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Abstract 31 

Fungal diseases are among the most devastating biotic stresses and often cause significant losses in wheat 32 

production worldwide. A set of 173 synthetic hexaploid wheat (SHW) characterized for resistance against 33 

fungal pathogens that cause leaf, stem and yellow rusts, yellow leaf spot, Septoria nodorum and crown rot 34 

were used in genome wide association study (GWAS), using DArT and DArTSeq markers and detected 35 

quantitative trait loci (QTL) associated with disease resistance. Seventy four markers associated with 35 36 

QTL were found to be significantly linked with disease resistances using a unified mixed model (P=10
−3

 37 

to 10
−5

) of which 15 QTL originated from D genome. Six markers on 1BL, 3BS, 4BL, 6B and 6D 38 

conferred resistance to two diseases representing 10 of the 35 QTL. A further SHW set of 147 SHWs 39 

genotyped with DArT only validated 11 QTL detected in the previous 173 SHWs. We also confirmed the 40 

presence of the gene Lr46/Yr29/Sr58 in our germplasm. In addition, gene-gene interactions between 41 

significantly associated loci and all loci across the genome revealed five significant interactions at 42 

FDR<0.05. Two significant leaf rust and one stem rust interactions were thought to be synergistic while 43 

another two QTL for yellow leaf spot involved antagonistic relations. To the best of our knowledge, this 44 

is the first GWAS for six fungal diseases using SHW. Identification of markers associated with disease 45 

resistance to one or more diseases represents an important source for pyramiding favorable alleles and 46 

introducing multiple disease resistance from SHW accessions into current elite wheat cultivars.  47 

 48 

Keywords: Linkage disequilibrium; multiple disease resistance; Synthetic hexaploid wheat; 49 

Genome-wide association study; Gene-gene interaction; genotyping by sequencing 50 
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Introduction 52 

Wheat is the world’s third most important food crop that feeds 4.5 billion people in 95 53 

developing countries (Braun et al. 2010). Although maintaining yield in wheat is determined by 54 

genetic potential, adequate control of biotic and abiotic stresses coupled with good management 55 

practices determine the actual yield achieved annually. Biotic stresses often cause significant 56 

challenges to increasing productivity, and have major implications for food security in many 57 

regions where wheat is the chief staple, particularly in developing countries where the costs of 58 

inputs are high. For example, the acquired virulence to the stem rust resistance gene Sr31, by the 59 

pathotype lineage designated as Ug99, and recent yellow rust epidemics, caused significant yield 60 

losses for wheat production in Ethiopia, Morocco, and Syria in 2010 (Solh et al. 2012). In the 61 

U.S., the estimate of cumulative disease losses for the 2011 wheat crop was 6.2% (Appel et al.  62 

2011). Around 250 million dollars are spent each year in controlling foliar pathogens in Australia 63 

and the degree of protection afforded by fungicides matches that provided by genetic resistance 64 

(Oliver et al. 2011). Currently, identification and incorporation of resistance genes into 65 

commercially grown cultivars is the most cost-effective and environmentally safe means of 66 

controlling wheat diseases. In general, there are two kinds of resistance: qualitative or vertical 67 

and quantitative or horizontal resistance. Qualitative resistance is controlled by major genes 68 

which are race-specific, often not durable, and effective in seedling and adult plants. In contrast, 69 

quantitative resistance is controlled by minor genes that provide partial resistance and is 70 

predominantly effective in adult plants (Lagudah 2011). 71 

In environments where plants are infected with multiple pathogens, multiple disease 72 

resistance (MDR) can contribute to maintaining wheat yield potential (Wissera et al. 2011). 73 

Evidence for multigenic resistance against wheat diseases goes back to the late nineteenth 74 
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century, when Farrer (1898) observed transgressive segregation of resistance against rusts. 75 

Although genes known to contribute to MDR in wheat are limited, durable genes which confer 76 

resistance to multiple fungal pathogens in wheat have been reported (Moore et al. 2015, 77 

Ogbonnaya 2011; Zwart et al. 2010; Lagudah et al. 2009,  Spielmeyer et al. 2008; Ogbonnaya et 78 

al. 2008; Crossa et al. 2007).  79 

The SHW have been reported to be a repository of novel genetic diversity for wheat 80 

improvement (Ogbonnaya 2011; Ogbonnaya et al. 2013). The SHW are a product of 81 

hybridization from their two progenitor species, the tetraploid, Triticum turgidum (AABB) and 82 

the diploid wild relative Aegilops tauschii (DD), and its synthesis is analogous to the final 83 

hybridization event that is postulated to have occurred in the evolution of common bread wheat 84 

from its progenitors (van Ginker and Ogbannaya 2007). Genetic diversity for resistance has been 85 

identified in SHW to a wide range of biotic stresses, including Hessian fly (Hatchett et al. 1981), 86 

cereal-cyst nematode (Eastwood et al. 1991), root-lesion nematode (Thompson 2008), Septoria 87 

nodorum blotch (Loughman et al. 2001), Septoria tritici, karnal bunt (Villareal et al. 1994), 88 

powdery mildew (Lutz et al. 1994), leaf rust (Assefa et al. 2000), stripe rust (Ma et al. 1995), 89 

stem rust (Marais et al. 1994), yellow leaf spot (Siedler et al. 1994; Tadesse et al. 2006), leaf 90 

blight (Mujeeb-Kazi et al. 2001a) and Fusarium head blight (Mujeeb-Kazi et al. 2001b). 91 

Recently, SHW were reported to possess resistance to multiple diseases (Ogbonnaya 2011; 92 

Zwart et al. 2010; Thompson 2008; Friesen and Faris 2004; Ogbonnaya et al. 2008; Xu et al. 93 

2004). Further evidence for MDR genes existence in plants includes the detection of clusters of 94 

quantitative trait loci for different diseases and the identification of induced gene mutations that 95 

affect plant responses to infection with different pathogens (Wissera et al. 2011; and the 96 

references cited therein; Krattinger et al. 2009; Moore et al. 2015). 97 
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Identification of the genes that confer resistance to multiple diseases in wheat will facilitate and 98 

provide insight into the mechanisms that control MDR and allow for more effective deployment 99 

of resistance genes in the development of wheat varieties with durable resistance to multiple 100 

pathogens. Genome-wide association studies (GWAS), which relies on linkage disequilibrium 101 

(LD) between a genetic marker and a locus affecting a trait, were used to identify significant 102 

marker trait correlations in animal and plant genetics (Shirasu and Schulze-Lefert 2003; 103 

Neumann et al. 2011). In this approach, a collection of diverse accessions are phenotyped and 104 

genotyped to examine marker-trait association (Shirasu and Schulze-Lefert 2003; Flint-Garcia et 105 

al. 2003). Association mapping (AM) was first successfully used to identify alleles at loci 106 

contributing to susceptibility to human diseases (Goldstein et al. 2003). The AM is now being 107 

used in an increasing number of studies in wheat to complement previous bi-parental QTL 108 

studies (Breseghello and Sorrells 2006; Mulki et al. 2013; Joukhadar et al. 2013; Tadesse et al. 109 

