysis, as well as to calculate the proportion of polymorphic loci (%P), the number of alleles (Na), number of effective alleles (Ne), observed heterozygosity (Ho), diversity index (h), unbiased diversity index (uh), and Shannon’s information index (I) with GeneAlEx 6.503 (Peakall and Smouse, 2006). The genetic differentiation (FST) was calculated at 1,000 random permutations across all loci as a measure of genetic divergence between populations (Nei, 1977). The gene flow (Nm) among populations was calculated based on FST using GeneAlEx 6.503 (Peakall and Smouse, 2006; 2012).
2.2 Genome-wide association study
2.2.1 Tan spot disease evaluation
2.2.1.1 Field experiments layout
The 235 durum wheat accessions were evaluated for resistance to tan spot at the adult plant stage under field conditions at the CRP Wheat Septoria Precision Phenotyping Platform, Kodia Experimental Station (36°32′51.89 N, 9°0′40.73 E), National Institute of Field Crops, Bou Salem, Tunisia. This Station is considered a very prevalent hot spot site for tan spot disease in most years (Laribi et al., 2021; 2022b). Field evaluations were carried out during the 2017–2018, 2018–2019 and 2021–2022 cropping seasons. Field experiments were conducted in an augmented design with unreplicated entries and replicated checks. Three local check durum genotypes were included in each block, consisting of the tan spot-susceptible cv. “Nasr,” the moderately susceptible “Karim,” and the resistant cv. “Salim” (Laribi et al., 2021; 2022b). Plots were irrigated to create favorable conditions for disease development and standard wheat agronomic practices were carried out to maintain the crops.
2.2.1.2 Phenotyping
The field evaluations were carried out under natural inoculum conditions in 2017–2018, while in 2018–2019 and 2021–2022, wheat stubble infected with P. tritici-repentis and collected from previous cropping seasons was added as an inoculum source as described by Laribi et al. (2022b). Infected leaves and debris were collected and the presence of Ptr was confirmed (Laribi et al., 2019; 2021; 2022b). The occurence of races 2, 5, 6, 7, and 8 was reported in the experimental station (Laribi et al., 2019; 2021). All accessions were evaluated for disease resistance under field conditions at three consecutive time-points at the adult stage (Z55) (Zadoks et al., 1974) with a 7–10 days interval between each evaluation over the 3 years of trials. Disease progression was estimated by measuring tan spot incidence and severity based on a double-digit scale (00–99) (Saari and Prescott, 1975). The area under the disease progress curve (AUDPC) and relative area under the disease progress curve (rAUDPC) were calculated according to Simko and Piepho (2012), where “Nasr” was deployed as the susceptible check of the corresponding trial. Accessions were classified using rAUDPC values as follows: <0.5 resistant (R); 0.5–0.6 moderately resistant (MR); 0.6–0.7 moderately susceptible (MS); and >0.7 susceptible (S) (Ben M’Barek et al., 2022; Laribi et al., 2022b).
2.2.2 Genome-wide association analysis
Due to germination issues and/or high levels of stripe rust infection, tan spot disease data was obtained only for 160 of the 235 accessions over the 3 years. In the case of the SNP markers, 4,975 of 5,070 markers located on the A and B genomes were used after further filtering for the 160 accessions at MAF >5% and genotypes missing >20% data. The GWAS was conducted with TASSEL 5 v5.2.2.5 (Bradbury et al., 2007) using the data from the 4975 SNP markers and rAUDPC values as well as the Best Linear Unbiased Predictors (BLUPs) scores for disease severity at the adult plant stage. A mixed linear model (MLM) was applied in which principal component analysis (PCA) was a fixed variate and kinship (K) was random. Ten additional models were tested with the general linear models (GLM) and mixed linear models (MLM) procedures implemented in TASSEL 5v 5.2.2.5 (Bradbury et al., 2007). The GLM comprised the MDS-only (multidimensional scaling), Q-only (population structure), PCA-only (Principal Component Analysis), K-only (kinship) and D-only (Distance matrix) models. The MLM comprised the MDS + K, Q + K, MDS + D, Q + D and PCA + D models (Wang et al., 2012; Li et al., 2014; Qu et al., 2017; Coan et al., 2018).
The pairwise kinship matrix was calculated with TASSEL 5v 5.2.2.5 and the kinship heatmap was plotted using the heatmap function in R v. 4.2.2 [R Core Team (2023)]. PCA was conducted with Tassel and visualized using the package ggfortify in R software (Tang et al., 2016). Quantile-Quantile (Q-Q) plots, which plot the −log10 p-value of the test of association (observed) with that expected given the null hypothesis of no marker-trait associations, were obtained for each model and the results of the GWAS were presented as Manhattan plots using the package qqman in R v. 4.2.2 [R Core Team (2023)] (Turner, 2018). A false-discovery rate (FDR) was used to assess the significance of the p-value (<0.05).
2.2.3 Candidate gene analysis
The SNP markers found to be associated with tan spot resistance were used to search the GenBank Ensembl genome browser (https://plants.ensembl.org/, accessed on 2 February 2022) with the BLASTN tool. Marker sequences were realigned (BLASTN) to the Triticum turgidum (Svevo. v1 RefSeq Rel. 1.0) and Triticum aestivum (IWGSC) reference sequences. The physical positions on the reference genomes and sequence reads of SNPs were provided by SAGA. When a sequence containing a SNP did not align to a coding region, we report the most closely related gene (s) within 1,000 bp upstream and downstream (Juliana et al., 2018).
2.3 Statistical analysis
Significant differences between the means of the parameters (pairwise and overall) were established by Fisher’s protected least significant difference (LSD) test (p ≤ 0.05) in SAS v. 9.4 (SAS Institute, Inc.). The coefficient of correlation between variables (adult reactions over the different trials) was determined with the “cor.test” function in the R package “stats” (R Foundation for Statistical Computing [R Core Team (2023)], while the analysis of variance (ANOVA) was performed with the R package “stats.” The broad sense heritability (h2) and Best Linear Unbiased Predictors (BLUPs) were calculated for the combinations of environments that were managed the same way, as well as for all three trials with the R package “inti.” h2 was calculated using the formula h2 = Vg/(Vg + Verr/r), where Vg is the genotypic variance, Verr is the error variance, and r = the number of replications (Kokhmetova et al., 2021).
3 RESULTS
3.1 Genetic diversity of Tunisian durum wheat accessions
3.1.1 Distribution and physical location of polymorphic SNPs
Paired-end reads were mapped to the wheat “Svevo cv” reference genome with Burrows-Wheeler Aligner (V. 0.7.8) (Li and Durbin, 2009; Maccaferri et al., 2019). The reference genome assembly was made available by the International Wheat Genome Sequencing Consortium and GrainGenes (RefSeq Rel. 1.0) in 2019. All SNPs were mapped to Durum Wheat (cv. Svevo) RefSeq Rel. 1.0. A total of 68,539 SNP markers were used to screen the 235 durum wheat accessions. This comprised 17,408 SNP markers on the A-genome, 19,828 markers on the B-genome, and 1,312 markers on scaffolds (UN); the remaining 29,991 markers were not assigned (NA) to any of the durum wheat genomes (Supplementary Table S2).
After filtering, 9,191 of the 68,539 were retained. These SNP markers were well distributed across all 14 chromosomes of durum wheat and comprised 2,436 A-genome, 2,634 B-genome and 4,121 non-assigned markers (Table 1). The highest number of markers was observed on chromosomes 2B (539) and 7A (535), while the lowest number was observed on chromosomes 4B (219) and 6A (239). Across the seven homoeologous sets of chromosomes, the SNP coverage ranged from 475 on chromosomes 4A and 4B to 952 on chromosomes 2A and 2B.
TABLE 1 | Distribution and diversity index of 9,191 single nucleotide polymorphism (SNP) markers in a set of 235 durum wheat (Triticum durum) accessions.
[image: Table 1]The mean of polymorphism information content (PIC) of the SNP markers in this study was 0.246. The majority of MAFs was between 0.05 and 0.2 with a mean of 0.211 (Figures 1A, B). Nei’s genetic diversity ranged from 0.275 to 0.307 (Table 1). The genetic diversity in the A-genome was comparable with that of the B-genome (Nei’s gene diversity and PIC values of 0.324 and 0.261 for the A-genome and 0.304 and 0.248 for the B-genome, respectively) (Table 1). In the A-genome, chromosome 6A had the greatest genetic diversity (Nei’s = 0.494; PIC = 0.372) and chromosome 7A the lowest (Nei’s = 0.260; PIC = 0.218) (Table 1). In the B-genome, genetic diversity was the lowest in chromosome 7B and highest in chromosome 2B (Nei’s = 0.290; PIC = 0.238) (Table 1). Nei’s genetic diversity and PIC values across homoeologous pairs of chromosomes ranged from 0.299 to 0.405 and from 0.228 to 0.314, respectively (Table 1). Genetic diversity in the homoeologous chromosomes 6A and 6B (Nei’s = 0.405) was significantly greater compared with the other homoeologous pairs (1A/1B, 2A/2B, 3A/3B, 4A/4B, 5A/5B and 7A/7B).
[image: Figure 1]FIGURE 1 | Frequency distribution of (A) minor allele frequency (MAF) and (B) polymorphic information content (PIC) of 9191 SNP markers. (C,D) Linkage disequilibrium (LD) decay pattern according to the Hill and Weir function; (C) Chromosome-specific LD decay on genome A and (D) Chromosome-specific LD decay on genome B.
3.1.2 Linkage disequilibrium
The LD decay of the A- and B-genome markers covered 10 Gb of 12 Gb of the durum wheat genome, therefore representing a good coverage. The A-genome covered 4.8 Gb while the B-genome covered 5.1 Gb. The average of the squared allele correlation LD (r2) for the A-genome, B-genome, and A + B genomes was calculated to be 0.1802, 0.1648, and 0.1723, respectively (Supplementary Table S2). About 33.6% (A-genome 34.2% + B-genome 33.4%) of the total intra-chromosomal SNP pairs were significant (p < 0.001). The average r2 value ranged from 0.1483 to 0.2159 with an average of 0.1802 for the A-genome and from 0.1506 to 0.1803 with an average of 0.1648 for the B-genome. The average r2 value for the A + B genomes was 0.1723 (Supplementary Table S2). The average extent of LD decay for the 14 chromosomes ranged from 12.5 to 23.8 Mb (Table 2; Supplementary Figure S1), with a mean of 14.6 Mb for the A-genome, 16.6 for the B-genome, and 15.5 Mb for the A + B genomes (Supplementary Table S2, Supplementary Figure S1). The ranges for the A- and B-genome chromosomes were 12.5–23.2 Mb and 13.8–23.8 Mb, respectively (Supplementary Table S2).
TABLE 2 | Analysis of molecular variance (AMOVA).
[image: Table 2]Further analyses indicated that homoeologous chromosomes of genomes A and B showed different LD decay patterns (Figures 1C, D). The LD halving distance of chromosomes 1, 3, and 7 exhibited a much slower decay in genome A (Figure 1C) while the LD halving distance of chromosomes 2, 4, and 6 showed a much slower decay in genome B (Figure 1D). The LD decay patterns of chromosomes 5A and 5B were very similar (Figures 1C, D). These different LD decay patterns confirm the genetic differences between the A and B genomes.
Additionally, the LD half decay was estimated for all 14 chromosomes on a defined r2 of 0.1. It ranged from 2.9 Mb for chromosome 4A to 7.3 Mb for chromosome 6B (Supplementary Table S2). The average LD half decay was equal to 4.6 and 5.4 Mb for genome A and genome B, respectively (Supplementary Table S2). The average LD half decay was equal to 5 Mb for both A and B genomes (Supplementary Table S2).
3.1.3 Bayesian population structure analysis
The optimal value of K, determined by the method of Evanno et al. (2005) with unassigned populations, suggested the presence of two subpopulations in the accessions. Based on a probability of membership of ≥0.70, 117 of the accessions (49.79%) were placed in group 1, 74 (31.49%) were placed in group 2, and 44 accessions (18.72%) were classified as admixture (Supplementary Table S1; Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Bayesian clustering of 235 durum wheat (Triticum durum) accessions from Tunisia based on 9,191 SNP markers sorted by Q; the optimal value of K, determined by the method of Evanno et al. (2005) with populations unassigned suggested that the 235 accessions could be placed into two groups (K = 2) (B) Principal coordinates analysis (PCoA) based on structure grouping. (C) Neighbour joining (NJ) and (D) unweighted pair group method with arithmetic mean (UPGMA) analyses with 9,191 SNP markers grouped the 235 durum wheat accessions from Tunisia into five clusters.
3.1.4 Allelic patterns and genetic diversity indices
Allelic patterns and genetic diversity summary statistics determined with GenALEx at any given locus or averaged across the 7,654 SNP loci groups assigned based on structure results and populations assigned based on common name are presented in Supplementary Tables S3, S4 and Supplementary Figures S2A–D.
For groups based on structure, the overall Shannon’s information index (I) Observed Heterozygosity (Ho) and Unbiased Expected Heterozygosity (uHe) were equal to 0.680 (±0.001), 0.096 (±0.001) and 0.407 (±0.001), respectively (Supplementary Table S3).
