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Abstract
Stripe rust, caused by Puccinia striiformis f. sp. tritici (Pst) is one of the most destructive diseases of wheat (Triticum aes-
tivum L.) worldwide causing huge yield losses every year. Development and deployment of resistant varieties is the most 
economical and environment friendly approach for controlling this disease. However, because of the continuous evolution of 
the pathogen, resistant genes are easily overcome by new virulent Pst races, which necessitates a continuous identification 
and introgression of resistance genes to develop resistant wheat varieties. To identify effective source of resistance, a genome-
wide association study was performed using 426 elite bread wheat genotypes based on 5176 polymorphic Diversity Arrays 
Technology (DArT) markers. Adult-plant-resistance was evaluated under field conditions for yellow rust resistance for two 
consecutive years (2014 and 2015) at ICARDA Merchouch station, Morocco. Out of the 426 genotypes, 51.17% were highly 
resistant with 5–10% level of severity to yellow rust. Genome wide association studies (GWAS) using a mixed linear model 
(MLM) identified three DArT markers on chromosomes 1B, 2B and 7B which are significantly associated with stripe rust 
resistance at false discovery rate p ≤ 0.05. BLAST analysis confirmed that the marker 412,394 in chromosome 2B overlapped 
with two previously reported QTLs (QYrlu.cau-2BS1 Luke and QYrid.ui-2B.1_IDO444). However, the two other markers 
542,318 (1B) and 583,038 (5B) were not mapped within any of the previously reported gene/QTL regions; therefore, these 
markers may represent novel resistance loci for yellow rust. The highly resistant elite genotypes and linked molecular markers 
are recommended for further gene introgression and pyramiding purposes in the wheat breeding programs after validation.
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Introduction

Bread wheat (Triticum aestivum L.) is one of the most impor-
tant crops for global food security with an annual production 
of 760 M tons in 219 M hectares (FAO 2018). Various biotic 

and abiotic stresses cause significant grain yield losses every 
year. However, stripe rust caused by Puccinia striiformis f. 
sp. tritici (Pst), is considered as one of the disastrous fungal 
diseases of wheat worldwide, causing 5.47 million tons loss 
yearly (Beddow et al. 2015). During the last decade, several 
stripe rust epidemics have been causing significant yield reduc-
tion with an average loss ranging from 10 to 100% on highly 
susceptible wheat cultivars (Wang et al. 2016). Since the year 
2000, new aggressive virulent races of the pathogen have been 
detected across the world (Chen et al. 2014; Milus et al. 2009). 
Epidemics have been reported in East and North Africa, with 
high disease pressure causing national losses estimated at 20% 
during 2009 (https:// rustt racker. cimmyt. org/).

Resistance genes against rust infections in common wheat 
can be divided into two main categories: major and minor 
resistance genes. The major genes were used by Flor (1956) 
to describe the harmonizing gene-for-gene interaction. These 
genes have a race-specificity and involves the non-durable 
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nature of such resistant mechanisms. Generally, these genes 
are implied in a host response to the invading pathogen very 
early in the infection process and obtain hypersensitivity 
in which plant host cells that are in close proximity to the 
invading fungus, or are being attacked by the fungus, undergo 
programmed cell death. This stops the fungus from setting 
up feeding structures within the plant, which fundamentally 
lead to fungal death. History showed that when a single 
major gene protects a large area of a wheat growing region, 
the fungus can overcome this resistance in a relatively brief 
period of time. These types of genes have also been named 
as seedling genes as they are effective in both seedlings and 
adult plants. However, more accurate description would be all-
stage resistance (Lin and Chen 2007). Minor resistance genes 
generally have a distinct mode of action and do not supply the 
exception or the high levelled resistance that a single major 
gene does. These genes have varyingly been called horizontal, 
partial, non-race specific, slow-rusting, durable or adult plant 
resistances (Caldwell 1968: Johnson 1988; Parlevliet 1979). 
The mechanisms by which fungal disease is inhibited by 
slight resistances include a rise in the latency period, reduced 
uredinia size, reduced infection frequency and reduced spore 
production (Ohm et al. 1976). Yellow rust can be controlled 
through the application of fungicides, however, chemicals are 
costly and unfriendly to the environment and social health.

