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stage while about 33 and 44 % showed moderate resist-
ance and resistance response, respectively. Mixed-linear 
model adjusted for false discovery rate at p < 0.05 identi-
fied 12 DArT and 29 SNP markers on chromosome arms 
3AS, 3AL, 1AL, 2AL, 2BS, 2BL, 3BS, 3BL, 5BL, 6AL, 
and 7DS significantly linked to Pst resistance genes. Of 
these, the locus on 3AS has not been previously reported 
to confer resistance to stripe rust in wheat. The QTL on 
3AS, 3AL, 1AL, 2AL, and 2BS were effective at seed-
ling and adult plant growth stages while those on 3BS, 
3BL, 5BL, 6AL and 7DS were effective at adult plant 
stage. The 3BS QTL was validated in Cham-6 × Cham-8 
recombinant inbred line population; composite interval 
analysis identified a stripe resistance QTL flanked by 
the DArT marker, wPt-798970, contributed by Cham-6 
parent which accounted for 31.2  % of the phenotypic 
variation. The DArT marker “wPt-798970” lies 1.6  cM 
away from the 3BS QTL detected within GWAM. Epi-
static interactions were also investigated; only the QTL 
on 1AL, 3AS and 6AL exhibited interactions with other 
loci. These results suggest that GWAM can be an effec-
tive approach for identifying and improving resistance to 
stripe rust in wheat.

Abstract 
Key message  Identified DArT and SNP markers 
including a first reported QTL on 3AS, validated large 
effect APR on 3BS. The different genes can be used to 
incorporate stripe resistance in cultivated varieties.
Abstract  Stripe rust [yellow rust, caused by Puccinia 
striiformis f. sp. tritici (Pst)] is a serious disease in wheat 
(Triticum aestivum). This study employed genome-wide 
association mapping (GWAM) to identify markers linked 
to stripe rust resistance genes using Diversity Arrays 
Technology (DArT®) and single-nucleotide polymor-
phism (SNP) Infinium 9K assays in 200 ICARDA wheat 
genotypes, phenotyped for seedling and adult plant resist-
ance in two sites over two growing seasons in Syria. Only 
25.8  % of the genotypes showed resistance at seedling 
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Abbreviations
APR	� Adult plant resistance
CIMMYT	� International Maize and Wheat Improvement 

Center
cM	� Centimorgan
DArT	� Diversity array technology
GWAM	� Genome-wide association mapping
ICARDA	� International Center for Agricultural Research 

in the Dry Areas
LD	� Linkage disequilibrium
MAF	� Minor allele frequency
MLM	� Mixed linear model
QTL	� Quantitative trait loci
SSR	� Simple sequence repeat
SNP	� Single nucleotide polymorphism
Yr	� Stripe rust

Introduction

Stripe rust caused by the Puccinia striiformis Westend. f. 
sp. tritici Erikss. (Pst) is a serious, widespread and dam-
aging disease in wheat (Triticum aestivum L.). Losses in 
grain yield of up to 40 % have been reported in many coun-
tries, and in some cases the affected fields are completely 
destroyed (Mumtaz et al. 2009). Stripe rust epidemics have 
been reported in some major wheat producing regions such 
as China (Saari and Prescott 1985), Continental Europe, 
Australia, Ethiopia (Johnson 1992; Wellings et  al. 2003), 
South Africa in 1996 (Boshoff et  al. 2002), and USA 
(Chen 2007; Milus et al. 2006). Recently, many countries 
in the Central West Asia and North Africa (CWANA) and 
Sub-Saharan Africa regions reported significant losses in 
yield which ranged from 10 to 80 % due to the breakdown 
in major gene resistance in some widely grown cultivars 
as a result of the evolution of new pathotypes (Solh et al. 
2012; Zegeye et al. 2014). Examples of major gene resist-
ance breakdown are the acquisition of virulence towards 
Yr2, Yr6, Yr7, Yr8, Yr9, Yr17+ and Yr27 genes deployed in 
many varieties (Singh et al. 2008). Various strategies have 
been adopted to control stripe rust disease but the devel-
opment and deployment of host resistance remain the most 
effective, economical and environmentally friendly means 
to manage the disease.

Thus, the identification and mapping of stripe rust resist-
ance gene(s) in wheat are very crucial for the attainment 
of this goal. To date, about 67 stripe rust resistance genes 
(Yr1–Yr67) plus 42 temporarily designated genes have 
been catalogued in cultivated wheat and its wild relatives 
(McIntosh et al. 2013; Macceferri et al. 2015; Cheng et al. 
2014; Zhou et  al. 2014). Considerable progress has been 
made to develop robust markers linked to genes that con-
fer resistance to stripe rust that can be utilized in marker 

assisted selection (MAS). For example, diagnostic molecu-
lar markers that enabled the early detection of some of the 
stripe rust resistance genes in breeding programs, including 
Lr34/Yr18 (Suenaga et al. 2003; Lagudah et al. 2006, 2009; 
Kolmer et al. 2008; Krattinger et al. 2009), Yr5 resistance 
(Yang et  al. 2003), YrH52, Yr15 (Peng et  al. 2000), Yr36 
(Distelfeld et  al. 2004) and Yr48 (Lowe et  al. 2011), are 
major advancement in wheat breeding. However, the con-
stant adaptation of the pathogen necessitates continued 
development of new stripe resistant wheat varieties (Pardey 
et al. 2013) to contain the threat.

The development of resistant varieties requires the avail-
ability of many sources of resistance to counter the con-
tinuing evolution of new virulence types within the patho-
gen population (Gill et  al. 1985). The effective utilization 
of resistance genes requires the phenotypic and genotypic 
characterization of the mapping population under study. 
This has been widely exploited in many genetic studies— 
either through the use of classical bi-parental crosses and 
linkage mapping to determine the number and chromo-
somal location of stripe  rust resistance genes (Yang et  al. 
2003) or the use of recent approaches such as genome-wide 
association mapping (GWAM) which involves a collection 
of adapted germplasm. The advantages of GWAM over bi-
parental mapping population include higher mapping reso-
lution, increase in allele number and time saving in estab-
lishing a marker-trait association and immediate application 
of its results in a breeding program (Flint-Garcia et  al. 
2003). Despite the advantages of GWAM, the major limita-
tion is that it has higher probability of type I and II errors. 
The type I errors are attributed to confounding effects of 
population structure (Breseghello and Sorrells 2006), but 
studying the structure for traits that vary due to the envi-
ronmental gradients which overlap with patterns of popula-
tion structure, like flowering time, can also lead to type II 
errors (Brachi et al. 2011). Studies have shown that type I 
error can be controlled by taking into account the popula-
tion structure and relatedness and, once these are correctly 
modelled; accurate marker-trait association due to linkage 
disequilibrium can be detected (Patterson et al. 2006; Price 
et  al. 2006, 2010; Zhao et  al. 2007; Rincent et  al. 2014). 
In GWAM, the use of mixed linear models (MLM) (Yu 
et al. 2006; Kang et al. 2008; Stich and Melchinger 2009) 
that utilizes Q and K performs better than general linear 
model (GLM) in correcting for false-positive results. The 
MLM approach has been employed in many recent genetic 
studies to identify genes that conferred resistance to many 
biotic stresses as well as uncovering the genetic basis of 
agronomically useful traits (Maccaferri et  al. 2011, 2015; 
Miedaner et al. 2011; Neumann et al. 2011; Yu et al. 2011, 
2012; Wang et  al. 2012; Kollers et  al. 2013; Mulki et  al. 
2013; Joukhadar et al. 2013; Sela et al. 2014; Rasheed et al. 
2014; Zegeye et al. 2014; Emebiri and Ogbonnaya 2015).
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The objectives of this study were to (i) assess the diver-
sity of stripe rust resistance in a collection of 200 elite 
spring wheat germplasm from ICARDA’s breeding program 
in CWANA where resistance to stripe rust is a highly desir-
able trait to prevailing stripe rust races in Syria; (ii) iden-
tify genomic regions linked to seedling and adult stripe rust 
resistance in this set of germplasm using MLM approach; 
(iii) validate the results from GWAM using an F2:F8 derived 
recombinant inbred line (RIL) Cham-6 × Cham-8 popula-
tion; and (iv) examine the epistatic interactions between the 
identified chromosomal regions to provide additional infor-
mation on the most beneficial combinations of loci with 
potential synergistic effects.