2014, 2015; Jighly et al. 2015b). Association mapping studies in combination with MDR gene 110 

interaction will provide a better understanding of disease resistance (Yu and Buckler 2006). 111 

In this study, we aimed to (1) identify genomic regions containing MDR loci in SHW for 112 

resistances to six fungal pathogens: Puccinia triticina or leaf rust (Lr), Puccinia graminis f. sp. 113 

tritici or stem rust (Sr), Puccinia striiformis f. sp. tritici or yellow rust (Yr), Pyrenophora tritici-114 

repentis or yellow leaf spots (YLS), Parastagonospora (synonym: Septoria, Stagonospora, 115 

Phaeosphaeria) nodorum nodorum glume and leaf blotch (SNG-SNL), and Fusarium 116 

pseudograminearum or crown rot (Cr) and (2) investigate the interaction between the different 117 

loci on disease expression to facilitate pyramiding of allele combinations across wheat genome 118 

with best performance.  119 

Materials and Methods 120 
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Plant material and disease phenotyping  121 

The SHW consisted of 320 lines from CIMMYT and Australia as part of the GRDC funded 122 

synthetic wheat evaluation project (Table S1). Full details of the germplasm has been described 123 

in Mulki et al. (2013). Details of one season phenotyping for the six diseases that included 124 

standard Australian checks has also been previously described by Ogbonnaya et al. (2008). 125 

Briefly, rusts were evaluated for adult resistance in three replications under field conditions 126 

against the most commercially important pathotypes; Puccinia graminis f. sp. tritici (Pgt), 98–127 

1,2,3,5,6 (University of Sydney Plant Breeding Institute accession number 781219); Puccinia 128 

triticina (Pt), 104–1,2,3,(6), (7), 11, 13 (accession number 200347) and 76–1,3,5,10,12 129 

(accession number 990423); and Puccinia striiformis f. sp. tritici (Pst), 134 E16A+ (021510). 130 

YLS was screened in four replications under controlled greenhouse conditions against three 131 

isolates of Pyrenophora tritici repentis (isolate identification number 03–0148, 03–0152, 03–132 

0053) and the Septoria tritici pathotype 79.2.1A; while Septoria nodorum damage was evaluated 133 

on both the glume (SNG) and the leaf (SNL) in three replications against the isolates WAC 4302, 134 

WAC 4305, WAC 4306, and WAC 4309. All the disease reactions were scored using a scale 135 

from 1 to 9 and were classified as susceptible “S” (1-2), moderately susceptible “MS” (3-4), 136 

moderately resistant “MR” (5-6) and resistant “R” (7-9). Heritability of the studied traits were 137 

inferred from the mixed model (Zhang et al. 2010).  138 

Genotyping  139 

The whole set (320 SHW) was genotyped with DArT markers; genomic DNA was extracted 140 

from two week old seedlings using pooled leaf samples from five individual plants, frozen in 141 

liquid nitrogen and stored at -80ºC before DNA extraction. DNA extraction was carried out 142 



8 
 

according to Ogbonnaya et al. (2001), after which 10 μl of a 100 ng μl-1 DNA of each sample 143 

was sent to Triticarte Pty. Ltd. Australia (http://www.triticarte.com.au) as a commercial service 144 

provider for whole genome scan using Diversity Arrays Technology (DArT) markers (White et 145 

al. 2008). A subset of only 173 SHW were genotyped with DArTseq, a genotyping by 146 

sequencing (GBS) approach. The full description of the DArTseq procedure was previously 147 

given in (Sehgal et al. 2015). Only markers with minor allele frequency (MAF) >5% and missing 148 

data <20% were selected for further analyses. The 173 SHW subset was used for the main 149 

association test while the remaining 147 SHW cross validation set genotyped with only DArT 150 

markers was used as to confirm the presence of some of the detected QTL as they are related to 151 

the main set. 152 

Statistical analysis 153 

The genotype by trait analysis was used to establish a level of variability among the wheat 154 

genotypes in response to different disease resistances in order to visualize the merit of genotypes 155 

as well as interrelationships among traits. The methodology is similar to that used for multi-156 

environment trait genotype × environment interaction (GGE biplot) by including the genotypes 157 

as entries and the diseases as testers. The GGE biplot model decomposes genotype effect (G) 158 

plus genotype x environment (GE) effects though singular value decomposition into a number of 159 

principal components. Thus, it removes the environment noise (Yan 2001). Although this 160 

analysis is originally designed for GGE analysis, it can be applicable to any two-way data that 161 

has the entry-by-tester structure. However, when using it to visualize genotype-by-trait data, the 162 

trait units should be removed through standardization before applying biplot analyses (Yan and 163 

Kang 2002). Such analysis is applicable to our data without any prior adjustments as all our 164 

disease scores were scaled from 1 (susceptible) to 9 (resistant). However, since we are 165 

http://www.triticarte.com.au/
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comparing greenhouse and field experiments (heterogeneous testers), the model was scaled with 166 

the within trait standard error as recommended by (Yan and Kang 2002). Only SHWs with no 167 

missing phenotypes were included in this analysis.  168 

Phylogenetic tree was drawn using neighbor joining algorithm implemented in DARwin 169 

software (Perrier 2006) using DArT markers for both the main and the validation sets. The R 170 

software (www.r-project.org) was used to plot the principal component analysis (PCA) using the 171 

DArT markers only while the kinship relations were plotted using the R package “heatmap” 172 

using DArT markers only. 173 

The determination of linkage disequilibrium (LD) was described by measuring the R
2
 values 174 

between markers as described by Hedrick (1987) and Weir (1996). LD statistics were calculated 175 

for each pair of markers per chromosome and across all chromosomes within each genome. The 176 

R
2
 values were plotted against the genetic distance (cM) for each pair of markers within each 177 

chromosome and the second LOESS decay curves were fitted using the square root 178 

transformation (Breseghello and Sorrells 2006). 179 

Genome association and prediction integrated tool (GAPIT) (Lipka et al. 2012) was used to 180 

perform association mapping analysis using the mixed linear model (MLM) that took into 181 

account population structure (Q) and kinship matrix (K) to control both Type-I error (Pritchard et 182 

al. 2000). The following equation was fitted in the model: 183 

  ZQXy  184 

Where y is the vector of phenotypes; X is a vector for the marker record relating individuals to 185 

the fixed marker effects β, which we are estimating; Q is fixed effect matrix (PCA) relating 186 
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individuals to the fixed effect regarding population structure vector α; Z is the incidence matrix 187 

relating individuals to the random effect µ; and ɛ is a vector for the random residuals. 188 

Marker alleles with P values ≤ 0.001 were declared to be significantly associated with a single 189 

fungal disease resistance for the six diseases studied.  190 

The map positions of DArTSeq markers were obtained from a consensus map of 64K markers 191 

provided by DArT Pvt. Ltd., Australia. The databases http://cmap.cimmyt.org/cgi-bin/cmap; 192 

https://ccg.murdoch.edu.au/cmap/ as well as the genetic maps of Detering et al. (2010), Jighly et 193 

al. (2015a) and Lowe et al. (2011) were used to compare our QTL positions with previously 194 

reported QTL. 195 

The same datasets including genotyping, phenotyping and Q matrix were used to analyze 196 

epistatic interactions between markers found to have significant main effects; and between 197 

significant markers and other markers whether or not they were significant. A linear regression 198 

model was used to calculate P values for pair-wise marker interactions including the Q matrix as 199 

a covariate. The MDR gene interaction analysis was applied initially for each individual disease 200 

and the significance threshold for the interactions analysis was estimated using false discovery 201 

rate (FDR) ≤ 0.05 (Table 1) considering a total number of tested interactions for each disease 202 

resistance = total number of markers × number of QTL for the trait (Benjamini and Hochberg 203 