Thus, managing this disease through continuous development 
and deployment of resistant varieties is highly important for 
enhancing world wheat production in a sustained manner while 
protecting the natural resource. Conventional breeding methods 
offer an efficient and environment friendly way to control yellow 
rust, whereas it takes more than ten years to develop and release a 
wheat variety (Beddow et al. 2015; Dong et al. 2017). Therefore, 
there is an urgent need to breed for stable, durable and broad-
spectrum resistance to avoid the quick breakdown of resistant 
genes due to rapid evolution of new virulent races of the pathogen. 
Pyramiding diverse resistance genes in new elite genotypes is a 
successful strategy to achieve this durability using qualitative 
(major genes) and/or quantitative (minor genes) combinations. 
Quantitative resistance, often governed by several genes, provides 
durable resistance (Kushalappa et al. 2016; Niks et al. 2015).

To date, 83 yellow rust resistant genes (Yr) have been 
permanently characterized; of which 67 have been temporar-
ily designated. More than 300 quantitative trait loci (QTLs) 
have been reported and mapped to the wheat genome (Chen 
2020). Among the formally designated stripe rust resistant 
genes, 55 genes confer seedling resistance and 24 provide 
adult plant resistance (APR). Some of these genes have been 
widely used in wheat breeding programs using functional 
markers in gene pyramiding programs (Yang et al. 2019).

Genome wide association studies (GWAS) offer an exciting 
approach to identify marker–trait associations (MTAs) and local-
ize the genomic regions that underly the gene of interest. Associa-
tion mapping has been successfully used in mapping complex 

agronomic traits in bread wheat, such as heat and drought toler-
ance traits (Ballesta et al. 2020; Tadesse et al. 2019) grain quality 
traits (Tadesse et al. 2015), disease resistance (Puntel et al. 2016; 
Kankwatsa et al. 2017), and many more.

The recent explosion of stripe rust epidemic in diverse 
wheat-producing countries in East and North Africa, Mid-
dle East and central west Asian countries pretends a seri-
ous warning not only to wheat production and economic 
resources but also to the global food security. The most 
viable alternative to manage the permanent risk of yellow 
rust disease is the development of resistant wheat cultivars. 
The application of modern tools for yellow rust resistance 
breeding and their advantages over conventional breeding 
methods helps in developing new cultivars with long lasting 
resistance (Buerstmayr et al. 2014).

In this study, we investigated the association of 5176 
polymorphic DArT markers with yellow rust resistance in 
426 wheat genotypes. The panel was phenotyped at Mer-
chouch station in Morocco over two consecutive years, to (i) 
evaluate the adult plant resistance responses to yellow rust 
infection under field conditions, (ii) identify elite resistant 
bread wheat genotypes, (iii) determine closely associated 
DArT markers to YR resistance, using mixed linear model 
approach.

Materials and methods

Plant materials

In this study, a population of 426 spring wheat genotypes 
from the International Center for Agricultural Research in 
Dry Areas (ICARDA) advanced breeding lines was used. 
This population was planted using an alpha lattice design in 
two replications in 3 m2 plot basis at Merchouch, Morocco 
(33°36’N, 6°43’W, 394 masl) for two cropping seasons 
(2013/14 and 2014/15) under rainfed conditions. The aver-
age temperature was 17.43 °C (max: 22.86 °C; min:12 °C) 
with 407.48 mm of precipitation recorded for about 72 days 
of rain per year (https://www.historique-meteo.net). The 
trials management followed common agronomic practices. 
Details of the population are provided in Supplementary 
Table 1.

Disease phenotyping

The 426 wheat genotypes were screened against stripe rust 
under natural field infection at adult-plant stage. The response 
for the major infection types was recorded according to Roelfs 
(1992). Yellow rust severity was assessed as a percentage of 
leaf surface area covered following modified Cobb’s scale 
(Peterson et al. 1948). Field responses were assessed 2 to 3 
times and the final scoring at soft-dough stage was considered 
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for the association mapping analysis. The data recorded was 
combined to calculate the coefficient of infection (CI) by 
multiplying disease severity by a value of 0.2, 0.4, 0.6, 0.8 
or 1.0 for the host response of resistance (R), moderately 
resistant (MR), intermediate (M-MS), moderately susceptible 
and susceptible (S), respectively (Pathan and Park 2006).