Materials and methods

Plant materials

A total of 200 wheat genotypes from ICARDA spring 
wheat breeding program and few lines from CIMMYT and 
Australia were used in this study (Table S1). To validate the 
contribution of some of the stripe rust resistance QTL in the 
GWAM, we used 152 F2:F8 recombinant inbred population 
((RIL) derived from the cross Cham-6 × Cham-8. Some of 
the genotypes used in the GWAM germplasm panel shared 
common ancestors with Cham-6 and Cham-8.

The studies were carried out at ICARDA research sta-
tion, Tel-Hadya (36°16′N, 36°56′E), Syria, in 2010 and 
2011 and in the Agricultural Research Centre, Al-Qamishly 
Malkiyeh (37°1′N, 42°08′E) in 2009 and 2010. Cham-8 
(JUP/BJY//URES) is one of the CIMMYT mega-cultivars 
“Kauz” that carries the defeated stripe rust resistance genes 
Yr9 and Yr27 as well as the minor APR gene Yr18 (research 
highlights of the CIMMYT Wheat Program 1999–2000). 
However, Yr18 does not by itself confer enough protec-
tion under high disease pressure (Ma and Singh 1996). 
The response of Cham-8 to stripe rust ranged between 
70 % to full susceptibility among locations/years. Cham-6 
(W3918A/JUP) also carries Yr27 but exhibits partial resist-
ance derived from minor gene(s) (results of this study).

Disease phenotyping

The 200 wheat genotypes were screened against stripe rust 
under field conditions in adult plant growth stage at the 
GCSAR, Agricultural Research Centre, Al-Qamishly Mal-
kiyeh, Yanboo station in 2009–2010 as well as at ICARDA, 
Tel-Hadya, in 2009–2010 and 2010–2011. At each location, 
seeds were sown in an alpha-lattice design with two repli-
cations. Each entry was planted in two rows 0.5 m length 
and 30  cm row space. Artificial inoculation was carried 
out using Pst Yr27 avirulent isolate in 2010 and Pst Yr27 

virulent isolate in 2011. The inoculation was done three 
times during seedling (two leaf stage), tillering and booting 
stages using a local race of Pst virulent for Yr2, Yr6, Yr7, 
Yr8, Yr9, YrA, Yr25, Yr27 and YrSd genes. However, the 
experiment in Malkiyeh was exposed to natural epidemics 
during the growing season in both years.

The GWAM set in Malkiyeh 2009 and the 
Cham-6  ×  Cham-8 RIL validation population evaluated 
under field conditions were scored for adult-plant responses 
using a scale of 1–9 according to Bariana et  al. (2004), 
where a host response score of 1 was considered very resist-
ant, 2 resistant response, 3 resistant to moderately resistant, 
4 moderately resistant, 5 moderately resistant to moderately 
susceptible, 6 moderately susceptible, 7 moderately suscep-
tible to susceptible, 8 susceptible and 9 very susceptible. 
For Tel-Hadya and Malkiyeh 2010 adult-plant responses, 
the disease severity as percentage of the disease covered 
areas were multiplied by a value of 0.2, 0.4, 0.6, 0.8, or 1.0 
for the host response of resistance (R), moderately resist-
anct (MR), intermediate (M), moderately susceptible (MS) 
or susceptible (S), respectively, to calculate the coefficient 
of infection (CI) following the procedures of Pathan and 
Park (2006). For association analysis, we used the mean 
adult plant resistance (APR) values, which was determined 
through the conversion of the CI estimates to a scale from 1 
to 9 as (0 = 1; 1–9 = 2; 10–19 = 3; 20–29 = 4; 30–44 = 5; 
45–59 = 6; 60–79 = 8; 80–100 = 9).

Evaluation of seedling resistance against commonly 
known Pst Yr27 virulent race (with the virulence formula: 
Yr2, Yr6, Yr7, Yr9, Yr25, Yr27, YrA, YrSd and partially vir-
ulent on Yr8 and Yr17) was carried out at ICARDA, Tel-
Hadya, under control conditions in the glasshouse. Four 
replicates of each genotype were grown in a 9-cm diam-
eter pot filled with standard potting mix. Plants were grown 
at 20 °C and supplementary light for 16 h. Urediniospores 
were removed from a deep freezer (−80  °C) and heat-
shocked at 42 °C for 5 min. A light mineral oil (Soltrol 170; 
Chevron Phillips Chemical Company LP, the Woodlands, 
TX) was used in seedling inoculations of 9—to 10-day-old 
seedlings at two-leaf stage. Inoculated plants were incu-
bated in a dew chamber at 10 °C, 100 % relative humidity 
under dark conditions for 24 h, and then moved to glass-
house with 18 °C with 16 h light/8 h dark cycle. Seedling 
infection types (ITs) were recorded 14 days after inocula-
tion following the 0–4 scale as described by McIntosh et al. 
(1995). For the seedling trials, a set of stripe rust differen-
tial lines (Johnson et  al. 1972) and Avocet near isogenic 
lines were included to reconfirm the race designation. The 
cultivar Morocco was used as susceptible check in all seed-
ling trials. In order to get a better quantitative scale for the 
GWAM analysis, the 0–4 ITs scale was converted to 0–9 
scale. The scores: 0, 1−, 1, 1+, 2−, 2, 2+, 3−, 3, 3+, and 4 
were coded as 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 9, respectively. 
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The symbol for hypersensitive flecks (;) was converted to 0, 
while IT score of 4 was converted to 9. The special annota-
tion codes C and N were ignored (Letta et al. 2014).

Genotyping

Genomic DNA was extracted from 2-week-old seedlings 
using pooled leaf samples from five plants per line, fro-
zen in liquid nitrogen, and stored at −80 °C before DNA 
extraction. DNA extraction was carried out according to 
Ogbonnaya et  al. (2001). The 200 GWAM panel and the 
bi-parental validation RIL populations were genotyped 
with high-density Diversity Arrays Technology (DArT®) 
markers from a PstI/BstNI representation (“wPt’’ markers) 
using 10 µl of a 100 ng µl−1 DNA of each sample sent to 
Triticarte Pty. Ltd. Australia (http://www.triticarte.com.au) 
as a commercial service provider for DArT markers. Of 
the 200 genotypes for GWAM, three genotypes were miss-
ing resulting in data for 197 genotypes. A subset of 2688 
polymorphic marker loci out of 3051 DArT markers with 
a quality parameter and a call rate both greater than 80 % 
and minor allele frequency (MAF) >5 % were selected for 
genome-wide association analysis. Of the 2688 polymor-
phic DArT markers, 2007 markers were of known map 
locations. For the Cham-6 × Cham-8 RIL validation pop-
ulation, 1121 DArT markers were polymorphic between 
the parents. Additional set of 53 microsatellite (SSR) 
markers distributed across the wheat genome were also 
screened against the RIL population. The GWAM panel 
was also genotyped with the Illumina 9K iSelect SNP assay 
(Cavanagh et al. 2013). Both DArT and SNP data were fil-
tered to contain <10 % missing values and the MAF >5 %; 
and the heterozygote genotypes in the SNP matrix were 
considered as missing values to avoid their bias since their 
frequency in the elite germplasm was very small, less than 
2 %.