For populations assigned based on common name, the proportion of polymorphic loci (%P) ranged from 74.0% to 99.7% for the populations Arbi and Unassigned Genotypes, respectively, with an overall average of 92.0% (Supplementary Table S4). The Shannon’s information index (I) was significantly higher in the populations Mahmoudi (0.756 ± 0.003), Biskri (0.693 ± 0.003) and Hamira (0.659 ± 0.003) compared with the other populations. The overall Shannon’s information index (I) was equal to 0.519 (±0.001). The diversity of the SNP markers expressed as the PIC ranged from 0.246 to 0.370 with an average of 0.313 (Supplementary Figure S2B). The MAF ranged from 0.185 to 0.335 with an average of 0.272. The Gene Diversity (D) ranged from 0.266 to 0.406 with an average of 0.338. The populations Adjini, Azizi, Biskri, Chili, Derbessi, Mahmoudi, MG and Sbei had PIC, MAF and D values lower than the average, while the remaining populations Agili, Arbi, Bidi, Frigui, Hamira, Medea, other-cvs, Souri and Unassigned Genotypes had values higher than the average for all of these genetic indices (Supplementary Table S5).
3.1.5 Genetic differentiation among the groups
The overall fixation statistics index (FST) for groups based on structure was 0.010 (p ≤ 0.001). The FST values ranged from 0.004 to 0.019; the main difference was found between group 1 and the admixture (FST = 0.019), followed by group 1 and group 2, and group 2 and the admixture (FST = 0.008 and 0.004, respectively). The overall gene flow (Nm) was equal to 23.696. Pairwise comparisons indicated that gene flow (Nm) was highest between group 2 and the admixture (Nm = 63.600) followed by group 2 and group 1 (Nm = 31.620), while the lowest gene flow was found between group 1 and the admixture (Nm = 13.112).
The overall fixation statistics index (FST) for populations based on common name was equal to 0.045 (p = 0.001). The FST values for all 154 pairwise combinations of all 18 populations ranged from 0.0 to 0.124. Pairwise comparisons of population differentiation based on FST are presented in Supplementary Table S6. The pairwise comparisons of gene flow (Nm) values ranged from 1.943 (for Adjini and Chili) to 97.422 (for Arbi and Sbei).
AMOVA of groups assigned based on structure results indicated that 76% of the variance was among individuals, 23% was between individuals, and that 98% of the variance was among populations while 2% of the variation occurred among populations. This suggested only minor differences between groups 1, 2 and the admixture. The principal coordinate analysis (PCoA) based on the 7,654 SNP markers clustered the 235 accessions into three heterogeneous subgroups (Figure 2B) consistent with the STRUCTURE grouping using the first (PCoA1 ≈ 12.52% of genetic variance) and second (PCoA2 ≈ 4.64% of genetic variance) principal coordinates. AMOVA of populations assigned based on common name indicated that 73% of variance was among individuals, 23% was between individuals, and that 93% of the variation occurred within the 18 populations while 7% was among populations (Table 3).
TABLE 3 | Analysis of variance (ANOVA) of the relative area under the disease progress curve on 235 durum wheat accessions during three cropping seasons (2017–2018, 2018–2019 and 2021–2022).
[image: Table 3]3.1.6 Cluster analysis
The neighbor-joining (NJ) and unweighted pair grouped method with arithmetic mean (UPGMA) clustering based on the 9,191 SNP markers grouped the 235 accessions into five major branches (Figures 2C, D). For the NJ clustering, clusters 1, 2, 3, 4, and 5 included 45, 34, 41, 39, and 76 accessions, respectively. The Adjini accessions were distributed equally between clusters 1, 3, and 5 (two accessions each). Most of the Biskri, Mahmoudi and other-cvs accessions were grouped in cluster 5 [10 (66.7%), 14 (82.4%), and 13 (34.2%) accessions, respectively (Figures 2C, D)]. For the UPGMA clustering, clusters 1, 2, 3, 4, and 5 included 30, 81, 26, 37, and 61 accessions, respectively. In the case of the population Azizi, 28.6% of the accessions were grouped in cluster 2, while 71.4% were in cluster 5. Most Agili accessions (42.1%) grouped in cluster 4, while 53.3% of the Biskri accessions, 62.5% of the Chili accessions, 76.5% of the Mahmoudi accessions, and 50% of the MG accessions grouped in cluster 2. Cluster 5 included 58.3% of the Medea accessions, 50.0% of the Frigui accessions, and 71.4% of the Azizi accessions. In general, there was no clear clustering of the accessions based on their pedigree using either the NJ or UPGMA method (Figures 2C, D). Interestingly, accessions in cluster 2 of the UPGMA analysis were all included in either cluster 4 or cluster 5 of the NJ analysis, suggesting that the latter two clusters could be combined, reducing the number of NJ clusters from five to four. Overall, the three multivariate analyses (PCoA + NJ + UPGMA) suggested the existence of three to five groups in the durum wheat accessions, although correlations with their pedigree were low.
Cluster 3 of the NJ tree included the lowest number of populations (10), including Adjini, Agili, Bidi, Biskri, Hamira, Jenah_Khetifah, Mahmoudi, other-cvs, Souri, and Unassigned Genotypes. Similarly, cluster 1 of the UPGMA tree included the lowest number of populations (10), including Adjini, Agili, Bidi, Biskri, Chili, Hamira, Jenah_Khetifah, Mahmoudi, other-cvs, Souri, and Unassigned Genotypes. When comparing the Bayesian cluster analysis with the NJ clustering, the Bayesian group 1 included 38.5%, 29.1%, 26.5%, and 6.0% of the NJ clusters 1, 2, 3, and 5, respectively. The Bayesian group 2 included 77.0% and 23.0% of NJ clusters 5 and 4, respectively, while the admixture included 50.0%, 27.3% and 22.7% of the NJ clusters 4, 5, and 3, respectively. In contrast, all of Bayesian group 2 was found in the UPGMA cluster 1, while Bayesian group 1 included 50.4%, 30.8%, and 17.8% of the UPGMA clusters 5, 4, and 1, respectively. Over 50% of the accessions in the populations Adjini, Agili, Azizi, Frigui, Hamira, Jenah-Khetifah, Medea, other-cvs, and Unassigned Genotypes clustered in Bayesian group 1, while >50% of the accessions in the populations Arbi, Biskri, Chili, and Sbei clustered in Bayesian group 2.
3.2 Genome-wide association study
3.2.1 Population kinship
A kinship heatmap plot displaying the phylogenetic relationships among the 160 accessions revealed two main groups (Figure 3). Each of the two main groups could be subdivided into two additional groups (Figure 3). The first group G1 included 52.5% of the accessions (39.3% and 60.7% in sub-groups G1-1 and G1-2, respectively) while the second group G2 included 47.5% of the accessions (55.3% and 44.7% in sub-groups G2-1 and G2-2, respectively) (Figure 3; Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Kinship matrix of the 160 accessions used in GWAS.
3.2.2 Field resistance to tan spot
The 160 accessions analyzed for tan spot reaction are presented in Supplementary Table S1. On average, 20%, 23%, 27%, and 30% of the accessions were resistant (R), moderately resistant (MR), moderately susceptible (MS) or susceptible (S) in the first trial under natural infection (2017–2018 cropping season) (Supplementary Figure S3). In the second trial (2018–2019), in which stubble-borne inoculum was added, 17.5%, 17.5%, 31%, and 34% of the accessions were rated R, MR, MS, and S, respectively (Supplementary Figure S3). In the third trial (2021–2022), which also included the addition of stubble-borne inoculum, 7%, 19%, 27%, and 47% of the accessions were rated as R, MR, MS, and S, respectively (Supplementary Figure S3). The distribution of different disease phenotype classes as well as their variation in different genetic groups assigned based on structure results, are displayed in Figure 4.
[image: Figure 4]FIGURE 4 | Boxplot of distribution of phenotypes in different genetic groups; the box boundaries indicate the 25th (lower) and 75th (upper) percentile, and the line within the box indicates the median value. The whiskers above and below the box represent the highest and lowest values, respectively (A). Boxplot of eight accessions that showed a high level of tan spot resistance in at least at two of the three cropping seasons (B).
Based on the rAUDPC scores, eight accessions [Agili Pubescent AC 1, Medea AP 4, 1346–27, Arbi (CItr 15477), Arbi (CItr 15913), Realforte, Agili blanc 1, and Mahmoudi AC 3] showed a strong level of resistance in at least two of the three trials (Figure 4B). The Pearson correlation coefficient (r) between the two trials in which stubble-borne P. tritici-repentis inoculum was applied was highly significant (r = 0.34, p ≤ 0.001); however, no significant correlation was found between the first trial under natural infection and the two trials with inoculum added. Analysis of variance indicated a significant difference in tan spot response (p ≤ 0.001) among all three cropping seasons. This suggested that the genotype had a significant effect on disease response (p ≤ 0.05) (Table 3). The broad sense heritability (h2) estimates for tan spot disease for 2018–2019 and 2021–2022 where infected wheat stubble was added as an inoculum source was equal to 0.55 while that of all three trials (natural and artificial inoculation) was equal to 0.28.
3.2.3 Marker-trait associations for relative area under the disease progress curve
Based on the QQ plots, the MLM + PCA + K model was found to be the best fit for identifying genomic regions associated with tan spot resistance (data not shown). Hence, only the MLM + PCA + K model was used to determine all marker-trait associations (Figure 5).
[image: Figure 5]FIGURE 5 | Manhattan plots and QQ plots of the MLM + PCA + K model showing significant markers associated with tan spot resistance in 160 Tunisian durum wheat (Triticum durum) accessions. (A) Manhattan plot for the rAUDPC scores in 2017–2018. (B) QQ plot for GWAS results of rAUDPC 2017–2018. (C) Manhattan plot for the rAUDPC scores in 2018–2019. (D) QQ plot for GWAS results of rAUDPC 2018–2019. (E) Manhattan plot for the rAUDPC scores in 2021–2022. (F) QQ plot for GWAS results of rAUDPC 2021–2022. (G) Manhattan plot for the GWAS with BLUP of both inoculated trials. (H) QQ plot of BLUP of both inoculated trials Chromosomes are identified as follows: 1 = 1A, 2 = 1B, 3 = 2A, 4 = 2B, 5 = 3A, 6 = 3B, 7 = 4A, 8 = 4B, 9 = 5A, 10 = 5B, 11= 6A, 12 = 6B, 13 = 7A, and 14 = 7B.
Analysis of the rAUDPC and BLUP scores for the three trials found 26 SNPs could be associated with disease resistance. These SNPs were identified on all chromosomes with the exception of chromosomes 1A, 2A and 7A. They comprised 1, 4, 2, 2, 2, 1, 2, 4, 5, 2 and 1 SNPs on chromosomes 1B, 2B, 3A, 3B, 4A, 4B, 5A, 5B, 6A, 6B and 7B, respectively (Figure 5; Table 4). All identified SNP markers found to be associated with tan spot explained between 8.1% and 20.2% of the phenotypic variation in disease response. Six SNPs were associated with the rAUDPC scores in 2017–2018; these included one on each of chromosomes 2B, 3B, and 5A, and three on chromosome 5B. These markers explained 8.1%–12.7% of the variation. Markers ID 2271039 (5B) and ID 3064632 (3B) explained the highest percentage of the phenotypic variation (10.8%–12.7%) (Figure 5; Table 4). The markers effect size ranged from −0.16 to 0.25. The markers with the highest allele effect were located on chromosomes 3B (−0.26), 2B (0.25), and 5B (0.25). Similarly, six SNP markers were associated with the rAUDPC scores in 2018–2019; these included one on each of chromosomes 3B, 5A, and 7B, and three on chromosome 6A. These SNP markers explained 10.2%–14.0% of the phenotypic variance, with SNP ID 4989018 (6A) explaining the highest percentage followed closely by ID 5577017 (3B) that explained 13.6% (Figure 4; Table 4). The markers effect size ranged from 0.22 to 0.51. The markers with the highest allele effect were located on chromosomes 6A (0.41 and 0.51). For the rAUDPC scores obtained in 2021–2022, two SNP markers were identified; these included ID 1135724 on chromosome 5B and ID 100050780 on chromosome 1B, which explained 10.3% and 11.4% of the phenotypic variance, respectively (Figure 5; Table 4). The markers effect size ranged from 0.27 to 0.38. For the BLUP scores of the two trials with artificial inoculation, twelve SNPs were identified, which included 3, 2, 2, 1, 2, and 2 SNPs on chromosomes 2B, 3A, 4A, 4B, 6A, and 6B, respectively (Table 4; Figure 5). These markers explained 16.2%–20.2% of the variation (Table 4). Marker ID 1279775 on chromosome 2B explained the highest percentage of variation (20.2%) (Table 4). Markers identified on chromosome 2B and 3A explained 16.2%–20.2% and 17.4% of variation, respectively (Table 4). The markers effect size ranged from −0.16 to −0.29. SNPs identified on chromosome 4A explained 16.5%–19.1% of variation while the identified marker (ID 1119379) on chromosome 4B accounted for 16.5% (Table 4). Similarly, markers identified on chromosomes 6A and 6B accounted for 16.2%–18.4% and 18.1%–19.7% of the variance, respectively (Table 4).
TABLE 4 | Markers associated with the relative area under the disease progress curve (rAUDPC) in durum wheat (Triticum durum) under natural tan spot (Pyrenophora tritici-repentis) inoculum conditions in 2017–2018 and under artificial inoculation (infected wheat stubble) 2018–2019 and 2021–2022 at −log10 p ≥ 3 for model MLM + PCA + K.