Genotyping

Genomic DNA was extracted as described by Ogbonnaya et al. 
(2001) from 2-week-old seedlings using pooled leaf samples 
from 5 plants per line, the plants leaves were frozen in liquid 
nitrogen and stored at − 80 °C before DNA extraction. Then 
10 μl of a 100 ng μL-1  DNA of each sample was sent to Triti-
carte Pty. Ltd. Australia as a commercial service provider for 
whole genome scan using 13,698 Diversity Arrays Technol-
ogy (DArT) markers. The significant associated markers were 
aligned to the International Wheat Genome Sequencing Con-
sortium (IWGSC RefSeq v2.1) Chinese Spring to find their 
putative locations on the wheat genome.

Statistical analysis

The scoring of stripe rust was collected in two consecutive 
years (2014/2015). The collected data was analyzed using 
R environment software (Allaire 2012). Analysis of vari-
ance (ANOVA) were performed across years using a mixed 
linear model. Genotype and genotype × year were consid-
ered as fixed to get the means and their standard errors and 
were taken as random to estimate the genetic variance and 
heritability. The heritability  (H2) was calculated using the 
formula as per Knapp et al. (1985) (1):

where �g2: genetic variance, �e2: error variance, l: number 
of environments (years), lr : number of replicates.

Linkage disequilibrium (LD) and population 
structure analysis

Population structure was assessed by “LEA” R core pack-
age (Frichot and Francois 2015) with 272 unlinked markers 
distributed across the wheat genome with at least two loci 
on each chromosome. The number of ancestral populations 
(K) was chosen based on the evaluation of a cross entropy 
criterion for each K.

Linkage disequilibrium was estimated on filtered genotypic 
data using Plink1.9 software (Frichot and Francois 2015). We 
used 5176 polymorphic markers out of 13,698 (MAF 5% and 
missing data 10%). Allele frequency correlations  (R2) were 
calculated using the LD function according to Hill and Weir 

(1)�2 = ��2∕(��2 +
��2

�
+

��2

��
)

(1988). The significance of pair-wise LDs (p values) was com-
puted using 1000 permutations on inter-chromosomal pairs. 
The LD decay analysis was done using the procedure from Hill 
and Weir (1988). The genomic relationship matrix (G-matrix) 
was obtained according to VanRaden (2007) and implemented 
in the R package GAPIT (Wang and Zhang 2021).

Genome‑wide association study (GWAS)

To identify markers associated with responses to yellow 
rust, GWAS was carried out using 5176 polymorphic mark-
ers and the two years average phenotypic stripe rust coeffi-
cient of infection were used. The association of the markers 
retained after quality filtering was carried out using GAPIT 
v3 (Wang and Zhang 2021). Significant MTAs, with minor 
allele frequency MAF ≥ 5%, were identified using the mixed 
linear models (MLM) taking into consideration both kinship 
(K) and population structure (Q) matrices as covariates. The 
K matrix was generated within TASSEL using 5176 DArT 
markers. To eliminate linear dependence between columns of 
the Q matrix, the last column was removed prior before run-
ning the GWAS. Manhattan plot was produced using ‘CMplot’ 
package; Marker-trait associations were considered significant 
at the threshold of a positive false discovery rate (FDR) less 
than 5%.

Putative candidate genes

Linking the significant markers with putative candidate genes 
was processed using a position-dependent strategy. The genomic 
region upstream and downstream (± 500 Kb) of the identified 
polymorphic sites was scanned to identify genes that are in the 
physical proximity to the reference genome IWGSC v1.0.