Statistical analysis

The stripe rust phenotypic data collected across test loca-
tions in two consecutive years were subjected to the analy-
sis of variance (ANOVA). The genotype  ×  environment 
interaction (GGE bi-plot) implemented in GenStat V.12 
(http://www.GenStat.co.uk) was used to establish the level 
of variability among the wheat genotypes in response to 
the stripe rust races across environments. The phenotypic 
and genotypic variance components of the phenotypic 
data were estimated according to the standard methods 
described in Comstock and Robinson (1952) and Johanson 
et al. (1955). The coefficient of variance (CV), broad sense 
heritability (Hb) and the correlation coefficients of the phe-
notypes were also estimated among the genotypes across 
all environments.

Population structure and linkage disequilibrium (LD)

The population structure, (Q), was investigated using 50 
and 72 unlinked DArT and SNP markers, respectively, 
distributed across the entire wheat genome. A clustering 
method based on a Bayesian model (Pritchard et al. 2000) 
and implemented in the STRUCTURE version 2.3.3 algo-
rithm (available from http://www.pritch.bsd.ucicago.edu) 
was employed to infer the population structure. Both the 
length of burn-in period and the number of iterations were 
set at 100,000 with k value in the range of 1–15 with three 
replications. To reach the appropriate k value, we used two 
approaches. First, the estimated normal logarithm of the 
probability [LnP(D)] values from the STRUCTURE output 
was plotted against k. This value reaches a plateau when 
the minimal number of groups that best describe the popu-
lation substructure has been reached (Pritchard et al. 2000). 
Second, the Evanno method was also employed which 
calculates the Dk statistic based on the rate of change in 
the log probability of data between successive k values 
(Evanno et al. 2005). Principal component analysis (PCA) 
based on a simple matching coefficient was subsequently 
conducted using the polymorphic DArT and SNP mark-
ers with a PAST Program to ascertain the major groupings 
among the GWAM germplasm panel.

Pair-wise measures of LD (R2) between markers were 
estimated for both the DArT and SNP markers as described 
by Hedrick (1987) and Weir (1996). The LD estimates were 
based on markers with minor allele frequency >5 % and pair-
wise comparison of p < 0.001. LD statistics were calculated 
per chromosome and across all chromosomes. The R2 values 
were plotted as a function of genetic distance (cM) and the 
second LOESS decay curve fitted using the square root trans-
formation of the equation described by Breseghello and Sor-
rells (2006) and Andreescu et al. (2007). The intra-chromo-
somal LD was calculated for each marker system separately 
because of limited consensus map that combines DArT and 
SNP markers together on the same linkage groups.

Association mapping

The association of the two marker sets (DArT and SNP 
markers) and stripe rust disease phenotype based on field 
evaluation was carried out using a unified mixed-model 
approach (MLM) as implemented in TASSEL 3 (Brad-
bury et al. 2007; http://www.maizegenetics.net). The MLM 
accounts for type I errors due to the inherent genetic relat-
edness or kinship (K) within the mapping population, with 
and without considering the effect of population structure 
(Q), MLM-Q model (Thornsberry et  al. 2001; Yu et  al. 
2006). Only the markers that showed significant marker-
trait associations in both models, MLM and MLM-Q, were 
reported and the statistics related to the associated markers 

http://www.triticarte.com.au
http://www.GenStat.co.uk
http://www.pritch.bsd.ucicago.edu
http://www.maizegenetics.net
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were obtained from the MLM-Q model. The Q matrix 
was obtained from both the inferred ancestry output from 
STRUCTURE that accounts for a coarse population struc-
ture and the first three components obtained from the PCA 
analysis. The K matrix is a measure of relative kinship and 
quantifies the probability that two homologous genes are 
identical by descent (Massman et al. 2011). The K matrix 
was generated within TASSEL utilizing the DArT and the 
SNP markers (Lynch and Ritland 1999).

Significant associations between DArT and SNP mark-
ers, with minor allele frequency MAF >5 %, and stripe rust 
resistance genes were determined based on the initial F test. 
The marker-trait association was declared to be significant 
for stripe rust resistance if the p value exceeds the qFDR 
(p  <  0.05) threshold for accepting a significant association 
as implemented in Qvalue program (Storey and Tibshirani 
2003). In order to avoid false-negative FDR results, only 
single markers were considered in the FDR analysis among 
the clusters of markers with tight LD (R2 > 0.95) since FDR 
assumes independent variables in its algorithm while markers 
are dependent because they are linked to each other. The map 
locations of DArT markers which exhibited significant asso-
ciations with stripe resistance QTL were determined from 
the released consensus genetic map of wheat (Detering et al. 
2010) (http://www.DiversityArrays.com; Australia), while the 
SNP locations were obtained from the consensus map devel-
oped for 9K SNP (Cavanagh et  al. 2013). The association 
analysis for Tel-Hadya in both years revealed similar results 
with minor differences in the p and R2 values; thus, the mean 
values of both years were utilized in the association analysis.

Linkage mapping of Cham‑6 × Cham‑8 RIL validation 
population

A total of 1121 DArT and 53 SSR markers, polymorphic 
between the parents, were used to generate a dense linkage 
map for the F2:F8 Cham-6 × Cham-8 RIL population using 
JoinMap4 software (Van Ooijen 2006) under a maximum 
distance of 50 cM and the Haldane’s mapping function. Seg-
regating markers were placed into linkage groups under high 
stringency with a LOD score >10 (Stam 1993). The compos-
ite interval mapping procedure implemented in MapQTL6 
(Van Ooijen 2009) was used for QTL analysis and loci with 
LOD score >3 were considered as putatively linked to stripe 
resistance. The proportion of the phenotypic variation (R2) 
explained by the QTL and the additive effects of significant 
QTL were obtained from the MapQTL6 software output.

Gene–gene interaction

Only the DArT and SNP markers that showed significant 
associated with the stripe rust resistance in the field and 
seedling phenotypes were used for the pair-wise interaction 

analysis between markers. Detection of gene—gene inter-
action was done by fitting a linear model with Q + K vari-
ables, additive effects of the markers and their interaction. 
Further, the p values for the gene–gene interaction and the 
associated contributions (R2) in the residual sum of squares 
(obtained from fitting Q + K variables and additive effects) 
were computed. Only the pairs of markers that showed 
p ≤ 10−5 were tabulated. The interaction graph was drawn 
using the software Circos 0.63-4 (Krzywinski et al. 2009).

Results

Phenotypic variations for stripe resistance in elite 
ICARDA germplasm

Disease development was good at the test locations: Malki-
yeh (2009 and 2010) and Tel-Hadya (2010 and 2011). The 
disease incidence scores obtained in Tel-Hadya (2010 and 
2011) were highly repetitive (Fig. 1a, b) accounting for the 
observed high Hb ≥  0.97 for both years. However, minor 
differences were observed at the Malkiyeh site across the 
2  years with Hb value of 0.77. The response distribution 
of the GWAM germplasm panel revealed that consider-
able proportion of the genotypes had moderate to resistant 
response which ranged from 32.5 % in Malkiyeh 2009 to 
43.5 % in Malkiyeh 2010 (Fig. 1c, d) against the prevailing 
stripe rust pathotype(s) in adult plant under field conditions 
across years/locations. At seedling stage under controlled 
glasshouse environment, 22.5 % of the genotypes exhibited 
resistance response while 77.5 % genotypes were suscep-
tible. However, genotypes which were susceptible during 
the seedling stage were found to vary in their response at 
the adult plant stage. 23, 32, 25 and 25 % of the genotypes 
exhibited resistant to moderate resistance responses in 
Malkiyeh 2009, Malkiyeh 2010, Tel-Hadya 2010 and Tel-
Hadya 2011, respectively (Fig. 1a–d).