1995). For the significant interactions, a two sample t-test via 10,000 Monte-Carlo permutation 204 

samples were applied to judge the significant differences between phenotypes for interacted 205 

allelic combinations. 206 

Results 207 

Multiple fungal disease screening in SHW 208 

http://cmap.cimmyt.org/cgi-bin/cmap
https://ccg.murdoch.edu.au/cmap/
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All 320 SHW were screened against six fungal diseases (seven scores, Septoria Nodorum has 209 

two component scoring of glume (SNG) and leaf (SNL) blotches). Infection responses varied for 210 

each disease and ranged from susceptible to resistant (Figure S1). The full details of experiments 211 

and results for individual diseases have been reported previously (Ogbonnaya et al. 2008; 212 

Ogbonnaya 2011). Only the genotype AUS36217 showed moderately resistance response to all 213 

diseases while approximately 16.25% of the SHW possessed either resistant or moderately 214 

resistant reactions to at least five of the diseases evaluated in this study. The gene by trait 215 

analysis resulted in a good number of genotypes close to the position of the ideal genotype 216 

(Figure 1). The pseudo-heritability estimation inferred from the mixed model for the studied 217 

traits ranged from 22.4% for Yr to 69.4% Lr (Figure S2). 218 

Marker coverage, genetic diversity and linkage disequilibrium  219 

A total of 12,207 DArT (453) and DArTSeq (11,754) markers were polymorphic in the SHW 220 

panel, of which 6,176 were of known map position with an average of 294.1 markers per 221 

chromosome. One thousand five hundred and sixty six, 1,773 and 2,837 loci were mapped on the 222 

A, B and D genomes respectively, with an average distance of 1.38, 1.06 and 0.74 cM for the A, 223 

B and D genomes. Chromosome 4B and 1A had the least number of markers with only 131 while 224 

7D had the highest number of markers (711 markers). The DArTSeq markers have advantages 225 

over the original DArT markers being of higher density, of co-dominant inheritance and 226 

possesses better D genome coverage. However, only 55 (12.1%) of the DArT markers were 227 

distributed on the seven D genome chromosomes. Table S2 and Figure S3 show the distribution 228 

of both DArT and DArTSeq markers across wheat genome while table S3 shows the full 229 

genotypic data of both sets. 230 
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The PCA analysis was run for the 320 SHW using 453 polymorphic DArT markers. The first 231 

two principal components together explained about 21.3% of the total variation and the 232 

germplasm were wide spreading on the two axes. Interestingly, the SHW genotyped with both 233 

markers as well as the cross validation set with DArT markers clustered together except for 234 

about 20 SHWs which belonged to the validation set (~13.5% of the validation population) 235 

which clustered away from the main set (Figure 2). The phylogenetic tree and the kinship 236 

analyses showed similar results to PCA (Figure S4, S5). 237 

Plotting intra-chromosomal R
2
 values for each pair of loci against their interval genetic distance, 238 

indicated that the LD started to decrease below 0.22 after ~120 cM. However, when each 239 

genome was considered separately, the A genome started to decay at 10 cM, B genome at 2 cM 240 

while D genome was at 200 cM (Figure S6). Further, the D genome also exhibited higher intra- + 241 

inter-chromosomal R
2
 values with median value about 0.2 (Figure S7). Interestingly, LD 242 

decayed faster for chromosomes 2D and 5D than the other D genome chromosomes at about 10 243 

cM and 1 cM respectively (data not shown). 244 

Association analysis of QTL for six disease resistance  245 

Table 1 presents a summary of markers significantly associated with the various fungal diseases 246 

evaluated. There were a total of 74 DArT and DArTSeq markers representing 35 QTL that were 247 

associated with all disease resistances with R
2
 values which ranged from 6 to 13.9%. The highest 248 

R
2
 value was 13.9% for the SNG associated marker wPt-8262 on 5AL followed by wPt-2858 on 249 

2AL associated with Yr resistance with R
2
 of 13.5%. The genotypes of A and B genome 250 

associated marker for the genotypes with common durum parents were summarized in table S4 251 

while figure S8 shows the Manhattan and QQ plots for all disease traits. 252 



13 
 

On an individual disease basis, five markers located in three genomic regions (2BL, 3BL and 253 

7DL) were associated with Cr resistance with R
2
 values which ranged between 8.2 and 9.3% 254 

while 31 markers representing five different genomic locations on 1BS, 2DL, 3D, 6DL and 7D 255 

were identified as being associated with resistance to YLS, with R
2
 values which ranged between 256 

6.7 and 11.4%. There were a number of chromosome regions associated with resistance to each 257 

of the three rusts. Nine markers on five genomic regions, 1BL, 1DS, 2DL, 6D and 7DL, were 258 

significantly linked to Lr resistance with R
2
 values which ranged between 6.7 and 8.4%, while 259 

nine markers associated with Yr resistance were located on 1BL-1, 1BL-2, 2AL, 2BL, 3D and 260 

6BL with R
2
 values that ranged between 9.4 and 13.5%. Twelve markers were associated with Sr 261 

resistance on seven genomic regions: 1BL, 2DS-1, 2D-2, 3BS, 4BL, 6B and 6DL. The R
2
 values 262 

ranged between 6 and 10.2%. Thirteen markers on eight genomic regions (2AL, 2BL, 2DL, 3BS, 263 

4BL, 5AL, 6B and 7D) were linked with resistance to SNG with R
2
 values that ranged from 6.2 264 

to 13.9%. Similarly, one marker on 7B was linked with SNL with an R
2
 value of 8.4%.  265 

Of the 35 detected QTL, ten were detected with DArT markers only, two with the diagnostic 266 

marker for Lr46/Yr29 and 22 with DArTSeq only; with only one common QTL for both marker 267 

types which is the QTL Sr05 on 4BL.  268 

Validation of the AM analysis of QTL for six disease resistance based on DArT markers only 269 

The validation set of 147 SHW genotyped with DArT only confirmed the multiple disease QTL 270 

Lr46/Yr29 on 1BL as well as the SNG QTL on 3BS with the exact markers detected in the main 271 

set of 173 SHWs. Further, additional eight QTL were also confirmed with closely linked markers 272 

for Lr, Sr, SNG, SNL and YLS (Table 2). Five out of the 11 confirmed QTL were linked with 273 
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MDR resistance in the main set which are Lr01, SNG04, SNG05, Sr06 and Yr02. QTL found in 274 

the validation set only were reported in Table S5. 275 

Multiple-fungal disease resistance loci 276 

Out of the 35 detected QTL, three, 17 and 15 QTL were detected on A, B and D genomes 277 

respectively. Six markers on five wheat chromosomes (1BL, 3BS, 4BL, 6B and 6D) were 278 

significantly associated with resistance to two different fungal pathogens representing 10 out of 279 

the detected 35 QTL (Table 1). Figure S9 represents the allelic effects of the MDR markers. 280 