Only genes in the same genetic position were considered. The 
candidate genes were obtained using variant effect predictor at 
the EnsemblPlants website (https:// plants. ensem bl. org/ Triti cum_ 
aesti vum/ Tools/ VEP). For each wheat gene retrieved, the cod-
ing gene ID was subjected to blasting against the Panther (http:// 
www. panth erdb. org/) and the Uniprot databases (www. unipr ot. 
org). For further functional annotation on a genome-wide scale, 
we used the functions GO (gene ontology) and pathway. The list 
of genomic sequences harboring the polymorphic sites to allow 
follow-up marker development studies was generated.

Results

Phenotypic, genotypic, and environment variances 
and heritability

Phenotypic variation was observed for the infection types 
and level of YR severity for the 426 genotypes scored at 
Merchouch, during the two cropping seasons (Fig. 1).

https://plants.ensembl.org/Triticum_aestivum/Tools/VEP
https://plants.ensembl.org/Triticum_aestivum/Tools/VEP
http://www.pantherdb.org/
http://www.pantherdb.org/
http://www.uniprot.org
http://www.uniprot.org
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Figure 1 shows the different types of genotype reactions 
to yellow rust on the x-axis, and the number of genotypes 
that share the same reaction on the y-axis. The final score 
ranged from 5 R (resistant) to 70 S (highly susceptible). 
Based on the coefficient of infection, the different rusts 
severity classes were classified. Out of 426 genotypes, 
51.17% genotypes were resistant (exhibited resistance 
reaction response CI = 0 to 20); 25.82% genotypes were 
moderately resistant (CI = 20 to 30), 9.62% were moder-
ately susceptible (CI = 30 to 40); 10.09% were moderately 
susceptible to susceptible (CI = 40 to 60) and 3.29% geno-
types were susceptible to Puccinia striiformis f. sp. tritici 
(CI = 60 to 100) (Fig. 1).

Important difference in grain yield performance among 
the tested genotypes was observed, the average yield 
ranged from 9.51 and 3.50 t/ha. Among the genotypes in 
the resistant group, 20 elite lines have combined resistance 
to yellow rust, as well as a good yield potential (Table 1). 
These lines have been distributed to the national partners 
as part of the international nurseries for release or further 
use as parents.

The summary statics for yellow rust response is shown 
in Table 2. The analysis of variance for CI scores showed 
significance of the two years, and between the genotypes, 

but no genotypes × year interaction was observed. Hight 
heritability  (H2) (0.887) was observed for the combined 
CI scores.

Population structure and linkage disequilibrium

To construct the population structure two hundred and sev-
enty-two non-redundant markers across the entire genome 
were used. We estimated ancestry coefficients for each geno-
type and we computed the cross-entropy criterion. The mini-
mum value was obtained when k = 10 (Fig. 2). The popu-
lation structure of the 426 bread wheat genotypes showed 
stratification represented by 10 different colors. Genotypes 
with similar pedigree were mostly grouped in the same sub-
group, as indicated in the heatmap of the relationship and 
ancestry matrices in Fig. 3.

For LD, most approaches are based on the coefficient 
of correlation  (r2) calculated between marker pairs after 
giving numerical values to allele states. The scatter plots 
of LD  (r2) as a function of the inter-marker distance for 
every genome indicated a clear LD decay for each genome 
(Fig. 4). LDs with mean  r2 > 0.3 extended to distances up 
to 2.6 Mbp, 2.9 Mbp and 8 Mbp for A, B and D genomes, 
respectively.

Fig. 1  Average response of 426 
spring bread wheat genotypes 
to yellow rust at Merchouch sta-
tion (Morocco) during 2014 and 
2015 seasons
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Table 1  Mean, range, and phenotypic and genotypic variances of yellow rust responses for the 426 studied wheat genotypes, Merchouch, 2014–
2015

SD Standard Deviation, σp Phenotypic Variance, σg Genotypic Variance, σe Environmental Variance, SE Standard error of the mean

Nbr observations Min Mean Max SD σp σg σe H2 Skewness SE

YR-MR 426 2 7.056 70 7.613 57.96 25 34.3 0.887 4.499 0.174
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GWAS for stripe rust resistance using DArT markers

Out of the 13,698 DArT markers obtained from genotyping, 
5176 polymorphic DArT markers were used to run the GWAS 
using Q + K: MLM method. Genome B recorded the highest 

number of polymorphic markers with 1914 markers followed 
by D and A genomes with 1745 and 1325 markers, respectively. 
While, 164 markers had unknown positions. Chromosome 7D 
contained the largest number of markers (349), whereas chro-
mosome 4D showed the fewest number (145).