The analysis of variance also revealed significant dif-
ferences among genotypes in response to the stripe rust 
infection at both test locations (Table 1). The effect of envi-
ronment, genotypes, and their interactions were highly sig-
nificant (p  <  0.001) while the replication effect was non-
significant. The heritability (Hb) for disease severity ranged 
from 0.77 to 0.97 for Malkiyeh and Tel-Hadya environment, 
respectively and 0.88 between the different environments. 
The correlation between seasons was highly significant 
(p  <  0.001) and the correlation coefficient values ranged 
from 0.63 for Malkiyeh 2009/Tel-Hadya 2011 to 0.95 for 
Tel-Hadya 2010/2011. The CV between the replications was 
down to 0.9 ±  0.03  % while the genotype/replication CV 
reached up to 23.9 ± 0.86 %. The principal component anal-
ysis showed that the first two principal components (PC1 and 
PC2) explained 96.3 % of the total GGE variation, with PC1 

http://www.DiversityArrays.com
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and PC2 explaining 80.7 and 15.6 % of the total variation, 
respectively. The genotype reactions were stable across the 
four environments with the majority distributed close to zero 
in both PC1 and PC2 (Fig.  2). However, some genotypes 
deviated largely away from the centre which resulted in the 
significant genotype/environment interaction (Table 1).

Stripe rust resistance amongst parents 
and Cham‑6 × Cham‑8 RILs

The two wheat cultivars Cham-6 and Cham-8 possess the 
stripe rust ineffective seedling resistance gene, Yr27, and 
were fully susceptible at the seedling stage. However, 
results from this study suggest that Cham-6 may contain 
additional uncharacterised minor gene(s) independent of 
Yr27 gene. The response of the RILs ranged from M to 
S for stripe rust severity (Fig. 1e). None of the genotypes 
within the RIL scored higher than Cham-6 suggesting a 
null contribution from Cham-8 to stripe rust resistance vari-
ation in the population; however, the distribution of the RIL 
population skewed towards a MR response.

Marker coverage, population structure and linkage 
disequilibrium

A total of 2688 DArT and 4252 SNP markers were poly-
morphic in the GWAM panel out of the 3051 DArT and 
8632 SNP markers obtained using the high-density DArT 

Fig. 1   The frequency distribu-
tion of the adult stage plant 
response to stripe rust infection 
of 200 elite ICARDA wheat 
germplasm as five classes, R, 
MR, M, MS and S (a–d). The 
black bars represent the geno-
types that were resistance at 
the seedling stage (a total of 41 
genotypes) while the grey bars 
represent the percentage of the 
genotypes that were susceptible 
at the seedling stage (159 geno-
types) in all sites a Malkiyeh 
2009, b Malkiyeh 2010, c 
Tel-Hadya 2010, d Tel-Hadya 
2011. e Represents the F2:F8 
Cham-6 × Cham-8 recombinant 
inbred population
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Table 1   Analysis of variance of stripe rust severity of the 200 elite 
spring wheat genotypes at the adult plant growth stage among the 
studied environments

a  We used only three environments which are Malkiyeh 2009, Mal-
kiyeh 2010 and Tel-Hadya (2010, 2011 as two reps since those were 
highly repetitive with high heritability value of 0.96)

Source DF SS MS VR F pr.

Replication 1 0.56 0.56 0.76 0.382

Environmenta 2 226.4 113.2 153.61 <.001

Genotype 199 1904.65 9.57 12.99 <.001

Genotype × environment 398 469.93 1.18 1.6 <.001

Residual 599 441.44 0.7

Total 1199 3042.99 2.54
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and Illumina 9K iSelect SNP arrays. This represents 88 and 
49  % polymorphism for DArT and SNP markers, respec-
tively. Of these, 2007 DArT and all polymorphic SNP 
markers were of known map position and thus were used 
to prepare two framework genetic maps comprising of 21 
wheat chromosomes. Seven hundred and forty-one, 887 and 
379 DArT loci were located on the A, B and D genomes, 
respectively, covering a genetic distance of 918.9, 933.8 and 
861.3 cM, with an average density of 1.25, 1.06 and 2.32 cM 
for the A, B and D genomes, respectively. The SNP map had 
more markers in which a total of 2012 SNPs were located on 
the A genome and covered 906.4 cM with an average den-
sity of 0.68 cM while 1986 SNPs located on the B genome 
covered 1139  cM with average density of 0.62  cM. Two 
hundred and fifty-four SNPs were located on D genome and 
covered a genetic distance of 906.1 cM with average den-
sity of 2.65 cM. The DArT map spanned a total genetic dis-
tance of 2714 cM at an average density of 1.37 cM while 
the SNP map spanned 2951.5 cM with average density of 
0.77 cM. Both the DArT and SNP markers were indepen-
dently used to infer the population structure for the GWAM 
panel, as implemented in the STRUCTURE software. With 
the DArT markers, the highest [LnP(D)] showed a plateau 
after k =  11 and thereafter tended to fluctuate, indicating 
11 subgroups amongst the GWAM germplam panel used 
(Table S1). However, six subgroups were obtained with 

SNP markers (Table S1). The pairwise genetic differentia-
tion (Fst) among all populations was found to be relatively 
low: 0.23 and 0.31 for DArT and SNP maker, respectively. 
With the concordance of both marker types with the low Fst 
values, the sub-populations were dispersed equally on both 
components of the PCA analysis with a better differentia-
tion by SNP markers (Figure S2). The population structure 
of the GWAM panel was also inferred using the Δk method 
(Evanno et al. 2005). With both the DArT and SNP marker 
datasets, a maximum Δk value at k = 2 was obtained using 
the six different sets of markers. Thirty-four crosses contrib-
uted to 128 genotypes with different selection histories in 
our germplasm. Noticeably, most crosses of similar pedi-
gree were grouped in the same sub-populations using both 
the highest [LnP(D)] and Evanno approaches (Table S1).

Table  2 shows the percentage of significant LDs for 
DArT, SNP and DArT/SNP patterns. For both DArT and 
SNP markers, the intra-chromosomal pairs of loci consti-
tuted about 5.7  % of all interactions while the remaining 
were inter-chromosomal LDs; 5.3  % were significant with 
mean R2 value of 0.24. Despite the low percentage of the 
intra-chromosomal LDs, 26.1  % were significant, which 
resulted in about 0.38 of the total significant interactions 
with average R2 value of 0.38. On the contrary, only 4 % of 
the total inter-chromosomal pairs were significant with mean 
R2 value of 0.15. DArT markers showed higher significance 
level in the inter-chromosomal pairs (6.2  %) in contrast to 
4.9 % for SNP. The mean R2 value for DArT is 0.21 while 
SNP is 0.14. SNP pairs showed higher intra chromosomal 
pairs, 29.2  % compared to 19.1  % for DArT with similar 
average R2 of 0.39 (Table 2). Figure S3a and S3b shows the 
plot of intra chromosomal LD at p < 0.001 against genetic 
distance. The LD started to decay below R2 value of 0.2 after 
30 cM for DArT markers (Figure S3a) and 45 cM for SNP 
markers (Figure S3b). However, combined pairwise LD for 
both DArT and SNP markers indicated that the LD decayed 
after 40 cM (Figure S3c). Most of the markers on chromo-
some arm 1BS were in very high LD (Figure S1).