Only the marker Lr46/Yr29 on 1BL was significantly associated with resistance to Yr and Lr in 281 

coupling while the other five markers were associated with the two diseases in repulsion. The 282 

markers wPt-3921 on 3BS, 1094836 on 4BL and 1019982 on 6B were associated with Sr and 283 

SNG resistances while the markers 1126111 and 1126778 on 6D were associated with Lr and 284 

YLS. 285 

On the chromosome arm bases, genomic regions on 1BL, 2DL and 7DL possessed the highest 286 

number of QTL with four. The 1BL arm contain two genomic regions that contain the Lr46/Yr29 287 

MDR QTL as well as Yr QTL (Yr01) which lies at genetic position of 162.3 cM and the Sr QTL 288 

Sr02 at 289 cM. The chromosome arm 2DL carries the unmapped QTL Sr03 and the QTL Lr03, 289 

YLS02 and SNG03 between the genetic positions 252.2 cM for YLS02 and 289.8 cM for 290 

SNG03. The 7DL arm possessed four QTL, Cr03, Lr05, SNG08 and YLS05. Unfortunately, the 291 

position of the 7DL QTL could not be precisely determined because of distance they spanned 292 

due to the large LD blocks. Another interesting region was found on chromosome arm 2BL 293 

between 163.8 and 179.5 cM carrying the QTL Cr01, SNG02 and Yr04. The long arm of 294 

chromosome 2A also carry the QTL SNG03 at 129.8 cM and Yr03 at 82.2 cM (Table 1). 295 
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Gene-gene Interaction 296 

Significant interactions were detected for YLS, Sr and Lr only while no interactions were 297 

detected for the other disease resistances (Table 2). The Lr QTL on chromosome 6D showed two 298 

interactions with regions on 3BL and 6B, while the Sr QTL on 2DS showed a single interaction 299 

with the marker 1262585 on 2AS. Two interactions for the YLS resistance QTL on 6DL were 300 

detected with loci on 1DL and 6B. The R
2
 values ranged from 15.9% for the YLS interaction 301 

6DL/6B to 24.4% for the YLS interaction 6DL/1DL. Comparing the allele combination disease 302 

score for the interacted alleles showed that Lr and Sr interactions are synergistic while YLS 303 

interactions are antagonistic as the two Lr and the Sr resistance alleles showed high resistance 304 

response when combined with the interacted alleles of the markers 2280676, 1208017 and 305 

1262585; respectively (Figure 3).   306 

Discussion 307 

This study describes the use of GWAS to identify loci underlying individual and multiple disease 308 

resistances, and their interaction in SHW. The SHWs consisted of 320 genotypes produced from 309 

interspecific crosses between 222 Aegilops tauschii accessions and 50 elite Triticum turgidum 310 

lines which were previously evaluated for several fungal and root diseases (Ogbonnaya et al. 311 

2008; Ogbonnaya 2011; Mulki et al. 2013). The present study was carried out for six important 312 

fungal diseases. Only nine genotypes of the 320 SHW showed complete resistance to all 313 

diseases, however, about 20% of the SHW possessed either a resistant or moderately resistant 314 

reaction to two or more diseases.  315 

Linkage disequilibrium 316 
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GWAS studies are highly dependent on LD decay determined by the interval genetic 317 

distance between loci, recombination rate and the number of generations since the most recent 318 

common ancestor (Mackay and Powell 2006). To the best of our knowledge, this germplasm has 319 

longer LD blocks than any other previously described wheat germplasm. However, when each 320 

genome was considered separately, we found that the extensive decay was on the D genome only 321 

(except for 2D and 5D) while the other two genomes have a comparable or lower LD decay than 322 

results from other studies in wheat. The longest ranges reported so far on wheat were estimated 323 

at between 30 and 40 cM (Crossa et al. 2007; Dreisigacker et al. 2008; Jighly et al. 2015b); while 324 

other studies reported a decay of about 1-2 cM (Tadesse et al. 2014; Tadesse et al. 2015). 325 

Compared to bi-parental mapping, GWAS can target more favorable loci and have better 326 

mapping resolution as it exploits more diversity but it is also limited in detecting rare variants 327 

and can have higher type I error due to population structure (Pritchard et al. 2000; Flint-Garcia et 328 

al 2003, 2005; Breseghello and Sorrells 2006). It has been reported by other authors that  for 329 

genome wide association mapping, genetic materials characterized by high LD are preferable 330 

due to the reasonably low number of markers required to reveal a significant marker-trait 331 

association but materials with low LD and efficient number of markers can lead to higher 332 

mapping resolution (Flint-Garcia et al 2003; Maccaferri et al. 2006). However, such a long range 333 

LD in D genome (about 200 cM) will cause huge uncertainty on the accuracy of the QTL 334 

position. The high LD indicates the existence of narrow genetic diversity and high population 335 

structure of the Aegilops tauschii parents used to develop the SHW germplasm in this study. On 336 

the other hand, the marker coverage (one marker every 1.38 cM for A genome and one every 337 

1.06 cM for B genome) in this study was sufficient for a whole-genome association scan in the 338 

SHW population. 339 
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Fungal disease resistance characterization in SHW 340 

Novel QTL detection in SHW 341 

The present study detected one QTL for each of Sr and YLS in genomic regions that have 342 

not been previously reported for those diseases. Our analysis revealed two Sr QTL on 2D of 343 

which one is located in the region of Sr46 gene (Yu et al. 2015) while the other QTL is 344 

associated with the SNP markers 1101415 and 1102301. Despite the very long LD observed in 345 

the D genome, the two SNP markers have no LD with the Sr46-associated markers indicating 346 

that they may be associated with a novel Sr resistance gene. Similarly a haplotype block of eight 347 

SNP markers on 6DL including the marker 1037337 which mapped at the position 169.1 cM 348 

were linked to a novel YLS QTL of which the marker 1139583 had the lowest P value of 1.6×10
-

349 

4
 with R

2
 value of 8.8%. To the best of our knowledge, no YLS QTL has been mapped on 6DL 350 

in the region of this QTL.  351 

 The present study confirmed the introduction of novel genes from Ae. tauchii to bread wheat 352 

germplasm regardless the accurate positioning on the genome. This study can guide future 353 

research to develop bi-parental populations with one synthetic parents possessing potentially 354 

value with the reported novel genes or initiating synthetic germplasms with more diverse Ae. 355 

tauchii resources for GWAS studies. Previously reported disease resistance loci 356 

Five different QTL were detected for each of Lr and YLS. For both diseases, four out of 357 

the five QTL were found in the D genome of which one was common but in repulsion on 358 

chromosome 6D. All of the Lr D genome QTL identified in this study were found on regions 359 

known to carry introduced leaf rust resistance genes from wild relatives. Lr19 was introduced to 360 

hexaploid wheat chromosome 7D from Agropyron elongatum (Gupta et al. 2006) and Lr38 361 
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originated from Agropyron intermedium (Mebrate et al. 2008). The QTL identified in the SHW 362 

used in the present study may be homoeologous to Lr19 and Lr38. The other two genes are Lr39 363 

and Lr42 which were found originally in Aegilops tauschii (Singh et al. 2004; Sun et al. 2010). 364 