Table 2  Mean yellow rust response and grain yield performance of elite wheat genotypes at Marchouch during 2014 and 2015 seasons

C.V Coefficient of Variation, LSD Least Significant Difference, SE Standard error of the mean

No Name Selection History YR
response

Yield (t.ha−1)

1 DAJAJ-5/4/CHEN/AEGILOPS SQUARROSA 
(TAUS)//BCN/3/KAUZ/5/WBLL1*2/KIRITATI

ICW08-50,152-2AP-0AP -040SD-1SD -0SD 10MR 9.51

2 KAUZ*2/YACO//KAUZ/3/PFAU/MILAN/5/WAX-
WING*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//
KAUZ

ICW08-50,123-1AP-0AP -040SD-2SD -0SD 10MR 9.03

3 THELIN/WAXWING//ATTILA*2/PASTOR/3/
INQALAB91*2/TUKURU 9Y-0B

ICW08-00,270-9AP-0AP -040SD-6SD -0SD 15MR 8.71

4 TEMPORALERA M 87*2/TUKURU//FAYEQ-2 ICW08-00,306-18AP-0AP -040SD-3SD -0SD 15MR 8.12
5 KAUZ*2/YACO//KAUZ/3/PFAU/MILAN/5/WAX-

WING*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//
KAUZ

ICW08-50,123-1AP-0AP -040SD-5SD -0SD 15MR 8.07

6 ABU-REYAA-1/LEITH-1 ICW08-00,049-9AP-8AP -040SD-2SD -0SD 10MR 8.05
7 KAUZ*2/YACO//KAUZ/3/PFAU/MILAN/5/WAX-

WING*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//
KAUZ

ICW08-50,123-1AP-0AP -040SD-4SD -0SD 15MR 8.01

8 PFAU/MILAN//FUNG MAI 24/3/ATTILA*2/
CROW

ICW08-00,199-4AP-0AP -040SD-4SD -0SD 10MR 7.93

9 QT6581/4/PASTOR//SITE/MO/3/CHEN/
AEGILOPS SQUARROSA (TAUS)//BCN/5/
PAVON 76/JADIDA-2

ICW08-00,257-17AP-0AP -040SD-8SD -0SD 15MR 7.87

10 P1.861/RDWG//ESWYT99#18/ARRIHANE/3/
PFAU/MILAN

ICW08-50,027-10AP-0AP -040SD-4SD -0SD 10MR 7.84

11 KAUZ*2/YACO//KAUZ/3/PFAU/MILAN/5/WAX-
WING*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//
KAUZ

ICW08-50,123-1AP-0AP -040SD-1SD -0SD 15MR 7.75

12 DEBEIRA//MILAN/PASTOR/4/URES/BOW//
OPATA/3/HD2206/HORK'S'

ICW08-50,011-18AP-0AP -040SD-9SD -0SD 10MR 7.71

13 PFAU/MILAN//FLAG-3/3/NEJMAH-9 ICW08-50,092-4AP-0AP -040SD-3SD -0SD 10MR 7.67
14 PAVON 7S3, + LR47/4/NS732/HER//ARRI-

HANE/3/REGRAG-1
ICW08-00,288-9AP-0AP -040SD-2SD -0SD 10MR 7.67

15 ABU-REYAA-1/LEITH-1 ICW08-00,049-9AP-9AP -040SD-1SD -0SD 10MR 7.64
16 PFAU/MILAN//FUNG MAI 24/3/ATTILA*2/

CROW
ICW08-00,199-4AP-0AP -040SD-5SD -0SD 10MR 7.59

17 HADIAH-14/ETBW 4919//ICARDA-SRRL-5 ICW08-50,156-3AP-0AP -040SD-5SD -0SD 10MR 7.50
18 P1.861/RDWG//ESWYT99#18/ARRIHANE/3/