[image: Table 4]All identified SNPs represent independent SNP markers with the exception of the two markers on chromosome 6A (ID 4989018 and ID 1139857) which were closely positioned and thus may represent one SNP associated with tan spot resistance. In conclusion, 25 SNP markers identified in this study could be considered as independent.
The SNP markers identified in this study were positioned on the reference genomes Triticum aestivum IWGSC1.0 RefSeq v1.0 (Table 4) and the consensus map (Sansaloni et al., 2020). Twenty-one of the 26 SNP markers overlapped with those mapped on the Svevo-cv v1 reference genome, whereas four showed different but homologous chromosome assignments. One SNP marker could not be located on any chromosome (Table 4). Similarly, when the 26 SNP markers were aligned to the consensus map, 20 markers overlapped with those mapped on Svevo-cv v1 reference genome, while three SNPs showed a different but homologous chromosome assignment and three markers did not have a genetic position (Table 4). Overall, alignment with the two reference genomes indicated that 11 of the 26 SNP markers identified in this study were positioned on the A-genome, while 15 markers were on the B-genome.
3.2.4 Candidate genes based on annotation
Nineteen of the 26 SNP markers identified with the MLM PCA + K model occurred within annotated high-confidence gene sequences in the reference genomes Triticum turgidum (Svevo. v1) and Triticum aestivum (IWGSC) (Supplementary Table S8). Sixteen of the 19 SNP markers, with the exception of markers ID1099093, ID 3064370, and ID 1090716, were of particular interest as they overlapped with genes that code for resistance-related proteins (Supplementary Table S8). The identified candidate genes code for several proteins with significant roles in biotic stress resistance, including UDP-Glycosyltransferase, Basic helix-loop-helix (BHLH) transcription factor, zinc finger, Fatty acid metabolism regulator protein G, GDSL lipase/esterase, F-box family protein, Plant regulator RWP-RK family protein, putative Protein NLP, NAC domain protein, Glutamate receptor, BTB/POZ (zinc finger) Protein trichome birefringence, Endo-1,4-beta-xylanase, Galactose-binding-like domain superfamily, Xyloglucan fucosyltransferase, and Protein DMP (Supplementary Table S8).
When a sequence containing a SNP did not align to a coding region, we reported the closest gene (s) within 1,000 bp upstream and downstream, as well as the nearest gene that was not within this 1,000 bp upstream and downstream region. These genes are listed in Supplementary Table S8. In all, three and five candidate genes were within the 1,000 bp upstream and downstream range on the Triticum turgidum (Svevo. v1) and Triticum aestivum (IWGSC) reference genomes, respectively. In contrast, five and six candidate genes were within a few thousand basepairs of the SNP position on the T. turgidum (Svevo. v1) and T. aestivum (IWGSC) reference genomes, respectively.
4 DISCUSSION
Tunisia was once the breadbasket of the Roman Empire, and at present is one of the major durum wheat producers in North Africa and the Mediterranean basin (Sadok et al., 2019; Ben M’Barek and Ghaffary, 2021). Despite the importance of durum wheat as a staple crop in Tunisia, yield is inconsistent and remains below the national potential (USDA, 2023), largely due to various abiotic and biotic challenges (Ben M’Barek and Ghaffary, 2021; Kamel and Cherif, 2021; Ben M’Barek et al., 2023). Since the 1970s, Tunisian farmers gradually abandoned landraces in favor of modern elite cultivars introduced by CIMMYT and ICARDA. The modern cultivars are susceptible to several biotic stresses including Septoria tritici blotch and tan spot, which can lead to significant yield losses and the excessive use of fungicides (Kamel and Cherif, 2021; Ben M’Barek et al., 2023). Wheat landraces are heterogeneous populations and contain a mixture of genotypes composed of diverse alleles and genotypes. The evolution of landraces over many generations for thousands of years in multiple contrasting environments and under different cultural practices, led to the development of a collection of untapped reservoirs of valuable traits for biotic and abiotic stresses (Jaradat, 2006). These landraces have encountered several evolutionary processes between different populations mainly through seed exchange, and natural and human selection (Harlan and Chapman, 1992; Nachit et al., 1995; Villa et al., 2005; Jaradat, 2006; Oliveira et al., 2014). In this context, the selection of a single plant of each accession in our study allowed the reduction of observed heterozygosity of single genotypes compared with the original landrace population. It has been reported that the genetic diversity of wheat has decreased due to the pressure from the pure-line selection applied in breeding programs and the use of a limited sources for introgression (Royo et al., 2009). Therefore, the development of new varieties from landrace populations is a critical strategy to improve modern elite cultivars and broaden their genetic background (Jaradat, 2013; Jaradat and Shahid, 2014).
4.1 Single nucleotide polymorphisms
Previous studies have reported that Tunisian durum wheat landraces are agro-morphologically diversified, harbor a broad range of technological properties including heavy grains and high grain-filling rates, and represent good sources of resistance to several abiotic and biotic stresses (Ayed et al., 2010; Ayadi et al., 2012; Nazco et al., 2012; Chamekh et al., 2015; Babay et al., 2019; Ouaja et al., 2020; 2021; Yacoubi et al., 2020). Most recently, genotyping-by-sequencing (GBS) has proven to be a rapid and cost-effective method to investigate germplasm diversity, population structure, and conduct genome-wide association analysis. The distribution of the markers used in this study was equal between the A- and B-genomes, with the highest number of markers on chromosomes 7A and 2B, similar to the study of Robbana et al. (2019).
Previous studies conducted on Tunisian durum wheat landraces from the National Gene Bank of Tunisia used AFLP, SSR, and DArT markers (Medini et al., 2005; Robbana et al., 2019; Slim et al., 2019). In this study, SNP markers were used as reliable and cost-effective tools to evaluate the genetic diversity and population structure of a core collection of durum wheat landraces from Tunisia provided by the USDA. Compared with the previous studies, these SNP markers were distributed equally on the A- and B-genomes. This enabled a high genome coverage and hence provided a better estimation of the genetic diversity indices and the marker-tan spot association in the GWAS studies. The PIC value was equal to 0.246, which was higher than that reported by Robbana et al. (2019) (PIC = 0.165) using 16,148 DArTseq markers. Baloch et al. (2017) reported PIC values of 0.265 and 0.302 using DArTseq and SNP markers, respectively, while Kabbaj et al. (2017) and Ren et al. (2013) reported a PIC of 0.32 and 0.188, respectively, using SNP markers. The overall mean PIC value of a collection of Ethiopian durum wheat landraces was equal to 0.203 (Alemu et al., 2020). Therefore, the PIC value obtained in this study was comparable to those reported in studies of durum wheat using bi-allelic markers such as SNPs or DArT. In contrast, the PIC value in the current study was lower than the PIC values of 0.57–0.72 previously reported with SSR markers (Medini et al., 2005; Slim et al., 2019; Ouaja et al., 2021). This was expected, since PIC values obtained with bi-allelic markers such as DArT and SNPs cannot exceed 0.50, while they can reach up to 1.0 with multi-allelic markers such as AFLP and SSRs (Hurtado et al., 2008; Semagn et al., 2014; Targońska et al., 2016). Therefore, the variability of PIC and genetic diversity between studies conducted using Tunisian durum wheat landraces may reflect the different types of markers, number of landraces, and number of genotypes per landrace (as well as their origin) in different studies. The genetic diversity in this study ranged from 0.266 to 0.406 with an average of 0.338, which was higher than the 0.275 to 0.307 reported by Robbana et al. (2019). The genetic diversity of a collection of Ethiopian durum wheat landraces varied from 0.01 to 0.5, with a mean value of 0.246 (Alemu et al., 2020). AMOVA indicated that 73% of the variance was among individuals, 23% was between individuals, and 4% of the variation occurred among the 18 populations. This low genetic variation within individuals could be due to the fact that all of the accessions examined were from the same country. In addition, the low genetic variation could reflect the selection by farmers for desirable traits such as yield, stem strength, and resistance to biotic and abiotic stresses, and/or environmental adaptation and natural selection.
4.2 Linkage disequilibrium
The current analysis detected 33.6% of the total marker pairs with significant LD (p < 0.001) on both the A- and B-genomes, consistent with the 33%, 42%, and 43% reported by Rufo et al. (2019), Wang et al. (2019), and Roselló et al. (2019). The average squared allele correlation LD (r2) for the A-genome was slightly greater than that of B-genome (0.1802, and 0.1648), with a mean of 0.1723. Similarly, Fayaz et al. (2019) reported r2 values of 0.11, 0.11, and 0.12 for the whole genome, A-genome, and B-genome, respectively, in a collection of Iranian durum wheat landraces using 1,500 DArT markers. The lower average r2 of the B-genome compared with the A-genome is in accordance with the mean r2 of 0.12 for the A-genome and 0.11 for the B-genome reported by Roselló et al. (2019) in a Mediterranean collection of durum wheat. The average r2 values in the current study are lower than those reported by Roncallo et al. (2021) for a collection of Argentine durum wheat landraces (0.345, 0.278, and 0.302 for the A-genome, the B-genome and the whole genome, respectively). The LD decay of 14.6 Mb detected in this collection is similar to the values obtained with other durum wheat panels [11.8 Mb (Roncallo et al., 2021), 9.6 Mb (Wang et al., 2019), and 9.96 Mb (Taranto et al., 2020)]. However, it is lower than the LD of decay of 29.5 Mb reported in a collection of Argentine durum wheat landraces (Roncallo et al., 2021).
LD decay patterns varied between homoeologous chromosomes in genomes A and B. This result is consistent with that of Mengistu et al. (2016). These differences in LD decay patterns can be attributed to the different number of markers per homoeologous chromosomes. Mengistu et al. (2016) attributed such differences in LD decay to the different evolutionary forces in homoeologous pairs either by selection for QTL or genetic drift. A rapid decay such as reported in this study, is an indicator of a good genetic diversity of the panel studied, as well as the capacity to identify markers associated with traits (Mengistu et al., 2016).
LD half decay at fixed r2 of all chromosomes ranged from 2.9 to 7.3 Mb, indicating that the different genomic regions were subject to different selections and that the panel used in this study is diverse. The average LD half decay at fixed r2 of 5 Mb can be used as an up and down stream range to identify possible QTLs/genes. All MTAs within the latter range can be considered as one QTL, and that genes identified within the flanking region of the identified QTL can be considered as candidate genes.
The LD decay reported in our study is in accordance with other studies (Wu et al., 2021; Hao et al., 2022). Given the fact that LD decay varied between different chromosomes, and that different studies implement different methodologies for the LD estimation as well as different thresholds, the up- and downstream estimates remain approximate and should be treated with caution. As such, all identified candidate genes should be validated.
4.3 Clusters of Tunisian durum wheat accessions
Interestingly, the results indicated that of the 17 Mahmoudi accessions, 13 were commonly found in NJ cluster 5, UPGMA cluster 2, and Bayesian group 2, with the remaining four accessions distributed among other clusters or groups. Likewise, seven of the 12 Medea accessions were usually found in NJ cluster 2, UPGMA cluster 5, and Bayesian group 1, with the remaining five accessions distributed among other clusters or groups. This suggests that the four Mahmoudi and five Medea accessions distributed among other clusters or groups are either genetically distinct from the rest of the accessions in their corresponding populations, or that farmers and/or seed collectors mislabeled them. These results are consistent with those of Robbana et al. (2019), who concluded that of the six populations they tested, some of the Mahmoudi, Biskri, and Jenah Khetifah accessions were misclassified. Most of the Biskri (67%) and Mahmoudi (82%) accessions in the current study were grouped together in cluster 5, also consistent with the findings of Robbana et al. (2019) and Slim et al. (2019), who reported that the latter two landraces clustered together and constituted the same gene pool. The closeness of the Mahmoudi and Biskri populations was first reported by Boeuf (1932) based on glume and spike color. Miège (1950) suggested that this could be due to the exchange of these landraces with farmers from neighboring Algeria. The admixture group included at least one accession from each of the 18 populations, with the exception of Azizi, and some of these accessions occurred in different clusters. This could be due to mislabeling of the landraces during seed collection, the possible initial mixture of the landraces, or a mixture during threshing (Jaradat, 2013; Sahri et al., 2014; Robbana et al., 2019).