TH11
TH10

M10
M09

PC1 - 80.7%

PC
2 

-1
5.

6%

Environment scores
Genotype scores

Fig. 2   GGE Bi-plot of the reaction of elite ICARDA GWAM panel 
to stripe rust adult resistance across four environments. The grey dots 
represent the genotypes while the black dots represent the environ-
ments. Both PC1 and PC2 explained about 96.3 % of the total vari-
ation

Table 2   Inter- and intra-chromosomal linkage disequilibrium pat-
terns between DArT and SNP marker

Pattern LDs Sig. LDs Sig. (%) Mean R2

Intra. DArT 125,904 24,050 19.1 0.39

Intra. SNP 617,137 180,090 29.2 0.39

Intra. DArT/SNP 584,404 147,854 25.3 0.37

Intra. total 1,327,445 351,994 26.5 0.38

Inter. DArT 2,491,634 153,677 6.2 0.21

Inter. SNP 8,911,722 436,257 4.9 0.14

Inter. DArT/SNP 10,604,488 293,518 2.8 0.14

Inter. total 22,007,844 883,452 4.0 0.15

Total 23,335,289 1,235,446 5.3 0.24
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Association analysis of QTL for stripe rust resistance 
based on DArT and SNP markers

Table  3 shows the results of marker-trait associations for 
stripe rust resistance with DArT and SNP markers using 
both the MLM and MLM-Q models at FDR value <0.05 
for seedling and adult plant growth stages. No significant 
differences were identified between the results from both 
models except for the slight decrease in p values observed 
when the effect of population structure (Q matrix) obtained 
with either DArT or SNP markers was used as a covari-
ate (MLM-Q model). Figure S4 shows the QQ plots of the 
expected vs observed p values. The plots for both models 
showed little or no inflation of the independent test at the 
base of the diagonals which is indicates that both models 
accurately accounted for the false-positive results in the 
GWAM.

GWAM analysis for stripe rust resistance

A total of 12 DArT markers were identified to be signifi-
cantly associated with stripe rust resistance on chromo-
some arms 1AL, 2BS, 3AS, 3BS, 6AL and 7DS (Table 3) 
in the GWAM panel, out of which seven DArT markers 
which overlapped on the consensus map on 1AL were 
linked to stripe rust resistance QTL during the seedling 
stage with phenotypic variation explained (R2) of 10.1 %. 
The 1AL markers linked to stripe rust resistance spanned 
a genetic interval from 134.2 to 135.6 cM (Table 3) while 
LD analysis of this region indicated that the DArT mark-
ers are in significant LD (R2 ≥ 0.8) with each other. Fur-
ther, six DArT markers with linkage to APR to stripe rust 
were identified in the GWAM panel on chromosome arms 
1AL, 2BS, 3AS, 3BS, 6AL and 7DS with R2 values, which 
ranged from 3.5  % for wPt-734285 on 1AL to 6.6  % for 
wPt-668026 on 7DS (Table 3; Fig. 3).

Twenty-nine SNP markers were significantly linked to 
stripe rust resistance at seedling and adult plant stages on 
nine genomic regions (2AL, 2BS, 2BL, 3AS, 3AL, 3BS, 
3BL, 5BL and 6AL) in the GWAM germplasm panel. Of 
these, six SNPs on 2AL, 2BS, 3AS and 3AL were asso-
ciated with seedling resistance (Table  3). The phenotypic 
variation (R2) explained by the SNPs ranged from 3.5  % 
for wsnp_Ex_c21092_30220702 on 2BS to 6.3  % for 
wsnp_CAP11_rep_c7339_3306558 on 3AS (Table  3). 
Twenty-four SNPs were linked to stripe rust resistance 
at adult plant growth stage with R2 values, which ranged 
from 3.2  % for wsnp_Ex_c14711_22788263 on 2BS to 
11.3  % for wsnp_Ex_c965_1845447 on 6AL. LD analy-
sis identified a haplotype block of three SNPs on 6AL 
to be linked to adult stage stripe rust resistance within 
the genetic distance of 131.8–138.6  cM. Similarly, two 

SNPs (wsnp_Ex_c33431_41918732 and wsnp_Ex_
c210_411604) in a haplotype block were linked to APR 
on 5BL and both are in significant LD with each other 
(R2 = 0.93) at 86.1 cM.

Congruency of genomic regions linked to stripe rust 
resistance identified by DArT and SNP markers

Out of the 11 genomic regions associated with stripe rust 
resistance identified using DArT and SNP markers in this 
study, four genomic regions on 2BS, 3AS, 3BS and 6AL 
were detected by both DArT and SNP markers, with the 
SNPs exhibiting slightly lower p values (Table  3). The 
regions on 2AL, 2BL, 3AL, 3BL, and 5BL were detected 
with SNP markers only while the genomic regions on 1AL 
and 7DS, were identified with DArT markers alone in the 
GWAM panel. The DArT and SNP markers linked to stripe 
rust resistance in the GWAM germplasm panel on the same 
chromosome arm were in high LD (R2 > 0.36).

Validation of GWAM using Cham‑6 × Cham‑8 
recombinant inbred population

Figure  4 summarises the results of QTL analysis of the 
Cham-6 × Cham-8 RIL population. The DArT marker wPt-
798970 was significantly linked to stripe rust resistance on 
chromosome arm 3BS. The R2 explained by wPt-798970 
was 31.2 % with a LOD score of 12.3. The allele for resist-
ance on the 3BS QTL was contributed by Cham-6, which 
was also included in the GWAM panel used in this study. 
The marker wPt-798970, linked to stripe rust resistance in 
the RIL population, had a significant LD (R2 = 0.87) with 
the DArT marker wPt-800213, associated with stripe rust 
resistance in the GWAM germplasm panel. The genetic 
distance between both markers is about 1.6  cM (Fig.  4). 
However, the marker wPt-800213 was monomorphic in the 
Cham-6 × Cham-8 RIL population.

Gene–gene interaction

A total of 29 significant interactions between pairs of 
loci representing four different interactions on chromo-
some arms 3AL with 2AL; 6AL with 3AS; 5B and 6AL 
were identified to be involved in APR resistance to stripe 
rust. Out of the 20 markers linked with stripe rust resist-
ance in the mean APR phenotype, only five markers located 
on chromosome arms 3AL and 6AL had interactions. The 
mean R2 value for the stripe rust interactions was about 
12.7 %. Table 4 summarized the representative interactions 
among the stripe rust markers in different chromosomes as 
was further illustrated in Fig. 5. Chromosome 6A exhibited 
intra-chromosomal APR interaction between a cluster of 
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three markers and three different loci on the same chromo-
some (Fig. 5). The intra-chromosomal interaction between 
the DArT marker wPt-731936 on 6AL and the SNP 
marker wsnp_Ex_c2236_4189774 was the only interaction 
between two markers associated with APR to stripe rust.

For seedling resistance, three major interactions were 
detected by 46 different interacted pair of loci (Table  4) 
with a mean R2 value of about 13.2  %. Out of the five 
detected seedling QTL, only the 1AL and 3AS QTL 
showed interactions. The 1AL QTL interaction has two 
overlapping markers on 7BL at 212.3 cM. The 3AS QTL 
interaction has three regions, 1AS, 7BS and 7DS. The 
seven interacting markers on 1AS for the 3AS/1AS inter-
action distributed between 84.9 and 85.1 cM. However, all 
the 7BS loci interacting with the 3AS Yr QTL at the seed-
ling stage overlapped at 57.4 cM.