On the other hand, SHW has been extensively used to control YLS (Alam and Gustafson 1988; 365 

Xu et al. 2004; Tadesse et al. 2006; Singh et al. 2006) and the chromosome 3D gene Tsn3, 366 

detected in our germplasm, is one of the best examples (Tadesse et al. 2007). The other D 367 

genome YLS QTL in the SHW germplasm were located on chromosomes 2DL and 7D and were 368 

previously reported in hexaploid landrace germplasm through association mapping (Gurung et al. 369 

2011). Further studies will be necessary to determine whether the SHW alleles associated with 370 

resistance are similar to those of the wild species alleles in future QTL studies. 371 

Although the SHW in this study were not tested against any of stem rust Ug99 isolates, 372 

all the Sr QTL identified in this study were found on regions that carry Ug99 resistance except 373 

for the untested novel QTL on chromosome 2DS (Yu et al. 2011, 2014; Guerrero-Chavez et al. 374 

2015). The 1BL gene Sr58 was reported to carry Ug99 resistance and was found in durum 375 

germplasm (Herrera-Foessel et al. 2011). We also detected the gene Sr46 on 2DS in the SHW 376 

germplasm which was first reported in the Aegilops tauschii accession “CIae 25” (Yu et al. 377 

2015); and a QTL in the regions of the gene Sr37 which was previously reported in durum wheat 378 

chromosome 4BL (Singh et al. 2013). Further evaluation of the SHW in Ug99 hotspots is 379 

required to confirm Ug99 resistance in the SHW. 380 

Only three QTL were reported to be associated with Cr resistance genes of which the 381 

SNP marker 1384280 identified in the current study on 2BL QTL was previously reported in 382 

durum wheat near the marker wPt-9336 (Eberhard 2011). Poole et al. (2012) and Ma et al. 383 
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(2010) reported QTL in hexaploid wheat in two genomic regions on 3BL and 7DL QTL, 384 

respectively, consistent with the result from the current study.  385 

Zegeye et al. (2014) detected a seedling Yr QTL on chromosome 3DL in an SHW 386 

germplasm through association mapping. However, it is difficult to determine whether the 3D 387 

QTL identified in this study is similar to the previously reported QTL since the two SNP markers 388 

(100136169 and 1267912) in the current study are unmapped and the LD started to decay after 389 

200 cM for D genome in this germplasm. On the other hand, we identified a number of QTL in 390 

genomic regions that were previously found to carry Yr resistance in hexaploid wheat on 391 

chromosome regions 1BL, 2AL and 6BS (Basnet et al. 2014; Dedryver et al. 2009; Rosewarne et 392 

al. 2013; Santra et al. 2008). We also detected the presence of the Yr29 gene which is found in 393 

both durum and hexaploid wheat (William et al. 2003; Herrera-Foessel et al. 2011). Similarly, all 394 

the SNG/SNL QTL identified in the current study were located on genomic regions previously 395 

reported to carry SNG/SNL QTL in bread wheat (Table 1) (Shankar et al. 2008; Czembor et al. 396 

2003; Adhikari et al. 2011; Cockram et al. 2015; Schnurbusch et al. 2003; Kumar et al. 2010; 397 

Aguilar et al. 2005). 398 

Detection of MDR loci 399 

Using MLM we identified six markers on five different chromosomes (1BL, 3BS, 4BL, 400 

6B and 6D) associated with MDR loci in SHW of which only the 1BL QTL showed coupling 401 

phase with the resistances associated with the well documented gene Lr46/Yr29. The 3BS, 4BL 402 

and 6B QTL showed associations with Sr and SNG while the 6D QTL was associated with Lr 403 

and YLS. Earlier studies reported the clustering of resistance genes in specific regions. 404 

Sukhwinder-Singh et al (2012) reported that it is not uncommon in wheat to find regions 405 
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inherited as MDR loci. They argued that these are typically due to absence of recombination 406 

from alien chromosomal segments, such as the Yr, Sr and powdery resistances from rye 407 

chromosome 1RS segment or the triple rust and nematode resistances from Ae. ventricosa 408 

introgressed on wheat chromosome 2A. These introgressed segments were shown to carry 409 

diverse and multiple gene clusters that encode nucleotide binding and leucine rich repeat 410 

sequences, the most frequent class of plant disease resistance genes. However, the SHW have no 411 

history of alien introgression to explain the MDR identified in this study which will make it 412 

easier to pyramid the four MDR QTL we detected in repulsion. Previous reported isolated wheat 413 

MDR genes with pleiotropic effects include Lr34 and Lr67 (Krattinger et al. 2009; Moore et al. 414 

2015). 415 

MDR can be a result of genes with pleiotropic effect, unlinked genes or a cluster of 416 

resistance genes. The gene Lr46/Yr29/Sr58/Pm39/Ltn2 on 1BL exhibits MDR (William et al. 417 

2003) and it was previously reported in CIMMYT durum wheat (Herrera-Foessel et al. 2011). In 418 

the present study, the resistance allele of Lr46 diagnostic marker was associated with Lr and Yr 419 

resistances. Although this marker was not associated with Sr resistance in this germplasm, the 420 

SNP 1006460 showed a potential association with Sr58 as it is physically close to the Sr58 421 

linked marker Xbarc80 (Yu et al. 2014). Further, both Lr46/Yr29 and Sr58 were detected in the 422 

validation set. Additional MDR region was located on chromosome 2BL within 15.7 cM which 423 

contain QTL for SNG02, Yr04 and Cr01. Interestingly, 46 SHWs carry the resistance alleles of 424 

the three QTL together.  425 

Although most of the markers in the present study were associated with a single disease 426 

only, some of these were previously reported to be linked with different disease resistance genes 427 

and stresses in previous studies using different germplasm. The marker wPt-2757 on 3BS was 428 
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associated with fusarium head blight, Sr and grain yield under salinity conditions (Bhavani et al. 429 

2011; Agnes et al. 2014; Genc et al. 2013). Similarly, the SNG/Sr associated marker wPt-3921 430 

(chromosome 3BS) was previously reported to be linked to fusarium head blight, Sr, and Yr 431 

(Bhavani et al. 2011; Agnes et al. 2014; Chen et al. 2012) while the 4BL marker wPt-8543 432 

associated with SNG was also associated with Sr and Yr in previous reports (Zwart et al. 2010; 433 

Letta et al. 2013). 434 

Gene-gene interaction 435 

The interaction between loci was investigated to elucidate the mechanism of disease 436 

resistance and provide evidence for epistasis or pleiotropy. Five significant interactions were 437 

identified that contributed to Lr, Sr and YLS in the SHW between one QTL for each of the 438 

previous diseases and one or two other genomic loci (Table 3). The two Lr interactions as well as 439 

the Sr interaction were synergistic as combination between the resistance and the significantly 440 

interacted alleles showed superior phenotypes (Figure 3); while the YLS interactions can be 441 

considered as antagonistic because only the susceptible alleles showed significant difference 442 

with both marker alleles interacting. However, studying those interactions in a larger population 443 

size will confirm their presence and can facilitate better understanding for their molecular basis. 444 