4.4 Phenotypic diversity
A moderate broad sense heritability (h2) estimate for tan spot disease for the two cropping seasons where infected wheat stubble was added as an inoculum source was equal to 0.55. This suggested that 55% of the variability in tan spot disease in the tested accessions was due to genetic differences, while only 45% could be attributed to an environmental variance. This can be explained by the differences in disease pressure between the two trials. The h2 estimate for tan spot disease for the three trials amounted to 0.28. This could be attributed to the different inoculation methods (natural and artificial with infested wheat stubble) between the trials as well as environmental effects leading to different levels of disease. These results are comparable to previous studies on tan spot adult plant resistance (Juliana et al., 2017; Muqaddasi et al., 2021). Indeed, Juliana et al. (2017) reported h2 of 0.57 in a collection of 646 lines, while Muqaddasi et al. (2021) reported h2 of 0.33 in a panel of 372 European lines.
Phenological traits data was not collected for all three trials; therefore, it was not included in our analyses. Although these traits were not included in our study, they may have had an effect on disease severity. While some previous studies on tan spot resistance have concluded that there is no association with phenological traits such as height and days to heading (Elias et al., 1989; Li et al., 2011; Kokhmetova et al., 2021; Laribi et al., 2021; Muqaddasi et al., 2021), others have reported a correlation between phenological traits and tan spot resistance/susceptibility (Fernandez et al., 2002; Kollers et al., 2014; Laribi et al., 2021; 2022b). The contradictory outcomes of these studies can be attributed to the use of different genetic material, the panel size, the different environments where the experiments were conducted, epidemiological factors, and the inoculation methods implemented. Therefore, the inclusion of such data could enable a better understanding of the contribution of phenological traits in tan spot severity.
The eight tan spot-resistant landraces identified in this study could serve as sources of resistance for elite durum wheat cultivars. Farmers prefer the Mahmoudi landrace in particular for its straw and grain yield (Ouaja et al., 2021). It has the ability to produce a high yield under the drought, salinity and heat stress conditions prevalent in southern Tunisia (Chamekh et al., 2015). Moreover, Mahmoudi has good technological and nutritional qualities (Lamine et al., 2022), it is a good source of favorable glutenin subunits (Ayed et al., 2010), and is among the most phenolic-rich landraces (Boukid et al., 2019).
4.5 Identification of co-localized markers on the A genome associated with tan spot resistance from previous studies
This study allowed the identification of several SNP markers associated with tan spot resistance.
Three SNP markers associated with tan spot were identified on chromosome 5A; ID 1109903, and ID 1135724. These three markers are different from the race-non specific QTL QTs.fcu-5AL reported on the same chromosome (138.4–140.1 cM) by Chu et al. (2008). However, marker ID 1135724 is closely positioned to two other QTLs (QTs.fcu-5A.1 and QTs.fcu-5A.2) identified by Chu et al. (2010) on chromosome 5A and conferring resistance to races 1 and 2 of P. tritici-repentis. Marker ID 1109903 identified in this study on chromosome 5A at 81.5 cM falls within the range of MQTL-5A.1 (81.1–95.9 cM) reported by Phuke et al. (2020); these markers explain 10.5% and 13.0% of phenotypic variance in resistance to tan spot, suggesting that they are similar or the same.
Markers ID 1078005, and ID 1092576 on chromosome 6A are located close to marker ID 3949961 conferring resistance to P. tritici-repentis race 1 (Dinglasan et al., 2021) at the adult stage under greenhouse conditions. These markers are also closely positioned to the markers identified by Phuke et al. (2020) at 596,903,177 bp, and by Lozano-Ramírez et al. (2022) at 599,622,814 bp. Marker ID 1074139 was positioned on chromosome 6A at 74.3 cM, only 3 cM distant from marker ID 100027398 positioned at 77.3 cM conferring resistance to tan spot disease (Lozano-Ramírez et al., 2022). The tan spot resistance genes Tsr4 and TsrAri were both identified on chromosome 3A (Tadesse et al., 2010; Faris et al., 2013), yet no SNP markers were identified on the latter chromosome in this study. Markers ID 1090716 and ID 2248753 were identified on chromosome 4A and are not closely positioned to any previously identified markers related to tan spot resistance.
4.6 Identification of co-localized markers on the B genome associated with tan spot resistance from previous studies
Tsc2, which confers sensitivity to Ptr ToxB, was mapped on chromosome 2B at a 2.7 cM proximal distance from the SSR marker Xmag681, which co-segregates with marker XTC339813 positioned at 44.6 and 0.6 cM distal from marker XBE517745 at 66.9 cM (Abeysekara et al., 2010; Virdi et al., 2016). This places Tsc2 between 44.6 and 66.3 cM. Three of the four SNP markers identified on chromosome 2B could be positioned at 83.2–94.8 cM on the consensus map, and therefore these three markers are different from Tsc2. According to Singh et al. (2016), the Tsr6 gene located at 2BS and conferring recessive resistance to tan spot should be identical to Tsc2, hence these markers are distinct from Tsr6 as well. Marker ID 1106958 was positioned at 40.7 cM, only 3.9 cM from Tsc2, and explained 16.2% of variance. Marker ID 4991617 is positioned on chromosome 2B at 86.0 cM only 4 cM and 0.6 cM distant from the two markers conferring resistance to tan spot disease, wPt-7200 and wPt-0950, respectively (Chu et al., 2008; Gurung et al., 2011; Li et al., 2011; Patel et al., 2013). Marker ID 4991617 is only 0.5 cM distant from a marker QTL located 86.5–89.8 cM identified by Kokhmetova et al. (2021) explaining 8.7%–11.9% variation at the adult plant stage. Therefore, all these markers can be considered as one for tan spot resistance. Marker ID 1279775 was closely positioned to gene TRITD2Bv1G254430 coding for a zinc-finger (BTB/POZ) domain. The latter marker is positioned at 94.8 cM on chromosome 2B, 4 cM away from Marker ID wPt-4301 at 99.8 cM conferring resistance to tan spot at the seedling stage (Patel et al., 2013).
The Tsn1 gene identified on chromosome 5B confers sensitivity to Ptr ToxA. This gene was absent in the Chinese Spring reference genome, but mapped between Xfcp1 (54,923,624–549,236,608 bp) and xfcp394 (549,950,246–549,950,630 bp) of the Chinese Spring reference genome (Faris et al., 2010). Marker ID 2271039 was located on chromosome 5B at 589,677,807 bp and was the closest in position to Tsn1. Liu et al. (2020) identified a marker MQTL-5B.1 on chromosome 5B at a genetic range of 74.5–85.5 cM, explaining 21.0% of the resistance to tan spot. Marker ID 2271039 identified in this study falls within the latter range and explains 12.7% of phenotypic variance. Liu et al. (2020) identified a second marker MQTL-5B.2 at 123.8 cM with a genetic range of 120.4–125.6 cM and explaining 21.5% of the resistance to tan spot. In addition, Perez-Lara et al. (2017) reported a genomic region associated with Ptr ToxB that mapped at 123–124 cM on chromosome 5B. Marker ID 2262945 identified in this study falls within this range and explains 8.2% of phenotypic variance in resistance to tan spot.
Marker Xgwm285 was located on chromosome 3B [273,054,304 bp (Chinese spring) and 58.9 cM (consensus map)] and is closely related to tsr2 and tsr5 (Faris et al., 2013). All markers identified on chromosome 3B in this study are distant from tsr2 and tsr5 and, therefore, are distinct. Galagedara et al. (2020) identified a genomic region on chromosome 3B that was associated with resistance to four races of P. tritici-repentis and suggested that it was the same as the dominant race-nonspecific resistance gene Tsr7 reported by Faris et al. (2020). Faris et al. (2020) developed semi-thermal asymmetric reverse PCR (STARP) markers for Tsr7 designated as fcp735 (470,381,965–470,382,065 bp) and fcp736 (470,381,965–470,382,065 bp), which do not coincide with any of the markers identified in this study. Dinglasan et al. (2021) identified marker ID 1130858 on chromosome 7B at 483,755,047 bp from a bread wheat collection, which conferred resistance to race 1 at the seedling stage. Marker ID 1099093 identified in our study on chromosome 7B is relatively close to ID 1130858 at 469,742,950 bp.
Faris and Friesen (2005) identified a race-nonspecific QTL QTsfcu-1BS, but it was not possible to compare it with the SNP markers identified in this study since the flanking markers Xgdm33 and Xgdm125 were not identified in the reference genome. Marker ID 1074450 on chromosome 1B at 178,720,992 bp is located close to two markers [wPt6833 (139,071,276 bp) and wPt1328 (139,071,276 bp)] identified by Singh et al. (2016) and conferring resistance to race 1. This marker also coincides with marker ID 6045377 located at 51.29 cM on chromosome 1B reported by Lozano-Ramírez et al. (2022).
Marker ID 2266481 was identified by Lozano-Ramírez et al. (2022) on chromosome 6B at 602,745,555 bp on the Chinese spring wheat reference genome, near to our marker ID 1074139 at 604,537,957 bp. Marker ID4989018 located on chromosome 6A and explain 14% of the phenotypic variation had the highest allele effect (0.51) followed by markers ID 1139857 on chromosome 6A and ID 1099093 on chromosome 7B both explaining 11.4% of the phenotypic variation with an effect of 0.41 and 0.38, respectively. The absolute value of the effect size of most of the remaining SNPs ranged from 0.22 to 0.29. Understanding the effect size of MTAs on disease resistance can provide valuable insights into tan spot resistance mechanisms, as well as in the development of functional markers.
4.7 Putative candidate genes
Markers ID 1127995, ID 3064632 and ID 4991617 identified on chromosomes 5B, 3B and 2B, were all identified within genes TRITD5Bv1G222790, TRITD3Bv1G021190, and TRITD2Bv1G243350 coding for F-box proteins that are known to be associated with responses to biotic stresses and can act at different wheat development stages (Zhang et al., 2019). These proteins play an important role in protein regulation and degradation, plant photoperiodic signaling and hormone signaling (Zhang et al., 2019).
The markers ID 1135724 and ID 2262945 overlapped with genes TraesCS5B02G293300 and TRITD5Bv1G234990, respectively, coding for Zinc finger proteins. These proteins are reported as major transcription factors in P. tritici-repentis, triggering specific signaling pathways based on their up or downregulation (Adhikari et al., 2009).
Markers ID 1109903 and ID 1082485 overlapped with TraesCS5A02G376500 and TRITD2Bv1G087540 coding for BHLH proteins reported to be involved in plant pathogen defense by blocking the activity of plant transcription factors or directly promoting plant gene expression (Andersen et al., 2018).
Other identified markers were positioned within genes coding for disease resistance-related proteins, including GDSL domain-containing protein and NAC domain protein reported to be associated with the response to biotic and abiotic stresses (Andersen et al., 2018; Aiello et al., 2020; Ni et al., 2020; Zitnick-Anderson et al., 2020; Shen et al., 2022; Vranic et al., 2022).
5 CONCLUSION
The tan spot-resistant durum wheat landraces identified in this study could be used to improve resistance to this disease in high yielding elite cultivars. In addition, the genomic regions and markers found to be significantly associated with tan spot resistance at the adult plant stage provide more information regarding the genetic control of resistance to this disease in durum wheat. While some of these markers coincided with previously published markers associated with tan spot resistance, others represent novel markers. These results, together with previous studies, highlight the significance of chromosomes 2B, 5B and 6A as genomic regions associated with tan spot disease. The SNP markers identified in this study can be converted into Kompetitive allele specific PCR (KASP) markers and used to assess tan spot resistance as well as for marker assisted selection. These findings contribute to the pool of tools available for the development of tan spot-resistant durum wheat.
DATA AVAILABILITY STATEMENT
The genotyping data presented in this study are available from the CIMMYT Research Data and Software Repository Network at https://hdl.handle.net/11529/10548953.
AUTHOR CONTRIBUTIONS
ML, AY, SB, S-FH, and SS designed the research; ML, AY, FG, MN, CA, WA, and SB assisted with field trials and generated the phenotypic data; CS and SD generated the allele-called GBS marker data; ML and RF-A analyzed the data and wrote the manuscript with input from SS. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the CGIAR Research Program on wheat (CRP-WHEAT) Precision Phenotyping Septoria Platform (Tunisia-Grant Number: FIT BUS200029) and the United States Agency for International Development (USAID) Bureau for Resilience and Food Security as part of Feed the Future. Financial support was also provided by the Natural Sciences and Engineering Research Council (NSERC) of Canada via a Discovery Grant (RGPIN-2021-04010) to SS.