Discussion

The recent outbreak of stripe rust epidemic in many wheat 
producing countries in East and North Africa, Middle East 
and central west Asian countries poses a serious threat 
not only to wheat production and economic livelihoods in 
these countries but also has serious implications for global 
food security. The most viable option to abate the continu-
ous risk of stripe rust disease is through the development 
and deployment of resistant wheat cultivars in stripe rust 
prone areas through gene pyramiding using marker assisted 
selection. The greenhouse and the field screening of the 
ICARDA GWAM germplasm panel confirmed that the gen-
otypes possessed both seedling and adult resistance genes. 
Only 22.5  % of the germplasm showed resistance during 
the seedling stage while about 54  % exhibited resistance 
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wsnp_Ex_c21709_30869795162.8

2A

S; M09; M10
TH10; TH11

Yr1

wsnp_Ex_c57450_5915667725.8
wPt-80021330.1

wsnp_Ex_c1558_297612833.2
Yr3031.5

wsnp_Ex_c7021_1209688185.8
wsnp_Ku_c1391_277105088.5
wsnp_Ex_rep_c110375_9277540291.8
wsnp_Ex_c12887_2042715893.4
wsnp_CAP8_c4989_241026197.1
wsnp_Ex_rep_c108114_9146853799.6
wsnp_JD_c5944_7102095100.5
wsnp_Ex_c29623_38630871102.3

3B

TH10; M09
TH11; M10

M09; M10
QRYr3B.2

Fig. 3   Linkage map of wheat chromosomes showing DArT and SNP 
markers in QTL regions linked to stripe rust resistance in the GWAM 
panel based on wheat consensus map. Associated genes/QTL names 

are indicated in the groups. The locations and years are indicated next 
to the associated marker name
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to moderate resistance responses at the adult plant growth 
stage. Results obtained from the ANOVA indicated the 
availability of considerable variation among the GWAM 
germplasm panel while the correlation analysis showed 
significant concordance among the data generated over 
different environments/seasons and between replications. 
These results were confirmed by the high heritability esti-
mates obtained across different environments (Hb = 0.88) 
indicating reliability of the dataset. Arguably, there are 
sufficient numbers of resistant genotypes in the ICARDA 
GWAM germplasm panel that could be used to increase the 
diversity of genes for stripe rust resistance in countries and 

regions threatened by the recent breakdown of Yr27 resist-
ance gene. Chen (2013) suggested combining both major 
and minor genes to achieve durable resistance. Most of 
the resistant genotypes have been sent as an international 
public good to the national agricultural research systems 
(NARs) from ICARDA and as such can be valuable for 
breeding stripe rust resistance wheat varieties to replace 
existing susceptible varieties.

To effectively utilize the stripe rust resistance pre-
sent in the germplasm evaluated, genetic characterization 
is needed. An underlying step forward is to consider as 
to what would be the most effective approach to identify 

Fig. 4   The position of the 3BS QTL identified with both link-
age mapping (on the left) and association mapping (on the right) 
approaches. Partial linkage map of chromosome 3B comparing posi-
tion of the DArT marker wPt-800213 linked to APR identified on 

3BS derived from F2:F8 Cham-6 ×  Cham-8 RIL population to that 
identified in the GWAM panel based on the consensus DArT map 
(Detering et al. 2010)

Table 4   The representative QTL-whole genomic interactions for mean APR stripe rust and seedling resistances

Marker1 Chr1 Marker2 Chr2 Best R2 Best p

APR Yr

 wsnp_JD_c14691_14352459 3AL 4 markers 2AL 11.43 8E−06

 wPt-731936; wsnp_Ex_c34641_42914170 6AL 4 markers 3AS 13.63 1.6E−06

 wPt-731936 6AL 11 markers 5B 14.34 7.5E−07

 wsnp_Ex_c34641_42914170; wPt-731936; wsnp_Ex_rep_c105594_89968727 6AL 10 markers 6AL 15.55 4.3E−07

Seedling Yr

 7 markers 1AL wPt-8040; wPt-5646 7BL 13.9 1.0E−06

 wsnp_CAP11_rep_c7339_3306558; wsnp_CAP12_c2692_1286812 3AS 7 markers 1AS 16.4 1.4E−07

 wsnp_CAP11_rep_c7339_3306558; wsnp_CAP12_c2692_1286812 3AS 9 markers 7BS 18.3 5.4E−08
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stripe rust resistance in the germplasm that could facilitate 
effective utilisation in wheat breeding programs. Standard 
bi-parental crosses have been initiated using some of the 
potentially diverse germplasm based on varying disease 
reaction. However, despite the development of cost-effec-
tive, high-throughput marker systems such as DArT and 
SNP, QTL mapping efforts in individual bi-parental popu-
lations will not reveal, in the most efficient way, the diverse 
alleles present in large germplasm collections and their 
chromosomal locations (Roy et  al. 2010). Several studies 
have employed GWAM to characterize many agronomic 
traits, disease and insect pest resistance in wheat consistent 
with the approach adopted in this study (Maccaferri et al. 
2011, 2015; Miedaner et  al. 2011; Neumann et  al. 2011; 
Yu et al. 2011, 2012; Wang et al. 2012; Kollers et al. 2013; 
Mulki et al. 2013; Joukhadar et al. 2013; Sela et al. 2014; 
Zegeye et al. 2014). The GWAM relies mostly on historical 
pattern of recombination that has occurred within a collec-
tion of varieties, landraces or breeder’s lines (Vinod 2011) 
such as the collections used for this study.

The results of GWAM can be greatly influenced by pop-
ulation structure (Kang et  al. 2008). In the present study, 
most of the genotypes with similar pedigrees clustered in 
the same groups with some exemptions (Table S1). Despite 

the concordance between the population structure results 
and the pedigree data, the inclusion of population struc-
ture (obtained from PCA components and STRUCTURE 
software) as a covariate in the GWAM analysis resulted in 
slightly lower p values. It is apparent that the population 
structure did not inflate type 1 error rate, as can be seen in 
the QQ plots (Figure S4). Although 6 and 11 sub-popula-
tions were obtained using SNP and DArT markers, respec-
tively, the mean Fst estimates of the subpopulations were 
very low: “0.23” for DArT and “0.31” for “SNP which 
explains the negligible effect of population structure on 
the GWAM germplasm panel in this study. Further, repeat-
ing the population structure analysis with Evanno method 
resulted in a maximum Δk value at k =  2. According to 
Evanno et al. (2005), inferring a k of = 2 in a GWAM panel 
is an indication that there is no population structure in the 
germplasm or the methodology failed to determine the real 
structure of the germplasm. With six replicates of the analy-
sis, the resultant low Fst values from higher number of sub-
populations, plus the results from PCA analysis, we believe 
that the population structure effect on the association map-
ping in this study is minimal”. Our elite germplasm con-
sists of 200 genotypes derived from 217 ancestors through 
697 crosses. This artificial outcrossing and recombination 

Fig. 5   The network of gene–
gene interactions for the APR 
(straight linkers) and seedling 
(dashed linkers) stripe rust 
resistance QTL and other 
genomic regions. Each curved 
bar represents one chromosome 
and the numbers represent the 
chromosome positions in cM. 
The linkers connect the inter-
acted QTL/genomic regions, 
and squares indicate the inter-
acted QTL positions
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of the germplasm would create a highly diverse germplasm 
stock without major population subdivisions (Rostoks et al. 
2006). Minimal population differentiation for k =  2 have 
also been reported in inbreeding crop such as barley (Ton-
delli et al. 2013).