Synergistic interactions are favorable for breeding programs but they will need continued 445 

tracking for the presence of both alleles while antagonistic interactions will require eliminating 446 

genotypes carrying the negative interacted alleles during the breeding progress. Knowledge of 447 

these interactions will enhance genetic gains in deploying and breeding for MDR as a mean of 448 

controlling both biotrophic and necrotrophic pathogens. 449 
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Our study explored the possible role of polyploidy in MDR in wheat, having a genome 450 

with three homeoologous sets of chromosomes, and suggests the existence of interactions 451 

between genes involved in various fungal disease resistances. Earlier, a comprehensive study 452 

(Segre et al. 2005) demonstrated systematic epistatic interactions using yeast as a model 453 

organism. The study emphasized the co-dependency of genes from various functional categories 454 

to establish a phenotypic difference. Specifically, the authors showed that epistatic interactions 455 

could be organized into a network formed by functional modules and that interactions between 456 

functional modules are more likely to occur than within modules. In our study, the module could 457 

be thought of as a biological pathway, and the interactions between the loci would imply cross-458 

talk between these pathways. As underlined by Moore and White (2007), making biological 459 

interpretations from statistical models of epistasis is difficult to do for any method since we are 460 

trying to make inferences about biological processes at the cellular level in an individual from 461 

statistical summaries of variation in a population. Further investigations of these results could 462 

provide insight into understanding different resistance gene relationships as well as mechanisms 463 

that contribute to different resistance gene networks. 464 

Conclusion 465 

Molecular markers identifiably linked with multiple disease resistance genes will be particularly 466 

effective for breeding programs in order to facilitate and improve the selection for different 467 

disease resistance genes simultaneously. The ultimate aim of this study is to generate knowledge 468 

so that MDR can be effectively deployed for the development of wheat cultivars possessing 469 

durable multiple disease resistance. In this study, we identified markers associated with Sr, Yr, 470 

Lr, Cr, SNG, SNL and YLS of which some were associated with up to two diseases, some of 471 
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which were novel. This is the first association mapping study that reported markers associated 472 

with the resistance for six diseases together.  473 
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Table 1. List of significant markers that are associated with six fungal disease resistances and previously reported genes and QTL in 724 

the regions of QTL identified in this study. 725 

Disease QTL Marker Chr
a
 Position P MAF

b
 R

2
 FDR

c
 Add

d
 Gene/Marker Reference 

Cr Cr01 1384280 2BL 179.5 4.3E-04 0.31 9.2 0.95 0.6 wPt-9336 Eberhard 2011 

Cr Cr02 983467 3BL 130.3 8.7E-04 0.25 8.2 0.95 0.6 wPt-5390 Poole et al. 2012 

Cr Cr03 3022945 7DL 265.4 1.0E-03 0.15 8.0 0.95 -0.7 wPt-3462 Ma et al. 2010 

Cr Cr03 1365344 7DL
*
 - 8.8E-04 0.25 8.2 0.95 0.6 wPt-3462 Ma et al. 2010 

Cr Cr03 3021273 7DL
*
 - 4.0E-04 0.43 9.3 0.95 0.5 wPt-3462 Ma et al. 2010 

Lr Lr01 Lr46/Yr29 
1
 1BL - 5.8E-04 0.28 8.4 0.95 -1.7 Lr46 William et al. 2003 

Lr Lr02 985475 1DS 47.8 8.6E-04 0.13 6.7 0.95 -1.2 Lr42 Sun et al. 2010 

Lr Lr03 1106131 2DL 257.2 8.1E-04 0.27 6.7 0.95 -1.5 Lr39 Singh et al. 2004 

Lr Lr03 1097758 2DL
*
 - 3.1E-04 0.25 7.8 0.95 -1.1 Lr39 Singh et al. 2004 

Lr Lr04 1126111 
2
 6D

*
 - 1.0E-03 0.25 4.9 0.95 1.1 Lr38 Mebrate et al. 2008 

Lr Lr04 1126778 
2
 6D

*
 - 9.1E-04 0.24 5.5 0.95 1.1 Lr38 Mebrate et al. 2008 

Lr Lr04 3027151 6D
*
 - 3.0E-04 0.20 7.9 0.95 1.6 Lr38 Mebrate et al. 2008 

Lr Lr05 1047131 7DL 198.2 2.8E-04 0.31 8.0 0.95 1.3 Lr19 Gupta et al. 2006 

Lr Lr05 2337373 7DL
*
 - 8.8E-04 0.27 6.6 0.95 1.3 Lr19 Gupta et al. 2006 

SNG SNG01 wPt-1657 2AL 129.8 3.1E-05 0.20 13.4 0.19 0.8 QSng.daw-2A Shankar et al. 2008 

SNG SNG02 1107710 2BL 163.8 8.1E-04 0.30 8.5 0.81 1.2 XU36894 Czembor et al. 2003 

SNG SNG03 wPt-7825 2DL 289.8 4.6E-05 0.14 12.8 0.19 0.9 wPt-665102 Adhikari et al. 2011 

SNG SNG04 wPt-8079 3BS 18.1 7.7E-04 0.16 8.6 0.81 0.7 Xbarc147 Czembor et al. 2003 

SNG SNG04 wPt-2757 3BS 26.3 3.3E-04 0.20 9.8 0.63 0.7 Xbarc147 Czembor et al. 2003 

SNG SNG04 wPt-3921 
3
 3BS 27.9 8.3E-04 0.17 7.8 0.81 0.7 Xbarc147 Czembor et al. 2003 

SNG SNG05 1094836 
4
 4BL 78.2 1.0E-03 0.45 6.2 0.91 0.7 QSng.daw-4B Shankar et al. 2008 

SNG SNG06 wPt-8262 5AL 233.0 2.3E-05 0.16 13.9 0.19 0.9 QSnn.niab-5A.1 Cockram et al. 2015 

SNG SNG07 1019982 
5
 6B

*
 - 9.7E-04 0.06 8.2 0.81 1.5 QSng.sfr-6BL Schnurbusch et al. 2003 

SNG SNG08 1263913 7DS 44.6 1.5E-04 0.35 11.0 0.42 2.0 QSb.bhu-7D Kumar et al. 2010 

SNG SNG08 1233921 7DL 224.4 3.6E-04 0.32 9.7 0.63 -2.0 QSb.bhu-7D Kumar et al. 2010 
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SNG SNG08 1216888 7DL
*
 - 1.7E-04 0.32 10.8 0.42 -1.9 QSb.bhu-7D Kumar et al. 2010 

SNG SNG08 1227840 7DL
*
 - 7.0E-04 0.31 8.7 0.81 -1.1 QSb.bhu-7D Kumar et al. 2010 

SNL SNL01 1208964 7B
*
 - 1.4E-03 0.35 8.4 1 0.9 QSnl.eth-7B3 Aguilar et al. 2005 