ACKNOWLEDGMENTS
We thank Harold Bockelman of the United States Department of Agriculture (USDA) National Small Grains Collection (Aberdeen, Idaho) for providing the wheat collection; the National Institute of Field Crops (INGC) of Tunisia for providing research facilities at the Kodia Experimental Station; the Association Pour l’Agriculture Durable (APAD) for their assistance in the field trips; the National Agronomic Institute of Tunisia (INAT) for providing laboratory facility; and AVFA/Thibar High School, Tunisia, for providing accommodation during planting and disease scoring. We also thank Slim Arfaoui (Kodia Experimental Station Manager) for assisting with plot management and access to field facilities; Hajer Kouki for assistance with the field trials; and Lamia Ben Nasr for assisting with the logistics.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1231027/full#supplementary-material
REFERENCES
 Abeysekara, N. S., Friesen, T. L., Liu, Z., McClean, P. E., and Faris, J. D. (2010). Marker development and saturation mapping of the tan spot Ptr ToxB sensitivity locus Tsc2 in hexaploid wheat. Plant Genome 3, plantgenome2010.07.0017. doi:10.3835/plantgenome2010.07.0017
 Adhikari, T. B., Bai, J., Meinhardt, S. W., Gurung, S., Myrfield, M., Patel, J., et al. (2009). Tsn1 -mediated host responses to ToxA from Pyrenophora tritici-repentis. MPMI 22, 1056–1068. doi:10.1094/MPMI-22-9-1056
 Aiello, D., Siciliano, C., Mazzotti, F., Di Donna, L., Risoluti, R., and Napoli, A. (2020). Protein extraction, enrichment and MALDI MS and MS/MS analysis from bitter orange leaves (Citrus aurantium). Molecules 25, 1485. doi:10.3390/molecules25071485
 Al-Daoude, A., Jawhar, M., Al-Shehadah, E., Shoaib, A., Orfi, M., and Arabi, M. I. E. (2018). Changes in salicylic acid content and pathogenesis - related (PR2) gene expression during barley - Pyrenophora teres interaction. Hellenic Plant Prot. J. 11, 71–77. doi:10.2478/hppj-2018-0010
 Aleksandrov, V., Kartseva, T., Alqudah, A. M., Kocheva, K., Tasheva, K., Börner, A., et al. (2021). Genetic diversity, linkage disequilibrium and population structure of Bulgarian bread wheat assessed by genome-wide distributed SNP markers: from old germplasm to semi-dwarf cultivars. Plants 10, 1116. doi:10.3390/plants10061116
 Alemu, A., Feyissa, T., Letta, T., and Abeyo, B. (2020). Genetic diversity and population structure analysis based on the high density SNP markers in Ethiopian durum wheat (Triticum turgidum ssp. durum). BMC Genet. 21, 18. doi:10.1186/s12863-020-0825-x
 Ali, S., Ganai, B. A., Kamili, A. N., Bhat, A. A., Mir, Z. A., Bhat, J. A., et al. (2018). Pathogenesis-related proteins and peptides as promising tools for engineering plants with multiple stress tolerance. Microbiol. Res. 212, 29–37. doi:10.1016/j.micres.2018.04.008
 Anand, A., Lei, Z., Sumner, L. W., Mysore, K. S., Arakane, Y., Bockus, W. W., et al. (2004). Apoplastic extracts from a transgenic wheat line exhibiting lesion-mimic phenotype have multiple pathogenesis-related proteins that are antifungal. MPMI 17, 1306–1317. doi:10.1094/MPMI.2004.17.12.1306
 Andersen, E. J., Ali, S., Byamukama, E., Yen, Y., and Nepal, M. P. (2018). Disease resistance mechanisms in plants. Genes. 9, 339. doi:10.3390/genes9070339
 Ayadi, S., Karmous, C., Hammami, Z., Tamani, N., Trifa, Y., Esposito, S., et al. (2012). Genetic variability of Nitrogen Use Efficiency components in Tunisian improved genotypes and landraces of durum wheat. Agric. Sci. Res. J. 2, 591–601. 
 Ayed, S., Chahine, K., Youssef, T., Olfa, S. A., and Hajer, S. A. (2010). Phenotypic diversity of Tunisian durum wheat landraces. Afr. Crop Sci. J. 18. doi:10.4314/acsj.v18i1.54197
 Babay, E., Mnasri, S., Khamassi, K., Ichrak, O., and Hanana, M. (2019). Morphological and end-use quality characterisation of Tunisian durum wheat. Rev. Agrobiol. 9, 1560–1567. 
 Baloch, F. S., Alsaleh, A., Shahid, M. Q., Çiftçi, V., Miera, L. E. S. de, Aasim, M., et al. (2017). A whole genome DArTseq and SNP analysis for genetic diversity assessment in durum wheat from central fertile crescent. PLOS ONE 12, e0167821. doi:10.1371/journal.pone.0167821
 Bel Hadj Chedli, R., Ben M’Barek, S., Souissi, A., Yahyaoui, A., Rezgui, S., and Chaabane, H. (2020). Screening for resistance of Tunisian, Moroccan and Algerian wheat cultivars to Zymoseptoria tritici in Northern Tunisia. J. Plant Pathology 102, 1085–1095. doi:10.1007/s42161-020-00563-w
 Bellucci, A., Torp, A. M., Bruun, S., Magid, J., Andersen, S. B., and Rasmussen, S. K. (2015). Association mapping in scandinavian winter wheat for yield, plant height, and traits important for second-generation bioethanol production. Front. Plant Sci. 6, 1046. doi:10.3389/fpls.2015.01046
 Ben M’Barek, S., and Ghaffary, S. M. T. (2021). “Key challenges in breeding durable disease-resistant cereals: north Africa and West Asia,” in Achieving durable disease resistance in cereals ( Burleigh Dodds Science Publishing). 
 Ben M’Barek, S., Karisto, P., Abdedayem, W., Laribi, M., Fakhfakh, M., Kouki, H., et al. (2020). Improved control of septoria tritici blotch in durum wheat using cultivar mixtures. Plant Pathol. 69, 1655–1665. doi:10.1111/ppa.13247
 Ben M’Barek, S., Laribi, M., Abdedayem, W., Fakhfakh, M., and Yahyaoui, A. H. (2023). Specific virulence patterns in Tunisian Zymoseptoria tritici strains isolated from bread and durum wheat. Plant Pathol. 72, 972–984. doi:10.1111/ppa.13710
 Ben M’Barek, S., Laribi, M., Kouki, H., Castillo, D., Araar, C., Nefzaoui, M., et al. (2022). Phenotyping Mediterranean durum wheat landraces for resistance to Zymoseptoria tritici in Tunisia. Genes. 13, 355. doi:10.3390/genes13020355
 Boeuf, F. (1932). Le Blé en Tunisie: la plante. Le milieu physico-chimique; Société anonyme l’imprimerie rapide Tunis Tunis, Tunisia , 1. 
 Bonjean, A. (2001). Histoire de la culture des céréales et en particulier de celle du blé tendre (Triticum aestivum L.), 9. Dossier de l’environnement de l’INRA. 
 Bonjean, A. P., and Angus, W. J. (2001). The world wheat book: a history of wheat breeding. Lavoisier Publishing. 
 Boukid, F., Dall’Asta, M., Bresciani, L., Mena, P., Del Rio, D., Calani, L., et al. (2019). Phenolic profile and antioxidant capacity of landraces, old and modern Tunisian durum wheat. Eur. Food Res. Technol. 245, 73–82. doi:10.1007/s00217-018-3141-1
 Bozzini, A. (1988). “Origin, distribution, and production of durum wheat in the world,” in Durum Wheat: Chemistry and Technology ed . Editors M. J. Sissons, J. Abecassis, B. Marchylo, and M. Carcea, 1–16.
 Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y., and Buckler, E. S. (2007). TASSEL: software for association mapping of complex traits in diverse samples. Bioinformatics 23, 2633–2635. doi:10.1093/bioinformatics/btm308
 Breseghello, F., and Sorrells, M. E. (2006). Association analysis as a strategy for improvement of quantitative traits in plants. Crop Sci. 46, 1323–1330. doi:10.2135/cropsci2005.09-0305
 Carew, R., Meng, T., Florkowski, W. J., Smith, R., and Blair, D. (2017). Climate change impacts on hard red spring wheat yield and production risk: evidence from Manitoba, Canada. Can. J. plant Sci. 98, 782–795. doi:10.1139/cjps-2017-0135
 Chamekh, Z., Karmous, C., Ayadi, S., Sahli, A., Hammami, Z., Belhaj Fraj, M., et al. (2015). Stability analysis of yield component traits in 25 durum wheat (Triticum durum Desf.) genotypes under contrasting irrigation water salinity. Agric. Water Manag. 152, 1–6. doi:10.1016/j.agwat.2014.12.009
 Charmet, G. (2011). Wheat domestication: lessons for the future. Comptes rendus Biol. 334, 212–220. doi:10.1016/j.crvi.2010.12.013
 Chu, C.-G., Chao, S., Friesen, T. L., Faris, J. D., Zhong, S., and Xu, S. S. (2010). Identification of novel tan spot resistance QTLs using an SSR-based linkage map of tetraploid wheat. Mol. Breed. 25, 327–338. doi:10.1007/s11032-009-9335-2
 Chu, C.-G., Friesen, T. L., Xu, S. S., and Faris, J. D. (2008). Identification of novel tan spot resistance loci beyond the known host-selective toxin insensitivity genes in wheat. Theor. Appl. Genet. 117, 873–881. doi:10.1007/s00122-008-0826-z
 Coan, M. M., Senhorinho, H. J., Pinto, R. J., Scapim, C. A., Tessmann, D. J., Williams, W. P., et al. (2018). Genome-wide association study of resistance to ear rot by Fusarium verticillioides in a tropical field maize and popcorn core collection. Crop Sci. 58, 564–578. doi:10.2135/cropsci2017.05.0322
 Cooper, M., Woodruff, D. R., Phillips, I. G., Basford, K. E., and Gilmour, A. R. (2001). Genotype-by-management interactions for grain yield and grain protein concentration of wheat. Field Crops Res. 69, 47–67. doi:10.1016/s0378-4290(00)00131-3
 Diamond, J. (2002). Evolution, consequences and future of plant and animal domestication. Nature 418, 700–707. doi:10.1038/nature01019
 Dinglasan, E. G., Peressini, T., Marathamuthu, K. A., See, P. T., Snyman, L., Platz, G., et al. (2021). Genetic characterization of adult-plant resistance to tan spot (syn, yellow spot) in wheat. Theor. Appl. Genet. 134, 2823–2839. doi:10.1007/s00122-021-03861-8
 Dubey, N., and Singh, K. (2018). “Role of NBS-lrr proteins in plant defense,” in Molecular aspects of plant-pathogen interaction ed . Editors A. Singh, and I. K. Singh (Singapore: Springer), 115–138. doi:10.1007/978-981-10-7371-7_5
 Earl, D. A., and VonHoldt, B. M. (2012). STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE output and implementing the Evanno method. Conserv. Genet. Resour. 4, 359–361. doi:10.1007/s12686-011-9548-7
 Elias, E., Cantrell, R. G., and Hosford, R. M. (1989). Heritability of resistance to tan spot in durum wheat and its association with other agronomic traits. Crop Sci. 29, 299–304. doi:10.2135/cropsci1989.0011183x002900020013x
 Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler, E. S., et al. (2011). A robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. PLOS ONE 6, e19379. doi:10.1371/journal.pone.0019379
 Evanno, G., Regnaut, S., and Goudet, J. (2005). Detecting the number of clusters of individuals using the software structure: a simulation study. Mol. Ecol. 14, 2611–2620. doi:10.1111/j.1365-294X.2005.02553.x
 Excoffier, L., Smouse, P. E., and Quattro, J. M. (1992). Analysis of molecular variance inferred from metric distances among DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics 131, 479–491. doi:10.1093/genetics/131.2.479
 FAO (2023). Crop prospects and food situation #1, march 2023: quarterly global report. Rome, Italy: FAO. doi:10.4060/cc4665en
 Faris, J. D., and Friesen, T. L. (2005). Identification of quantitative trait loci for race-nonspecific resistance to tan spot in wheat. Theor. Appl. Genet. 111, 386–392. doi:10.1007/s00122-005-2033-5
 Faris, J. D., Liu, Z., and Xu, S. S. (2013). Genetics of tan spot resistance in wheat. Theor. Appl. Genet. 126, 2197–2217. doi:10.1007/s00122-013-2157-y
 Faris, J. D., Overlander, M. E., Kariyawasam, G. K., Carter, A., Xu, S. S., and Liu, Z. (2020). Identification of a major dominant gene for race-nonspecific tan spot resistance in wild emmer wheat. Theor. Appl. Genet. 133, 829–841. doi:10.1007/s00122-019-03509-8
 Faris, J. D., Zhang, Z., Lu, H., Lu, S., Reddy, L., Cloutier, S., et al. (2010). A unique wheat disease resistance-like gene governs effector-triggered susceptibility to necrotrophic pathogens. Proc. Natl. Acad. Sci. 107, 13544–13549. doi:10.1073/pnas.1004090107
 Fayaz, F., Aghaee Sarbarzeh, M., Talebi, R., and Azadi, A. (2019). Genetic diversity and molecular characterization of Iranian durum wheat landraces (Triticum turgidum durum (desf.) husn.) using DArT markers. Biochem. Genet. 57, 98–116. doi:10.1007/s10528-018-9877-2
 Feldman, M. (2001). Origin of cultivated wheat. World Wheat Book A Hist. Wheat Breed. , 3–53. Available at: https://cir.nii.ac.jp/crid/1572261550664117632 (Accessed May 10, 2023). 
 Ferjaoui, S., Aouini, L., Slimane, R. B., Ammar, K., Dreisigacker, S., Schouten, H. J., et al. (2022). Deciphering resistance to Zymoseptoria tritici in the Tunisian durum wheat landrace accession ‘Agili39. BMC Genomics 23, 372. doi:10.1186/s12864-022-08560-2
 Fernandez, M. R., Clarke, J. M., and DePauw, R. M. (2002). The effect of plant height on tan spot on durum wheat in southern Saskatchewan. Crop Sci. 42, 159–164. doi:10.2135/cropsci2002.1590
 Friesen, T. L., and Faris, J. D. (2004). Molecular mapping of resistance to Pyrenophora tritici-repentis race 5 and sensitivity to Ptr ToxB in wheat. Theor. Appl. Genet. 109, 464–471. doi:10.1007/s00122-004-1678-9
 Galagedara, N., Liu, Y., Fiedler, J., Shi, G., Chiao, S., Xu, S. S., et al. (2020). Genome-wide association mapping of tan spot resistance in a worldwide collection of durum wheat. Theor. Appl. Genet. 133, 2227–2237. doi:10.1007/s00122-020-03593-1
 Gioia, T., Nagel, K. A., Beleggia, R., Fragasso, M., Ficco, D. B. M., Pieruschka, R., et al. (2015). Impact of domestication on the phenotypic architecture of durum wheat under contrasting nitrogen fertilization. J. Exp. Bot. 66, 5519–5530. doi:10.1093/jxb/erv289
 Grassini, P., Eskridge, K. M., and Cassman, K. G. (2013). Distinguishing between yield advances and yield plateaus in historical crop production trends. Nat. Commun. 4, 2918. doi:10.1038/ncomms3918