The effectiveness of whole genome association stud-
ies for rust resistance and other traits depends on the 
decay of LD initially present within the mapping popula-
tion at a rate determined by the genetic distance between 
loci and the number of generations since it arose (Mac-
kay and Powell 2006). The results of pair wise intra- and 
inter-chromosomal LDs for the DArT and SNP markers are 
inconsistent. DArT markers showed a higher percentage of 
significant pairs in the inter-chromosomal LDs while SNP 
markers showed a higher percentage in the intra-chromo-
somal pairs. These discrepancies may be attributed to the 
multi-loci nature of some DArT clones, which resulted in 
significant LD between markers located on different chro-
mosomes or between distant markers on the same chromo-
some. Markers on the 1BS chromosome arm showed high 
LD with each other (Figure S1) which could be attributed 
to the presence of the 1BS/1RL translocation in some of 
the genotypes within the GWAM germplasm panel. In this 
study, the second loess smoothing trend line showed that 
the R2 declined to below 0.2 after 40 cM for both the DArT 
and SNP marker assays which also showed long-range LD, 
although SNP markers exhibited longer-range LD com-
pared with DArT. These results are comparable to the ear-
lierreport by Dreisigacker et al. (2008) who obtained an LD 
at 30  cM using DArT for a collection of synthetic hexa-
ploid wheat. Similarly, Crossa et al. (2007) obtained an LD 
at 40 cM in historical bread wheat germplasm, but higher 
than that observed by Chao et  al. (2007) and Joukhadar 
et al. (2013) at 20 cM; and Mulki et al. (2013) and Tadesse 
et al. (2014) at less than 10 cM.

Association study and identification of potentially novel 
genomic regions linked to stripe rust resistance gene

In this study, 41 markers, including 12 DArT and 29 SNP 
markers, were identified to be significantly linked to stripe 
rust resistance in the elite ICARDA wheat germplasm using 
the mixed linear model (MLM-Q). The MLM-Q model 
has the advantage of controlling both population struc-
ture and cryptic familial relatedness in addition to captur-
ing different types of long range LD (Larsson et al. 2013). 
Both MLM and MLM-Q gave similar results with the later 
exhibiting slightly lower p values for MLM (Figure S4). 
The markers identified correspond to nine distinct regions 
on chromosome arms 1AL, 2AL, 2BS, 2BL, 3AL, 3BS, 
3BL, 5BL, 6AL and 7DS, which were previously reported 
to harbour stripe rust resistance genes (Table  3). On the 
other hand, the locus on chromosome arm 3AS found to 

be associated with stripe rust resistance in this study the 
best of our knowledge, has not been previously reported. 
Only one QTL associated with APR was previously tagged 
on chromosome arm 3AS (Lillemo et  al. 2008) which 
appears to be different from the QTL identified on 3AS 
in the present study which instead confer seedling resist-
ance. It appears that the sources of resistance in the GWAM 
panel seem to come from Pastor, Cham-6, Seri and Ns732/
Her (Table S2) This QTL on 3AS provides an opportunity 
to pyramid diverse seedling and adult stripe rust resistance 
genes into locally adapted elite germplasm to improve the 
stripe rust resistance in wheat.

Comparison to previously reported stripe rust resistant 
genes

Seedling resistance

The defeated stripe rust seedling resistance gene, Yr27, is 
located on 2BS; thus, it is most likely that the resistance 
gene identified on 2BS resistance in this study is a differ-
ent gene. Rosewarne et al. (2013) reported that there are at 
least four QTL regions associated with rust resistance on 
2BS including the seedling resistance Yr31 gene (Rose-
warne et al. 2012). The stripe rust QTL QYr.Orr-2BS linked 
to the marker wPt-5738 (Vazquez et  al. 2012) is about 
1–2  cM away from the DArT markers, wPt-6271, identi-
fied in the present study. The 2BS QTL identified in this 
study could be traced to two wheat genotypes Opata-85 and 
Pastor (Table S2) which are ancestral parents of some of 
the genotypes in the present study and are known to car-
rier of Yr31 gene (Boukhatem et al. 2002; Rosewarne et al. 
2012). Haplotype analysis (Table S2) showed that Cham-
6, Kauz, Seri and Croc_1/Ae. Squarrosa (224) may be 
potential sources for this QTL for stripe rust resistance. 
To the best of our knowledge, there is no marker reported 
for Yr31 yet and Rosewarne et  al. (2012) used its seed-
ling reaction to define the presence of Yr31 in Pastor/Avo-
cet population. Our results suggested that the 2BS DArT 
marker wPt-6271 is linked to Yr31. Similarly, in a recent 
study, Sela et al. (2014) identified two SNP markers wsnp_
Ex_c15100_23284023 and wsnp_Ra_c27831_37346894 
on chromosome arm 3AL linked to seedling resistance in 
a collection of wild emmer wheat. The latter SNP marker 
wsnp_Ra_c27831_37346894 was located 5.4  cM away 
from the SNP, wsnp_Ex_c4094_7399975 linked to seed-
ling resistance on 3AL identified in the present study. The 
marker wsnp_Ra_c27831_37346894 was in significant LD 
with wsnp_Ex_c4094_7399975, with R2 value of 0.07 sug-
gesting the existence of two possible stripe rust resistance 
genes within this region.

Two other seedling resistance QTL on 1AL and 2AL 
identified in the present study may be the same as the 
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previously reported QTL. A DArT marker wPt-6005 was 
previously reported to be linked to a QTL for stripe rust 
resistance on chromosome arm 1AL and was attributed to 
one of the ancestral parents Pastor (Rosewarne et al. 2012); 
Pastor is also present in some of the GWAM panel used 
in this study. Other sources for this QTL are Croc_1/Ae. 
Squarrosa (224) and Opata-85 (Table S2). This marker is 
located at 135.6  cM on the DArT consensus map and is 
associated with stripe rust resistance in the GWAM germ-
plasm panel in the present study at p < 0.01. We also identi-
fied a cluster of seven markers on 1AL that overlap within 
the DArT wPt-6005 marker interval linked to stripe rust 
resistance. This QTL was effective in the adult stage in 
Tel-Hadya but not in Malkiyeh supporting the proposition 
that the Pst isolates in Malkiyeh were virulent on the seed-
ling resistance gene in Tel-Hadya. Rosewarne et al. (2013) 
reported that chromosome 2A contains two regions asso-
ciated with stripe rust resistance; the first lies on the short 
arm while the second region is on the long arm. The SNP 
marker wsnp_BG274584B_Ta_2_3 linked to stripe rust 
resistance identified in the present study lies on the long 
arm of chromosome 2A, a region known to carry a seedling 
resistance gene Yr1 which is located in 2AL and linked to 
the marker stm673acag (Bansal et al. 2009).