Sr Sr01 1006460 1BL 289.0 2.4E-04 0.48 9.7 0.81 -0.9 Sr58 Yu et al. 2014 

Sr Sr02 1088175 2DS 36.1 3.3E-04 0.34 9.3 0.81 -1.1 Sr46 Yu et al. 2015 

Sr Sr02 2247181 2DS 40.8 7.7E-04 0.42 8.1 0.98 -1.2 Sr46 Yu et al. 2015 

Sr Sr02 1109593 2DS
*
 - 1.8E-04 0.38 10.1 0.81 -1.0 Sr46 Yu et al. 2015 

Sr Sr03 1101415 2DL
*
 - 4.0E-04 0.37 9.0 0.81 2.2 - Novel 

Sr Sr03 1102301 2D
*
 - 5.0E-04 0.36 8.5 0.88 1.8 - Novel 

Sr Sr04 wPt-3921 
3
 3BS 27.9 1.1E-03 0.19 7.5 0.98 -0.7 wPt-3921 Yu et al. 2014 

Sr Sr05 1094836 
4
 4BL 78.2 1.1E-03 0.44 7.7 0.98 -0.9 Sr37 Yu et al. 2014 

Sr Sr05 wPt-8543 4BL 98.0 4.6E-04 0.21 8.8 0.81 -0.8 Sr37 Yu et al. 2014 

Sr Sr06 1019982 
5
 6B

*
 - 1.1E-03 0.07 6.0 0.98 -1.3 wPt-5333 Yu et al. 2011 

Sr Sr07 983699 6DL 190.9 3.8E-04 0.38 9.1 0.81 -0.8 Sr29 Yu et al. 2014 

Sr Sr07 2255204 6DL 194.0 1.7E-04 0.25 10.2 0.81 -1.2 Sr29 Yu et al. 2014 

YLS YLS01 wPt-2706 1BS 109.6 5.0E-04 0.34 7.5 0.29 -0.6 QTs.fcu-1BS Faris & Friesen 2005 

YLS YLS02 3034128 2DL 252.2 5.0E-04 0.06 7.5 0.29 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 2242263 2DL 254.3 5.6E-04 0.07 7.4 0.3 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 1385233 2DL 292.4 7.4E-04 0.06 7.0 0.35 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 1052396 2DL
*
 - 2.1E-05 0.06 11.4 0.15 -1.4 wPt-664805 Gurung et al. 2011 

YLS YLS02 1101263 2DL
*
 - 6.9E-04 0.07 7.1 0.34 -1.1 wPt-664805 Gurung et al. 2011 

YLS YLS02 1072100 2DL
*
 - 4.6E-04 0.07 7.6 0.29 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 1092634 2DL
*
 - 1.2E-04 0.05 9.3 0.2 -1.4 wPt-664805 Gurung et al. 2011 

YLS YLS02 1097383 2DL
*
 - 3.1E-04 0.06 8.0 0.29 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 1100277 2DL
*
 - 1.2E-04 0.05 9.3 0.2 -1.4 wPt-664805 Gurung et al. 2011 

YLS YLS02 1100904 2DL
*
 - 5.0E-04 0.06 7.5 0.29 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 1118682 2DL
*
 - 1.2E-04 0.05 9.3 0.2 -1.4 wPt-664805 Gurung et al. 2011 

YLS YLS02 1135085 2DL
*
 - 5.6E-04 0.06 7.3 0.3 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 1144738 2DL
*
 - 3.7E-05 0.06 10.7 0.15 -1.5 wPt-664805 Gurung et al. 2011 

YLS YLS02 1319101 2DL
*
 - 5.0E-04 0.06 7.5 0.29 -1.2 wPt-664805 Gurung et al. 2011 
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YLS YLS02 2241933 2DL
*
 - 5.0E-04 0.06 7.5 0.29 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS02 2242411 2DL
*
 - 5.0E-04 0.06 7.5 0.29 -1.2 wPt-664805 Gurung et al. 2011 

YLS YLS03 1116422 3DS 8.3 2.2E-04 0.14 8.5 0.26 -0.9 tsn3 Tadesse et al. 2007 

YLS YLS03 1122499 3D 97.7 4.4E-05 0.29 10.4 0.15 1.1 tsn3 Tadesse et al. 2007 

YLS YLS03 1089159 3DL 170.1 7.1E-04 0.26 7.1 0.34 -0.8 tsn3 Tadesse et al. 2007 

YLS YLS03 3020470 3DL 270.5 4.9E-05 0.30 10.3 0.15 1.0 tsn3 Tadesse et al. 2007 

YLS YLS03 3222137 3DL
*
 - 4.5E-04 0.37 7.6 0.29 -1.6 tsn3 Tadesse et al. 2007 

YLS YLS04 1037337 6DL 169.1 7.9E-04 0.13 6.9 0.36 0.8 - Novel 

YLS YLS04 100018632 6DL
*
 - 9.4E-04 0.26 6.7 0.4 -0.7 - Novel 

YLS YLS04 1114521 6DL
*
 - 3.7E-04 0.20 7.9 0.29 0.8 - Novel 

YLS YLS04 1126111 
2
 6DL

*
 - 8.3E-03 0.24 5.0 0.74 -0.6 - Novel 

YLS YLS04 1126778 
2
 6DL

*
 - 7.7E-04 0.23 5.5 0.61 -0.7 - Novel 

YLS YLS04 1139583 6DL
*
 - 1.6E-04 0.37 8.8 0.25 0.7 - Novel 

YLS YLS04 1233591 6DL
*
 - 2.2E-04 0.15 8.5 0.26 0.8 - Novel 

YLS YLS04 2249359 6DL
*
 - 2.4E-04 0.30 8.4 0.26 1.0 - Novel 

YLS YLS05 1054897 7DL
*
 - 9.3E-04 0.21 6.7 0.4 -0.7 wPt-730876 Gurung et al. 2011 

Yr Yr01 988333 1BL 162.3 6.8E-04 0.41 10.4 1 0.9 QYr.tam-1B Basnet et al. 2014 

Yr Yr01 1093720 1BL
*
 - 5.7E-04 0.35 10.7 1 1.0 QYr.tam-1B Basnet et al. 2014 

Yr Yr02 LR46/Yr29 
1
 1BL - 4.4E-04 0.28 11.1 0.95 -1.5 Yr29 William et al. 2003 

Yr Yr03 wPt-1615 2AL 212.0 1.2E-04 0.35 13.5 0.76 0.8 QRYr2A.2 Dedryver et al. 2009 

Yr Yr03 wPt-2858 2AL 212.0 1.2E-04 0.35 13.5 0.76 0.8 QRYr2A.2 Dedryver et al. 2009 

Yr Yr04 wPt-8776 2BL 167.7 5.6E-04 0.25 10.7 1 0.8 - Novel 

Yr Yr05 100136169 3D
*
 - 5.5E-04 0.36 10.8 1 -0.7 - Zegeye et al. 2014 

Yr Yr05 1267912 3D
*
 - 4.5E-04 0.24 11.2 1 -1.2 - Zegeye et al. 2014 

Yr Yr06 wPt-8153 6BS 25.8 9.2E-04 0.32 9.4 1 0.7 QRYr6B.1 Santra et al. 2008 

 726 

a 
Chr: Chromosome; 

b 
MAF: minor allele frequency; 

c 
FDR: false discovery rate; 

d 
Add: Additive effect; 