 Gurung, S., Mamidi, S., Bonman, J. M., Jackson, E. W., del Río, L. E., Acevedo, M., et al. (2011). Identification of novel genomic regions associated with resistance to Pyrenophora tritici-repentis races 1 and 5 in spring wheat landraces using association analysis. Theor. Appl. Genet. 123, 1029–1041. doi:10.1007/s00122-011-1645-1
 Hammami, R., and Gharbi, M. S. (2018). Contribution of breeding program to the sustainability of durum wheat production. J. New Sci. 59, 3799–3805. Available at: https://www.cabdirect.org/cabdirect/abstract/20193066561.
 Hao, S., Lou, H., Wang, H., Shi, J., Liu, D., Baogerile, A., et al. (2022). Genome-wide association study reveals the genetic basis of five quality traits in Chinese wheat. Front. Plant Sci . 13, 835306. doi:10.3389/fpls.2022.835306
 Harlan, J. R. (1971). Agricultural origins: centers and noncenters. Science 174, 468–474. doi:10.1126/science.174.4008.468
 Harlan, J. R., and Chapman, G. P. (1992). “Origins and processes of domestication,” in Grass Evolution and Domestication ed . Editors G. P. Chapman, 159–175. 
 Haudry, A., Cenci, A., Ravel, C., Bataillon, T., Brunel, D., Poncet, C., et al. (2007). Grinding up wheat: a massive loss of nucleotide diversity since domestication. Mol. Biol. Evol. 24, 1506–1517. doi:10.1093/molbev/msm077
 Hill, W. G., and Weir, B. S. (1988). Variances and covariances of squared linkage disequilibria in finite populations. Theor. Popul. Biol. 33, 54–78. doi:10.1016/0040-5809(88)90004-4
 Hoisington, D., Khairallah, M., and Gonzalez-de-Leon, D. (1994). Laboratory protocols. 2nd ed. CIMMYT Applied Molecular Genetics Laboratory. CIMMYT: Texcoco, Mexico, Available at: http://repository.cimmyt.org/xmlui/bitstream/handle/10883/1333/91195.pdf (accessed on April 20, 2015). 
 Holtz, Y., Ardisson, M., Ranwez, V., Besnard, A., Leroy, P., Poux, G., et al. (2016). Genotyping by sequencing using specific allelic capture to build a high-density genetic map of durum wheat. PLOS ONE 11, e0154609. doi:10.1371/journal.pone.0154609
 Hurtado, P., Olsen, K. M., Buitrago, C., Ospina, C., Marin, J., Duque, M., et al. (2008). Comparison of simple sequence repeat (SSR) and diversity array technology (DArT) markers for assessing genetic diversity in cassava (Manihot esculenta Crantz). Plant Genet. Resour. 6, 208–214. doi:10.1017/S1479262108994181
 Jaccoud, D., Peng, K., Feinstein, D., and Kilian, A. (2021). Diversity arrays: a solid state technology for sequence information independent genotyping. Nucleic Acids Res. 29, e25. doi:10.1093/nar/29.4.e25
 Jaradat, A. A. (2006). Phenotypic divergence in the meta-population of the Hourani durum wheat landrace. 
 Jaradat, A. A., and Shahid, M. (2014). How diverse a farmer-managed wheat landrace can be?Emir. J. Food Agric. 26, 93–118. doi:10.9755/ejfa.v26i2.16753
 Jaradat, A. A. (2013). Wheat Landraces: a mini review <br&gt;. Emir. J. Food Agric. 25, 20–29. doi:10.9755/ejfa.v25i1.15376
 Juliana, P., Singh, R. P., Singh, P. K., Crossa, J., Rutkoski, J. E., Poland, J. A., et al. (2017). Comparison of models and whole-genome profiling approaches for genomic-enabled prediction of septoria tritici blotch, Stagonospora nodorum blotch, and tan spot resistance in wheat. Plant Genome 10, plantgenome2016–08. doi:10.3835/plantgenome2016.08.0082
 Juliana, P., Singh, R. P., Singh, P. K., Poland, J. A., Bergstrom, G. C., Huerta-Espino, J., et al. (2018). Genome-wide association mapping for resistance to leaf rust, stripe rust and tan spot in wheat reveals potential candidate genes. Theor. Appl. Genet. 131, 1405–1422. doi:10.1007/s00122-018-3086-6
 Kabbaj, H., Sall, A. T., Al-Abdallat, A., Geleta, M., Amri, A., Filali-Maltouf, A., et al. (2017). Genetic diversity within a global panel of durum wheat (Triticum durum) landraces and modern germplasm reveals the history of alleles exchange. Front. Plant Sci. 8, 1277. doi:10.3389/fpls.2017.01277
 Kamel, S., Cherif, M., Hafez, M., Despins, T., and Aboukhaddour, R. (2019). Pyrenophora tritici–repentis in Tunisia: race structure and effector genes. Front. Plant Sci. 10, 1562. doi:10.3389/fpls.2019.01562
 Kamel, S., and Cherif, M. (2021). Tan spot of wheat in Northern Tunisia: distribution, prevalence, incidence and severity. CEREAL Res. Commun. 49, 421–432. doi:10.1007/s42976-020-00120-2
 Kokhmetova, A., Sehgal, D., Ali, S., Atishova, M., Kumarbayeva, M., Leonova, I., et al. (2021). Genome-wide association study of tan spot resistance in a hexaploid wheat collection from Kazakhstan. Front. Genet. 11, 581214. doi:10.3389/fgene.2020.581214
 Kollers, S., Rodemann, B., Ling, J., Korzun, V., Ebmeyer, E., Argillier, O., et al. (2014). Genome-wide association mapping of tan spot resistance (Pyrenophora tritici-repentis) in European winter wheat. Mol. Breed. 34, 363–371. doi:10.1007/s11032-014-0039-x
 Kumar, D., Chhokar, V., Sheoran, S., Singh, R., Sharma, P., Jaiswal, S., et al. (2020). Characterization of genetic diversity and population structure in wheat using array based SNP markers. Mol. Biol. Rep. 47, 293–306. doi:10.1007/s11033-019-05132-8
 Lamine, M., Gargouri, M., Rahali, F. Z., Hamdi, Z., and Mliki, A. (2022). Local Tunisian durum wheat landraces revisited and rediscovered through modern integrative GC–TOF-MSTM-based lipidomic profiling and chemometric approaches. Eur. Food Res. Technol. 248, 1239–1252. doi:10.1007/s00217-022-03958-4
 Laribi, M., Akhavan, A., Ben M’Barek, S., Yahyaoui, A. H., Strelkov, S. E., and Sassi, K. (2022a). Characterization of Pyrenophora tritici-repentis in Tunisia and comparison with a global pathogen population. Plant Dis. 106, 464–474. doi:10.1094/PDIS-04-21-0763-RE
 Laribi, M., Ben M’Barek, S., Fakhfakh, M., Yahyaoui, A. H., and Sassi, K. (2021). Durum wheat mediterranean landraces: a valuable source for resistance to tan spot disease. Agriculture 11, 1148. doi:10.3390/agriculture11111148
 Laribi, M., Gamba, F. M., Hassine, M., Singh, P. K., Yahyaoui, A., and Sassi, K. (2019). Race structure and distribution of Pyrenophora tritici-repentis in Tunisia. Phytopathol. Mediterr. 58, 473–484. doi:10.13128/Phyto-10892
 Laribi, M., Yahyaoui, A. H., Abdedayem, W., Kouki, H., Sassi, K., and Ben M’Barek, S. (2022b). Characterization of mediterranean durum wheat for resistance to Pyrenophora tritici-repentis. Genes. 13, 336. doi:10.3390/genes13020336
 Li, H. B., Yan, W., Liu, G. R., Wen, S. M., and Liu, C. J. (2011). Identification and validation of quantitative trait loci conferring tan spot resistance in the bread wheat variety Ernie. Theor. Appl. Genet. 122, 395–403. doi:10.1007/s00122-010-1455-x
 Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 25, 1754–1760. doi:10.1093/bioinformatics/btp324
 Li, M., Liu, X., Bradbury, P., Yu, J., Zhang, Y.-M., Todhunter, R. J., et al. (2014). Enrichment of statistical power for genome-wide association studies. BMC Biol. 12, 73. doi:10.1186/s12915-014-0073-5
 Li, Y.-F., Wu, Y., Hernandez-Espinosa, N., and Peña, R. J. (2013). Heat and drought stress on durum wheat: responses of genotypes, yield, and quality parameters. J. Cereal Sci. 57, 398–404. doi:10.1016/j.jcs.2013.01.005
 Liu, K., and Muse, S. V. (2005). PowerMarker: an integrated analysis environment for genetic marker analysis. Bioinformatics 21, 2128–2129. doi:10.1093/bioinformatics/bti282
 Liu, Y., Salsman, E., Wang, R., Galagedara, N., Zhang, Q., Fiedler, J. D., et al. (2020). Meta-QTL analysis of tan spot resistance in wheat. Theor. Appl. Genet. 133, 2363–2375. doi:10.1007/s00122-020-03604-1
 Lopes, M. S., El-Basyoni, I., Baenziger, P. S., Singh, S., Royo, C., Ozbek, K., et al. (2015). Exploiting genetic diversity from landraces in wheat breeding for adaptation to climate change. EXBOTJ 66, 3477–3486. doi:10.1093/jxb/erv122
 Loutre, C., Wicker, T., Travella, S., Galli, P., Scofield, S., Fahima, T., et al. (2009). Two different CC-NBS-LRR genes are required for Lr10-mediated leaf rust resistance in tetraploid and hexaploid wheat. Plant J. 60, 1043–1054. doi:10.1111/j.1365-313X.2009.04024.x
 Lozano-Ramírez, N., Dreisigacker, S., Sansaloni, C. P., He, X., Islas, S. S., Pérez-Rodríguez, P., et al. (2022). Genome-wide association study for resistance to tan spot in synthetic hexaploid wheat. Plants 11, 433. doi:10.3390/plants11030433
 Maccaferri, M., Harris, N. S., Twardziok, S. O., Pasam, R. K., Gundlach, H., Spannagl, M., et al. (2019). Durum wheat genome highlights past domestication signatures and future improvement targets. Nat. Genet. 51, 885–895. doi:10.1038/s41588-019-0381-3
 MacKey, J. (2005). “Wheat: its concept, evolution, and taxonomy,” in Durum wheat breeding ( CRC Press). 
 Marone, D., Russo, M. A., Laidò, G., De Leonardis, A. M., and Mastrangelo, A. M. (2013). Plant nucleotide binding site–leucine-rich repeat (NBS-lrr) genes: active guardians in host defense responses. Int. J. Mol. Sci. 14, 7302–7326. doi:10.3390/ijms14047302
 Martínez-Moreno, F., Solís, I., Noguero, D., Blanco, A., Özberk, İ., Nsarellah, N., et al. (2020). Durum wheat in the Mediterranean Rim: historical evolution and genetic resources. Genet. Resour. Crop Evol. 67, 1415–1436. doi:10.1007/s10722-020-00913-8
 Medini, M., Hamza, S., Rebai, A., and Baum, M. (2005). Analysis of genetic diversity in Tunisian durum wheat cultivars and related wild species by SSR and AFLP markers. Genet. Resour. Crop Evol. 52, 21–31. doi:10.1007/s10722-005-0225-0
 Mengistu, D. K., Kidane, Y. G., Catellani, M., Frascaroli, E., Fadda, C., Pè, M. E., et al. (2016). High-density molecular characterization and association mapping in Ethiopian durum wheat landraces reveals high diversity and potential for wheat breeding. Plant Biotechnol. J. 14, 1800–1812. doi:10.1111/pbi.12538
 Mercer, K. L., and Perales, H. R. (2010). Evolutionary response of landraces to climate change in centers of crop diversity. Evol. Appl. 3, 480–493. doi:10.1111/j.1752-4571.2010.00137.x
 Miège, E. (1950). Principal species and varieties of wheat cultivated in North Africa. Rev. Bot. Appl. 30, 16–38. doi:10.3406/jatba.1950.6290
 Muqaddasi, Q. H., Kamal, R., Mirdita, V., Rodemann, B., Ganal, M. W., Reif, J. C., et al. (2021). Genome-wide association studies and prediction of tan spot (Pyrenophora tritici-repentis) infection in european winter wheat via different marker platforms. Genes. 12, 490. doi:10.3390/genes12040490
 Nachit, M. M., Baum, M., Impiglia, A., and Ketata, H. (1995). Studies on some grain quality traits in durum wheat grown in Mediterranean environments. Eds DiFonzo N Al CIHEAM-IAMZ Zaragoza Spain. Durum Wheat Qual. Mediterr. Reg. , 22, 181–187. 
 Nazco, R., Villegas, D., Ammar, K., Peña, R. J., Moragues, M., and Royo, C. (2012). Can Mediterranean durum wheat landraces contribute to improved grain quality attributes in modern cultivars?Euphytica 185, 1–17. doi:10.1007/s10681-011-0588-6
 Nei, M. (1977). F-statistics and analysis of gene diversity in subdivided populations. Ann. Hum. Genet. 41, 225–233. doi:10.1111/j.1469-1809.1977.tb01918.x
 Ni, P.-Y., Ji, X.-R., and Guo, D.-L. (2020). Genome-wide identification, characterization, and expression analysis of GDSL-type esterases/lipases gene family in relation to grape berry ripening. Sci. Hortic. 264, 109162. doi:10.1016/j.scienta.2019.109162
 Oliveira, H. R., Hagenblad, J., Leino, M. W., Leigh, F. J., Lister, D. L., Penã-Chocarro, L., et al. (2014). Wheat in the Mediterranean revisited–tetraploid wheat landraces assessed with elite bread wheat Single Nucleotide Polymorphism markers. BMC Genet. 15, 54–13. doi:10.1186/1471-2156-15-54
 Omrani, M., Roth, M., Roch, G., Blanc, A., Morris, C. E., and Audergon, J.-M. (2019). Genome-wide association multi-locus and multi-variate linear mixed models reveal two linked loci with major effects on partial resistance of apricot to bacterial canker. BMC Plant Biol. 19, 31. doi:10.1186/s12870-019-1631-3
 Ouaja, M., Aouini, L., Bahri, B., Ferjaoui, S., Medini, M., Marcel, T. C., et al. (2020). Identification of valuable sources of resistance to Zymoseptoria tritici in the Tunisian durum wheat landraces. Eur. J. Plant Pathol. 156, 647–661. doi:10.1007/s10658-019-01914-9
 Ouaja, M., Bahri, B. A., Aouini, L., Ferjaoui, S., Medini, M., Marcel, T. C., et al. (2021). Morphological characterization and genetic diversity analysis of Tunisian durum wheat (Triticum turgidum var. durum) accessions. BMC Genomic Data 22, 3. doi:10.1186/s12863-021-00958-3
 Pandey, C., Großkinsky, D. K., Westergaard, J. C., Jørgensen, H. J. L., Svensgaard, J., Christensen, S., et al. (2021). Identification of a bio-signature for barley resistance against Pyrenophora teres infection based on physiological, molecular and sensor-based phenotyping. Plant Sci. 313, 111072. doi:10.1016/j.plantsci.2021.111072
 Patel, J. S., Mamidi, S., Bonman, J. M., and Adhikari, T. B. (2013). Identification of QTL in spring wheat associated with resistance to a novel isolate of Pyrenophora tritici-repentis. Crop Sci. 53, 842–852. doi:10.2135/cropsci2012.01.0036
 Patterson, N., Price, A. L., and Reich, D. (2006). Population structure and eigenanalysis. PLOS Genet. 2, e190. doi:10.1371/journal.pgen.0020190
 Peakall, R., and Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teaching and research—an update. Bioinformatics 28, 2537–2539. doi:10.1093/bioinformatics/bts460
 Peakall, R., and Smouse, P. E. (2006). Genalex 6: genetic analysis in Excel. Population genetic software for teaching and research. Mol. Ecol. Notes 6, 288–295. doi:10.1111/j.1471-8286.2005.01155.x
 Peng, J. H., Sun, D., and Nevo, E. (2011). Domestication evolution, genetics and genomics in wheat. Mol. Breed. 28, 281–301. doi:10.1007/s11032-011-9608-4