Adult resistance

Six APR QTL on 2BL, 3BS, 3BL, 5BL, 6AL and 7DS were 
previously reported to be linked to stripe rust resistance 
(reviewed in Rosewarne et al. 2013). In the present study, 
one DArT marker, wPt-800213, and one SNP wsnp_Ex_
c1558_2976128 on 3BS were found to be associated with 
stripe rust resistance. The DArT and SNP markers showed 
significant pair-wise LD (R2 =  0.88) suggesting that they 
are associated with the same QTL. The same QTL was fur-
ther validated in the Cham-6 ×  Cham-8 RIL population, 
with the resistance contributed by Cham-6 (Fig. 4). Previ-
ous studies have reported that at least two loci are involved 
in contributing to stripe rust resistance on 3BS (Rosewarne 
et al. 2013). The first cluster of QTL is located near the tel-
omeric region of 3BS, while the second cluster is located 
more towards the 3BS centromere. The DArT marker 
wPt-800213 in our study mapped very close, 1–2  cM, 
away from two SSR markers Xgwm493 and Xgwm533.1 
which are linked to many reported QTL conferring resist-
ance to stripe rust (Börner et al. 2000; William et al. 2006; 
Dedryver et  al. 2009; Lowe et  al. 2011). This region was 
reported to harbour the Sr2/Lr27/Yr30 gene (Börner et al. 
2000; Dedryver et  al. 2009; Spielmeyer et  al. 2005; Wil-
liam et  al. 2006; Yang et  al. 2013). Yr30 is an interesting 
gene in many wheat breeding programs and is reported to 
work well in combination with other stripe rust resistance 
genes such as Yr18 also present in some of the genotypes 

used in the present study (Yang et al. 2013). Some of the 
QTL for stripe rust resistance on the 3BS chromosome arm 
in this study was derived from the wheat cultivars Cham-
6, Pastor and Opata-85, sources of the resistance gene 
Yr30 in the present study. Haplotype analysis indicated 
that additional sources for this resistance within ICARDA 
germplasm include Croc_1/Ae. Squarrosa (224), Kauz, 
Ns732/Her and Seri (Table S2). The DArT marker wPt-
800213 should be further converted into a user-friendly 
co-dominant marker to be utilized in MAS for character-
izing different germplasm for the presence of Yr30 having 
been confirmed using two different mapping approaches. 
Another APR QTL that could be attributed to the ancestor 
Opata-85 is located on chromosome arm 2BL, QRYr2B.2 
(Boukhatem et al. 2002) while the 3BL APR QTL could be 
attributed to the parent Pastor (Rosewarne et al. 2012). The 
3BL QTL was previously reported to be unstable across 
environments (Dedryver et al. 2009; Rosewarne et al. 2012) 
as with our study in which the QTL was detected in Malki-
yeh but not in Tel-Hadya.

Four markers, including three SNPs (wsnp_Ex_rep_
c105594_89968727, wsnp_Ex_c965_1845447 and wsnp_
Ex_c34641_42914170) and one DArT (wPt-731936) were 
located on the chromosome arm 6AL in our study. Results 
from LD analysis showed high LD between these markers 
(R2 ranged between 0.27 and 0.56). The Chromosome 6A 
is known to harbour three stripe rust resistance QTL (Rose-
warne et al. 2013) including Yr42 on the long arm (Marais 
et al. 2009) and Yr38, which was not assigned to a specific 
arm (Marais et al. 2006). These QTL were located (i) at the 
telomere of 6AS (Lin and Chen 2009), (ii) near the cen-
tromere but on the 6AL (Lillemo et al. 2008; William et al. 
2006; Rosewarne et al. 2012) and, (iii) near the telomere of 
6AL (Vazquez et al. 2012). In the present study, this group 
of DArT and SNP markers linked to stripe rust resistance 
were located near the centromere on 6AL, which is in con-
cordance with a region previously reported for stripe rust 
resistance QTL, QRYr6A.2 (Lillemo et  al. 2008; William 
et  al. 2006; Rosewarne et  al. 2012). Similarly, the DArT 
marker wPt-731936 identified in the present study to be 
linked to stripe rust resistance on 6AL was earlier report-
edly linked with Hessian fly resistance gene, QHf.ugu-6AL 
QTL on the 6AL chromosome arm (Hao et al. 2013), sug-
gesting that 6AL region may likely be involved in confer-
ring multiple-disease resistance in wheat, and the marker 
wPt-731936 can be used to select simultaneously for stripe 
rust and Hessian fly resistances.

The DArT marker wpt-668026 associated with stripe 
rust resistance was identified on chromosome arm 7DS. 
This region is known to carry the cloned durable and slow 
rusting gene which confers multiple disease resistance 
to various pathogens Yr18/Lr34/Sr57/Pm38/Sb1/Bdv1 
(Singh et  al. 2000; Börner et  al. 2002; Boukhatem et  al. 
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2002; Krattinger et  al. 2009; Suenaga et  al. 2003; Schn-
urbusch et al. 2004a, b; Rosewarne et al. 2012). Similarly, 
wpt-668026 is also flanked by the markers wPt-2551 and 
wPt-0366 reported to flank a stripe rust resistance QTL 
which various studies have linked with lowering infection 
type in the field (Singh et al. 2000; Ramburan et al. 2004; 
Lowe et al. 2011). Further, wpt-668026 has a very high LD 
(R2 =  0.63) with the marker wPt-1269 which was previ-
ously reported to be associated with Yr18 (Crossa et  al. 
2007). The APR locus on 7DS is from the ancestor Opata-
85 and Kauz (Boukhatem et  al. 2002), which are com-
mon in the pedigree of some of the germplasm used in this 
study. Nineteen out of the 24 genotypes carrying the resist-
ance allele for Yr18 have Opata-85 and Kauz in their pedi-
grees (Table S2).

Two significant SNPs wsnp_Ex_c210_411604 and 
wsnp_Ex_c33431_41918732 were identified on 5BL with 
high LD among each other in our study. The YrExp2 gene 
(Lin and Chen 2008) was reported on 5BL in addition to 
other QTL such as QRYr5B.1 flanked by the SSR markers 
Xgwm335 and Xgwm777 (Suenaga et  al. 2003). The QTL 
QRYr5B.2 was associated with stripe rust resistance and is 
sandwiched within 2  cM interval between wPt-2707 and 
wPt-3030 (Bariana et al. 2010; Ren et al. 2012). Lu et al. 
(2009) also mapped a QTL QRYr5B.3 (QYr.caas-5BL.2), 
with Xgwm604 and Xbarc142 and Crossa et  al. (2007) 
also reported three significant DArT markers wPt-3569, 
wPt-9467 and wPt-9116 to be associated with stripe rust 
resistance on 5BL. The results from this study identified 
the presence of stripe resistance genes within the GWAM 
panel such as Yr1, Yr18 and Yr30 offering the opportu-
nity to more effectively design targeted crosses and pyra-
mid diverse stripe rust resistance sources into cultivated 
varieties.

Gene–gene interaction

Optimizing stripe rust resistance studies using MAS 
requires careful tracking of the epistatic interactions to 
avoid pyramiding unfavourable interacted alleles. Based 
on the epistasis analysis using the mean APR phenotype, 
most of the stripe rust resistance QTL seems to be neutral, 
and only two out of the six APR resistance QTL on chro-
mosome arms 3AL and 6AL showed four interactions with 
other loci on chromosome arms 2AL, 3AS, 5B and 6AL. 
Additionally, two QTL for seedling stripe rust resistance 
also showed four different interactions (Fig.  5). For APR 
resistance, hotspot interactions were found on chromo-
some arm 6AL (Fig. 5). The stripe rust resistance QTL on 
chromosome arm 6AL has an intra-chromosomal interac-
tion with other stripe rust resistance QTL. Similar intra-
chromosomal interactions between QTL were previously 
detected for stem rust resistance on chromosome arms 3BS 

(Sr2 with another QTL on the same arm) and 7DS (Yu et al. 
2011). Regarding the seedling resistance, the 3AS QTL 
seems to be a hotspot. All the APR and seedling interac-
tions identified in this study seem to be unique and have not 
been reported previously. Further studies may be needed 
to provide better understanding and role of these complex 
interactions and their contribution to stripe rust resistance 
gene networks.
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