*
 Chromosomes determined 727 

by linkage disequilibrium with other markers; Numbers from 
1-5

 account for markers with multiple associations. 728 
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Table 2:  List of validated QTL and their associated markers. 729 

Disease QTL Marker Chr
a
 P MAF

b
 R

2
 MM

c
 

Lr Lr01 LR46 1BL 3.8E-03 0.22 4.2 LR46 
*
 

Lr Lr05 tPt-4614 7DL 1.9E-03 0.48 7 1047131 

SNG SNG04 wPt-3921 3BS 3.5E-03 0.33 5.6 wPt-3921 
*
 

SNG SNG04 wPt-8079 3BS 1.9E-03 0.48 7 wPt-8079 

SNG SNG04 wPt-2757 3BS 2.1E-03 0.49 6.7 wPt-2757 

SNG SNG05 wPt-7412 4BL 5.0E-03 0.45 6.7 1094836 
*
 

SNL SNL01 wPt-5069 7B 5.0E-03 0.2 7.6 1208964 

Sr Sr01 wPt-6690 1BL 3.1E-03 0.48 5.1 1006460 

Sr Sr06 wPt-1113 6B 2.4E-03 0.39 5.6 1019982 
*
 

Sr Sr07 wPt-2518 6DL 2.4E-03 0.44 5.6 2255204 

YLS YLS01 wPt-9524 1BS 4.5E-03 0.14 5.6 wPt-2706 

YLS YLS02 wPt-2644 2DL 4.5E-03 0.41 5.6 1052396 

Yr Yr02 LR46 1BL 3.1E-03 0.4 4.5 LR46 
*
 

 730 

a 
Chr: Chromosome 731 

b 
MAF: minor allele frequency 732 

c
 MM: main set marker 733 

*
 Account for markers with multiple associations. 734 

 735 

736 
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Table 3 Gene–gene interactions for the studied disease resistances.  737 

 738 

Disease ID QTL Marker1 R/S
a
 Chr

b
 Marker2 Alleles Chr

b
 Pos

c
 R

2
 P FDR 

Lr GG01 Lr04 1126778 A/G 6D* 2280676 A/G 3BL* - 21.9 9.1E-08 8.2E-07 

Lr GG01 Lr04 1126778 A/G 6D* 3222491 C/G 3BL 264 16.7 3.2E-07 2.5E-06 

Lr GG01 Lr04 1126778 A/G 6D* 1E+08 A/G 3BL* - 21.3 3.1E-07 1.6E-06 

Lr GG02 Lr04 1126778 A/G 6D* 1208017 A/G 6B* - 16.3 5.4E-07 3.3E-06 

Lr GG02 Lr04 3027151 A/C 6D* 2277702 C/T 6B* - 16.4 5.7E-07 4.1E-06 

Sr GG03 Sr03 1101415 A/G 2DS* 1262585 A/G 2AS 16 18.2 4.8E-07 1.2E-06 

Sr GG03 Sr03 1102301 T/C 2DS* 1262585 A/G 2AS 16 19.2 1.7E-07 5.9E-07 

YLS GG04 YLS04 1139583 T/C 6DL* 1225863 C/T 1DL 217 24.4 6.6E-07 2.5E-06 

YLS GG05 YLS04 1126778 G/A 6DL* 1862984 C/G 6B* - 15.9 3.3E-07 8.2E-07 

 739 

a
 R/S: resistance/susceptible alleles  740 

b
 Chr: Chromosome 741 

c 
Pos: Position on the linkage map (cM) 742 

743 
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FIGURE LEGENDS 744 

Figure 1 Gene-by-trait bi-plot of the reaction of SHWs to the six studied diseases, Septoria 745 

Nodorum has two scores (SNG and SNL). The arrow in the middle of the circles represents the 746 

position of the ideal genotype. Both PC1 and PC2 explained about 42.75% of the total variation. 747 

Green names represent SHWs while blue names represents traits. 748 

Figure 2 Principal component analysis of the studied 320 SHWs. The red crosses represent 749 

the validation set while the blue squares represent the main set. The first two principal 750 

components explained together about 21.3% of the total variation. 751 

Figure 3 Average disease score (the allelic effect) for each allele combination of the 752 

interactions a) GG01; b) GG02; c) GG03; d) GG04; and e) GG05. Significant differences were 753 

estimated via permuted t-test and the stars indicate levels of significance, “
*
” = P < 0.05; “

**
” = P 754 

< 0.01; 
***

 = P < 0.001; “-“ = not significant. For interactions detected with multiple markers in 755 

table 3, the highest P value only was presented here. X-axis is the allele combination between the 756 

resistance (R) and the susceptible (S) alleles with marker alleles that interacted. 757 

758 
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Supporting Information 759 

Table S1 List of the 320 synthetic hexaploid wheat genotypes used in this study, their 760 

pedigrees and their phenotypes scored from 1 (susceptible) to 9 (resistant). 761 

Table S2 The number of mapped DArT and DArTSeq markers on each wheat chromosome 762 

Table S3 The full genotypic data for both main and validation sets 763 

Table S4 Genotypes of the associated marker for the main set 764 

Table S5 QTL detected in the validation panel only 765 

Figure S1 Results of the response of 320 SHWs to each of the six diseases evaluated. YLS = 766 

yellow leaf spot, Cr = crown rot, Lr = leaf rust, Sr = stem rust, Yr = yellow rust, SNL = 767 

Stagonospora nodorum leaf blotch, SNG = Stagonospora nodorum glume blotch. S = 768 

susceptible, MS = moderately susceptible, MR = moderately resistant, and R = resistant 769 

Figure S2 Pseudo-heritability estimation inferred from the mixed model for the studied traits 770 

Figure S3 Map position of both DArT (red) and DArTSeq (black) markers on wheat genome 771 

Figure S4 Phylogenetic tree of the 320 SHWs, red genotypes represent the main set while 772 

blue genotypes represent the validation set 773 

Figure S5 Kinship relations for the 320 SHWs 774 

Figure S6 Scatter plot for the genetic distance against R
2
 value for each pair of markers on 775 

the same chromosome (LD decay) for a) whole genome; b) genome A; c) genome B; d) genome 776 

D. Red lines represent the LOESS second degree smoothing while the blue horizontal lines 777 

represents the R
2
 cut off 0.2 778 

Figure S7 Inter-chromosomal R
2
 values for each pair of markers for each genome 779 

Figure S8 Manhattan and QQ plots for studied traits. Cr = crown rot, Lr = leaf rust, Sr = stem 780 

rust, Yr = yellow rust, SNL = Stagonospora nodorum leaf blotch, SNG = Stagonospora nodorum 781 
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glume blotch and YLS = yellow leaf spot. Chromosomes were numbered starting from the 782 

homoeologous chromosome group one to seven with within group order of A, B and D genome, 783 

respectively. Chromosome 22 represents the unmapped markers. 784 

Figure S9 The average disease score (the allelic effect) for the alleles of the markers with 785 

multiple associations. For the 6D QTL, we used only the marker 1126778.  786 
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