 Perez-Lara, E., Semagn, K., Tran, V. A., Ciechanowska, I., Chen, H., Iqbal, M., et al. (2017). Population structure and genomewide association analysis of resistance to disease and insensitivity to Ptr toxins in Canadian spring wheat using 90K SNP array. Crop Sci. 57, 1522–1539. doi:10.2135/cropsci2016.10.0859
 Phuke, R. M., He, X., Juliana, P., Bishnoi, S. K., Singh, G. P., Kabir, M. R., et al. (2020). Association mapping of seedling resistance to tan spot (Pyrenophora tritici-repentis race 1) in CIMMYT and south asian wheat germplasm. Front. Plant Sci. 11, 1309. doi:10.3389/fpls.2020.01309
 Poland, J., Endelman, J., Dawson, J., Rutkoski, J., Wu, S., Manes, Y., et al. (2012). Genomic selection in wheat breeding using genotyping-by-sequencing. Plant Genome 5. doi:10.3835/plantgenome2012.06.0006
 Prasath, D., Balagopal, A., Mahantesh, V., Rosana, O. B., Jayasankar, S., and Anandaraj, M. (2014). Comparative study of pathogenesis-related protein 5 (PR5) of different Zingiberaceae species. IJBT 13 (2). [April 2014]. Available at: http://nopr.niscpr.res.in/handle/123456789/29136.
 Pritchard, J. K., Stephens, M., Rosenberg, N. A., and Donnelly, P. (2000). Association mapping in structured populations. Am. J. Hum. Genet. 67, 170–181. doi:10.1086/302959
 Qu, C., Jia, L., Fu, F., Zhao, H., Lu, K., Wei, L., et al. (2017). Genome-wide association mapping and Identification of candidate genes for fatty acid composition in Brassica napus L. using SNP markers. BMC Genomics 18, 232. doi:10.1186/s12864-017-3607-8
 Rahman, S., Islam, S., Yu, Z., She, M., Nevo, E., and Ma, W. (2020). Current progress in understanding and recovering the wheat genes lost in evolution and domestication. Int. J. Mol. Sci. 21, 5836. doi:10.3390/ijms21165836
 Reiss, E., and Bryngelsson, T. (1996). Pathogenesis-related proteins in barley leaves, induced by infection with Drechslera teres (Sacc.) Shoem. and by treatment with other biotic agents. Physiological Mol. Plant Pathology 49, 331–341. doi:10.1006/pmpp.1996.0058
 Ren, J., Sun, D., Chen, L., You, F. M., Wang, J., Peng, Y., et al. (2013). Genetic diversity revealed by single nucleotide polymorphism markers in a worldwide germplasm collection of durum wheat. Int. J. Mol. Sci. 14, 7061–7088. doi:10.3390/ijms14047061
 Robbana, C., Kehel, Z., Ammar, K., Guzmán, C., Naceur, M. B., and Amri, A. (2021). Unlocking the patterns of the Tunisian durum wheat landraces genetic structure based on phenotypic characterization in relation to farmer’s vernacular name. Agronomy 11, 634. doi:10.3390/agronomy11040634
 Robbana, C., Kehel, Z., Ben Naceur, M., Sansaloni, C., Bassi, F., and Amri, A. (2019). Genome-wide genetic diversity and population structure of Tunisian durum wheat landraces based on DArTseq technology. Int. J. Mol. Sci. 20, 1352. doi:10.3390/ijms20061352
 Roncallo, P. F., Larsen, A. O., Achilli, A. L., Pierre, C. S., Gallo, C. A., Dreisigacker, S., et al. (2021). Linkage disequilibrium patterns, population structure and diversity analysis in a worldwide durum wheat collection including Argentinian genotypes. BMC Genomics 22, 233. doi:10.1186/s12864-021-07519-z
 Roselló, M., Royo, C., Sanchez-Garcia, M., and Soriano, J. M. (2019). Genetic dissection of the seminal root system architecture in mediterranean durum wheat landraces by genome-wide association study. Agronomy 9, 364. doi:10.3390/agronomy9070364
 Royo, C., Elias, E. M., and Manthey, F. A. (2009). “Durum wheat breeding,” in Cereals handbook of plant breeding ed . Editor M. J. Carena (New York, NY: Springer US), 199–226. doi:10.1007/978-0-387-72297-9_6
 Rufo, R., Alvaro, F., Royo, C., and Soriano, J. M. (2019). From landraces to improved cultivars: assessment of genetic diversity and population structure of Mediterranean wheat using SNP markers. PLOS ONE 14, e0219867. doi:10.1371/journal.pone.0219867
 Saari, E. E., and Prescott, J. M. (1975). Scale for appraising the foliar intensity of wheat diseases. Plant Dis. Report 59, 377–380. 
 Sadok, W., Schoppach, R., Ghanem, M. E., Zucca, C., and Sinclair, T. R. (2019). Wheat drought-tolerance to enhance food security in Tunisia, birthplace of the Arab Spring. Eur. J. Agron. 107, 1–9. doi:10.1016/j.eja.2019.03.009
 Sahri, A., Chentoufi, L., Arbaoui, M., Ardisson, M., Belqadi, L., Birouk, A., et al. (2014). Towards a comprehensive characterization of durum wheat landraces in Moroccan traditional agrosystems: analysing genetic diversity in the light of geography, farmers’ taxonomy and tetraploid wheat domestication history. BMC Evol. Biol. 14, 264. doi:10.1186/s12862-014-0264-2
 Sansaloni, C., Franco, J., Santos, B., Percival-Alwyn, L., Singh, S., Petroli, C., et al. (2020). Diversity analysis of 80,000 wheat accessions reveals consequences and opportunities of selection footprints. Nat. Commun. 11, 4572. doi:10.1038/s41467-020-18404-w
 Sansaloni, C., Petroli, C., Jaccoud, D., Carling, J., Detering, F., Grattapaglia, D., et al. (2011). Diversity Arrays Technology (DArT) and next-generation sequencing combined: genome-wide, high throughput, highly informative genotyping for molecular breeding of Eucalyptus. BMC Proc. 5, P54. doi:10.1186/1753-6561-5-S8-P54
 Sehgal, D., Vikram, P., Sansaloni, C. P., Ortiz, C., Pierre, C. S., Payne, T., et al. (2015). Exploring and mobilizing the gene bank biodiversity for wheat improvement. PloS One 10, e0132112. doi:10.1371/journal.pone.0132112
 Semagn, K., Babu, R., Hearne, S., and Olsen, M. (2014). Single nucleotide polymorphism genotyping using Kompetitive Allele Specific PCR (KASP): overview of the technology and its application in crop improvement. Mol. Breed. 33, 1–14. doi:10.1007/s11032-013-9917-x
 Shen, G., Sun, W., Chen, Z., Shi, L., Hong, J., and Shi, J. (2022). Plant GDSL esterases/lipases: evolutionary, physiological and molecular functions in plant development. Plants 11, 468. doi:10.3390/plants11040468
 Simko, I., and Piepho, H.-P. (2012). The area under the disease progress stairs: calculation, advantage, and application. Phytopathology® 102, 381–389. doi:10.1094/PHYTO-07-11-0216
 Singh, P. K., Crossa, J., Duveiller, E., Singh, R. P., and Djurle, A. (2016). Association mapping for resistance to tan spot induced by Pyrenophora tritici-repentis race 1 in CIMMYTs historical bread wheat set. Euphytica 207, 515–525. doi:10.1007/s10681-015-1528-7
 Singh, P. K., Gonzalez-Hernandez, J. L., Mergoum, M., Ali, S., Adhikari, T. B., Kianian, S. F., et al. (2006). Identification and molecular mapping of a gene conferring resistance to Pyrenophora tritici-repentis race 3 in tetraploid wheat. Phytopathology® 96, 885–889. doi:10.1094/PHYTO-96-0885
 Singh, P. K., Singh, R. P., Duveiller, E., Mergoum, M., Adhikari, T. B., and Elias, E. M. (2010). Genetics of wheat–Pyrenophora tritici-repentis interactions. Euphytica 171, 1–13. doi:10.1007/s10681-009-0074-6
 Singh, S., Bockus, W. W., Sharma, I., and Bowden, R. L. (2008). A novel source of resistance in wheat to Pyrenophora tritici-repentis race 1. Plant Dis. 92, 91–95. doi:10.1094/PDIS-92-1-0091
 Slim, A., Piarulli, L., Chennaoui Kourda, H., Rouaissi, M., Robbana, C., Chaabane, R., et al. (2019). Genetic structure analysis of a collection of Tunisian durum wheat germplasm. Int. J. Mol. Sci. 20, 3362. doi:10.3390/ijms20133362
 Soriano, J. M., Villegas, D., Aranzana, M. J., Moral, L. F. G. del, and Royo, C. (2016). Genetic structure of modern durum wheat cultivars and mediterranean landraces matches with their agronomic performance. PLOS ONE 11, e0160983. doi:10.1371/journal.pone.0160983
 Soriano, J. M., Villegas, D., Sorrells, M. E., and Royo, C. (2018). Durum wheat landraces from east and west regions of the Mediterranean basin are genetically distinct for yield components and phenology. Front. Plant Sci. 9, 80. doi:10.3389/fpls.2018.00080
 Tadesse, W., Hsam, S. L. K., Wenzel, G., and Zeller, F. J. (2006a). Identification and monosomic analysis of tan spot resistance genes in synthetic wheat lines (Triticum turgidum L. × Aegilops tauschii coss.). Crop Sci. 46, 1212–1217. doi:10.2135/cropsci2005.10-0396
 Tadesse, W., Hsam, S. L. K., and Zeller, F. J. (2006b). Evaluation of common wheat cultivars for tan spot resistance and chromosomal location of a resistance gene in the cultivar ‘Salamouni. Plant Breed. 125, 318–322. doi:10.1111/j.1439-0523.2006.01243.x
 Tadesse, W., Schmolke, M., Hsam, S. L. K., Mohler, V., Wenzel, G., and Zeller, F. J. (2010). Chromosomal location and molecular mapping of a tan spot resistance gene in the winter wheat cultivar Red Chief. J. Appl. Genet. 51, 235–242. doi:10.1007/BF03208853
 Tadesse, W., Schmolke, M., Hsam, S. L. K., Mohler, V., Wenzel, G., and Zeller, F. J. (2007). Molecular mapping of resistance genes to tan spot [Pyrenophora tritici-repentis race 1] in synthetic wheat lines. Theor. Appl. Genet. 114, 855–862. doi:10.1007/s00122-006-0484-y
 Tang, Y., Horikoshi, M., and Li, W. (2016). Ggfortify: unified interface to visualize statistical results of popular R packages. R J. 8, 474–485. doi:10.32614/rj-2016-060
 Tanno, K., and Willcox, G. (2006). How fast was wild wheat domesticated?Science 311, 1886. doi:10.1126/science.1124635
 Taranto, F., D’Agostino, N., Rodriguez, M., Pavan, S., Minervini, A. P., Pecchioni, N., et al. (2020). Whole genome scan reveals molecular signatures of divergence and selection related to important traits in durum wheat germplasm. Front. Genet. 11, 217. doi:10.3389/fgene.2020.00217
 Targońska, M., Bolibok-Brągoszewska, H., and Rakoczy-Trojanowska, M. (2016). Assessment of genetic diversity in secale cereale based on SSR markers. Plant Mol. Biol. Rep. 34, 37–51. doi:10.1007/s11105-015-0896-4
 Turner, S. D. (2018). qqman: an R package for visualizing GWAS results using Q-Q and manhattan plots. J. Open Source Softw. 3, 731. doi:10.21105/joss.00731
 USDA (2023). Tunisia: grain and feed annual. Washington, DC, USA: USDA Foreign Agricultural Service. 
 Venisse, J.-S., Malnoy, M., Faize, M., Paulin, J.-P., and Brisset, M.-N. (2002). Modulation of defense responses of malus spp. during compatible and incompatible interactions with erwinia amylovora. MPMI 15, 1204–1212. doi:10.1094/MPMI.2002.15.12.1204
 Villa, T. C. C., Maxted, N., Scholten, M., and Ford-Lloyd, B. (2005). Defining and identifying crop landraces. Plant Genet. Resour. 3, 373–384. doi:10.1079/pgr200591
 Virdi, S. K., Liu, Z., Overlander, M. E., Zhang, Z., Xu, S. S., Friesen, T. L., et al. (2016). New insights into the roles of host gene-necrotrophic effector interactions in governing susceptibility of durum wheat to tan spot and septoria nodorum blotch. G3 Genes.|Genomes|Genetics 6, 4139–4150. doi:10.1534/g3.116.036525
 Vranic, M., Perochon, A., Benbow, H., and Doohan, F. M. (2022). Comprehensive analysis of pathogen-responsive wheat NAC transcription factors: new candidates for crop improvement. G3 Genes.|Genomes|Genetics 12, jkac247. doi:10.1093/g3journal/jkac247
 Wang, H., Misztal, I., Aguilar, I., Legarra, A., and Muir, W. M. (2012). Genome-wide association mapping including phenotypes from relatives without genotypes. Genet. Res. 94, 73–83. doi:10.1017/S0016672312000274
 Wang, S., Xu, S., Chao, S., Sun, Q., Liu, S., and Xia, G. (2019). A genome-wide association study of highly heritable agronomic traits in durum wheat. Front. Plant Sci. 10, 919. doi:10.3389/fpls.2019.00919
 Woldeyohannes, A. B., Iohannes, S. D., Miculan, M., Caproni, L., Ahmed, J. S., de Sousa, K., et al. (2022). Data-driven, participatory characterization of farmer varieties discloses teff breeding potential under current and future climates. eLife 11, e80009. doi:10.7554/eLife.80009
 Wu, J., Yu, R., Wang, H., Zhou, C., Huang, S., Jiao, H., et al. (2021). A large-scale genomic association analysis identifies the candidate causal genes conferring stripe rust resistance under multiple field environments. Plant Biotechnol. J. 19, 177–191. doi:10.1111/pbi.13452
 Yacoubi, I., Nigro, D., Sayar, R., Masmoudi, K., Seo, Y. W., Brini, F., et al. (2020). New insight into the North-African durum wheat biodiversity: phenotypic variations for adaptive and agronomic traits. Genet. Resour. Crop Evol. 67, 445–455. doi:10.1007/s10722-019-00807-4
 Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the growth stages of cereals. Weed Res. 14, 415–421. doi:10.1111/j.1365-3180.1974.tb01084.x
 Zhang, X., Gonzalez-Carranza, Z. H., Zhang, S., Miao, Y., Liu, C.-J., and Roberts, J. A. (2019). “F-box proteins in plants,” in Annual plant reviews online ( John Wiley & Sons, Ltd), 307–328. doi:10.1002/9781119312994.apr0701
 Zhou, H., Muehlbauer, G., and Steffenson, B. (2012). Population structure and linkage disequilibrium in elite barley breeding germplasm from the United States. J. Zhejiang Univ. Sci. B 13, 438–451. doi:10.1631/jzus.B1200003
 Zitnick-Anderson, K., Oladzadabbasabadi, A., Jain, S., Modderman, C., Osorno, J. M., McClean, P. E., et al. (2020). Sources of resistance to Fusarium solani and associated genomic regions in common bean diversity panels. Front. Genet. 11, 475. doi:10.3389/fgene.2020.00475
 Zohary, D., Hopf (deceased), M., and Weiss, E. (2012). Domestication of plants in the old world: the origin and spread of domesticated plants in southwest asia, Europe, and the Mediterranean basin. Oxford University Press. 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Laribi, Fredua-Agyeman, Ben M’Barek, Sansaloni, Dreisigacker, Gamba, Abdedayem, Nefzaoui, Araar, Hwang, Yahyaoui and Strelkov. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-14-1231027-g005.gif





OPS/images/fgene-14-1231027-t001.jpg
A genome

Chromosome No. of SNP markers No. of polymorphic markers Gene diversity
1A 289 222 0311 0253
24 413 326 0291 0238
A 341 71 0302 0247
4A 256 201 0299 0246
sa 363 s Losn2 | 0254
6A 29 185 Coaon 0372
A 535 397 0260 0218
Subtotal/mean 2436 1877 0324 0261
B Genome
1B 341 271 0.306 0248
28 539 424 0317 0258
s 402 330 0303 Loais
4B 219 176 0299 0245
5B 375 202 0301 0246
6B 381 314 0315 0255
7B 377 303 0290 0238
Subtotal/mean 2,634 2,110 0304 |08
Homoeologous
E! 630 493 0309 | 0251
B 952 750 0304 Loass
3 743 601 0302 0247
4 475 377 0299 0245
5 738 567 0307 0250
P 620 499 0405 0314
7 912 700 0275 0228
Subtotal/mean 5070 3,987 0314 0255
Unassigned
Subtotal/mean 4,121 3,768 0294 0242
Total A + B + Unassigned 9,191 |55 0.304 0249

T L L - S———





OPS/images/fgene-14-1231027-g003.gif





OPS/images/fgene-14-1231027-g004.gif





OPS/images/fgene-14-1231027-t004.jpg
Genetic position on Genetic position  Genetic position  p-value  Marker ~MAF

Wheat_Durum_cv. on Chinese on consensus R?
Svevo_v1 (bp) spring (bp) map (cM)

rAUDPC 2271039 5B|586,430,662 5B]589,677,807 5B|76.4 580E-05 127 0397 | -0.22
2017-2018

rAUDPC 3064632 352,729,023 3B47,197,513 3B[35.5 254E-04 108 0121 -026
2017-2018

rAUDPC 1107872 2B[705,651,010 2B[717,692,698 2B[83.2 452E-04 85 0085 025
2017-2018

rAUDPC 2262945 5B[659,693,343 5B]668,828,146 5B[120.4 7.39E-04 82 0330 013
2017-2018

rAUDPC 1127995 5B|631,281,467 5BJ635,531,780 5B]108.1 825E-04 81 0060 025
2017-2018

rAUDPC 2276400 5A[349,758,849 5A[356,475,232 5A]383 887E-04 88 0312 -0.16
2017-2018

rAUDPC 5577017 3B|561,192900 3B]566,605,697 - 104E-04 136 0223 031
2018-2019

rAUDPC 4989018 6A[21,182,099 6A]24,408,090 6A[322 192E-04 140 0400 051
2018-2019

rAUDPC 990930 6A]24,685,785 6A[25,630,335 6AJ287 354E-04 102 0085 | 022
2018-2019

rAUDPC 1139857 6A]21,906,784 6A[24,845,173 6AJ287 361E-04 14 0081 | 041
2018-2019

rAUDPC 1099093 7B|453,440,752 7BJ469,742,950 7B]47.2 3.68E-04 114 012 038
2018-2019

rAUDPC 1109903 5A1536,115,546 5A1574,195,169 5AI81.5 432E-04 105 0060 | 027
2018-2019

rAUDPC 1135724 5BJ480,124,219 5A1503,430,449 5A156.0 5.06E-04 103 0101 | -0.15
2021-2022

rAUDPC 100050780 1B[390,668,089 1A]368,815,830 - 7.64E-04 114 0461 | -031
20212022

BLUP 1279775 2B|759,631,366 e 2B[94.8 4.19E-04 202 0.139 -0.29
inoculated

trials

BLUP 1106958 2B]53,701,140 2B[53,996,830 2BJ40.7 6.84E-04 162 0243 | 029
inoculated

trials.

BLUP 4991617 2B|734,907,676 2A[744,905,320 2B|86.0 8.71E-04 17.0 0.495 -0.17
inoculated

trials

BLUP 3064370 3A1646901,140 3A1655,669,429 3A165.7 484E-04 174 015 | 029
inoculated

trials.

BLUP 1104851 3A[17,053,466 3B[22,917,259 3B19.1 631E-04 174 0273 029
inoculated

trials

BLUP 1090716 415,906,034 4A[16,344,296 4AJ5.9 469E-04 191 0417 | =029
inoculated

trials

BLUP 2248753 4A]16,592,100 4A]17,023815 4A13.1 631E-04 165 0461 | 029
inoculated

trials

BLUP 1119379 4B[9,785,826 4B]10,579,590 4B[9.2 545E-04 165 0306 029
inoculated

trials

BLUP 1092576 6A]579,998,288 6A]584947,190 6A[79.1 671E-04 162 0103 029
inoculated

trials

BLUP 1078005 6A[588,496,558 6A1393,657,698 - 734E-04 184 0161 | 029
inoculated

trials

BLUP 10983799 6B[592,947,055 6B[616,449,494 6B[34.9 5.14E-04 197 0050 029
inoculated

trials

BLUP 1074139 6B|671,433,787 6A1604,537,957 6A[743 533E-04 181 0405 | -0.28






OPS/images/fgene-14-1231027-t002.jpg
Source Df* Sum squares Mean squares Estimated variance

\ 'AMOVA of the structure groups

Among groups 2 | 10484967 5242484 25224 2

Within groups 467 ‘ 737773.144 1579.814 1579.814 98

‘ AMOVA of the 18 durum wheat populations based on common name

Among Populations 17 | 77094583 4534975 119.187 7
Within Populations 452 | 671163.528 1484.875 1484.875 93
Among individuals 217 ‘ 585349.528 2697463 1166.149 73
Within individuals 235 ‘ 85814.000 365.166 365.166 23

Wil Ao o ek





OPS/images/fgene-14-1231027-t003.jpg
Source of variation

Sum of squares

Mean of squares

e

‘ Residuals

‘ Genotype

Residuals

"Df, degrees of freedom;

456
159

299

ignificance codes: **0.001, *0.05.

0302 0.15090
12465 0.02734
5288 0.03326
7479 7 0.02501

552

133

0.00428*

0.0183%





OPS/xhtml/nav.xhtml
Contents

		Cover

		Genome-wide association analysis of tan spot disease resistance in durum wheat accessions from Tunisia		1 Introduction

		2 Materials and methods		2.1 Genetic diversity of Tunisian durum wheat accessions

		2.2 Genome-wide association study

		2.3 Statistical analysis





		3 Results		3.1 Genetic diversity of Tunisian durum wheat accessions

		3.2 Genome-wide association study





		4 Discussion		4.1 Single nucleotide polymorphisms

		4.2 Linkage disequilibrium

		4.3 Clusters of Tunisian durum wheat accessions

		4.4 Phenotypic diversity

		4.5 Identification of co-localized markers on the A genome associated with tan spot resistance from previous studies

		4.6 Identification of co-localized markers on the B genome associated with tan spot resistance from previous studies

		4.7 Putative candidate genes





		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics






OPS/images/fgene-14-1231027-g001.gif





OPS/images/fgene-14-1231027-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