PFAU/MILAN
ICW08-50,027-15AP-0AP -040SD-12SD 10MR 7.48

19 KATILA-9/JELMOUD-1/6/SHARP/3/PRL/SARA//
TSI/VEE#5/5/

ICW08-50,261-3AP-0AP -040SD-2SD -0SD 15MR 7.47

20 P1.861/RDWG//ESWYT99#18/ARRIHANE/3/
PFAU/MILAN

ICW08-50,027-15AP-0AP -040SD-12SD 15MR 7,46

P-value  < 0.001  < 0.001
CV1 (%) 9.4 8.5
SE2 (kg) 0.32 0.602
LSD3 at 5% (kg) 6.75 0.515
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A total of 19 significant marker trait associations (MTAs), 
representing 10 chromosomes regions were identified to be 
significantly associated (p < 0.001) with stripe rust resistance 
at adult plant stage (Table 3); These significant MTAs were 
located on chromosomes 2A, 7A, 1B, 2B, 3B, 5B, 1D, 2D, 
3D, and 6D (Fig. 5).

The percentage of phenotypic variation explained by the 
significant markers ranged from 5.1% to 9.3%. The marker 
583,038 in 5B exhibited the highest level of contribution to 

YR resistance (9.3%) with LOD of 5.326. Out of the sig-
nificantly associated markers, only 3 passed a threshold of 
FDR ≤ 0.05. The marker 412,394 in chromosome 2B was 
mapped within the genomic regions of previously identified 
QTL (QYrlu.cau-2BS1 Luke and QYrid.ui-2B.1_IDO444) 
while the two other markers 542,318 (1B) and 583,038 (5B) 
were not overlapping with any of the previously reported 
genes/QTLs. Hence, these two markers most likely tag new 
Pst resistance locus.

Fig. 2  The Cross entropy of 426 spring bread wheat genotypes

Fig. 3  Population structure of 426 bread wheat genotypes
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Candidate genes and function annotations

The genetic frame of the significant markers was constructed 
using BLAST analysis of the International Wheat Genome 
Sequencing Consortium (IWGSC) RefSeq v1.0 genome. 
Only seven of the nineteen discovered markers contain 
related proteins, and only three of them passed the criteria 
(FDR p ≤ 0.05), as shown in Table 3.

An underlying breakthrough is to think about what would 
be the foremost effective approach to acknowledge stripe 
rust resistance within the germplasm, that would improve 
practical utilization in wheat breeding programs. Standard 
bi-parental crosses have been started using some of the 
potentially diverse germplasm supported diverging disease 
reactions. However, the development of cost-effective, high-
throughput marker systems such as DArT, SNP and QTL 
mapping efforts in individual bi-parental populations will 
not expose, in the most efficient way, the diverse alleles 
present in large germplasm collections and their chromo-
somal locations (Roy et al. 2010). The GWAS relies fre-
quently on the historical pattern of recombination that has 
been employed using different genetic backgrounds such 
as the elite germplasm used for this study (Vinod 2011). 
Field screening of the ICARDA elite panel confirmed that 
the majority of genotypes possessed adult resistance genes 
(APR). Within the present study, we found that from the 

germplasm screened at Merchouch station, 77% of the gen-
otypes were resistant to moderately resistant. The results 
of GWAS might be considerably influenced by population 
structure (Kang et al. 2008). Therefore, in our study, most of 
the genotypes with similar pedigrees were clustered within 
the same group. Although 10 sub-populations were obtained 
using DArT markers.

The effectiveness of whole-genome association studies, 
for rust resistance and other traits, depends on the decay 
value. LD with mean  r2 > 0.3 extended to distances up to 2.6 
Mbp, 2.9 Mbp and 8 Mbp for A, B and D genomes, respec-
tively (Fig. 4). DArT markers showed a higher percentage 
of significant pairs in the intrachromosomal LDs. These dis-
crepancies may be assigned to the multi-loci nature of some 
DArT markers, which resulted in significant LD between 
markers located on different chromosomes or between dis-
tant markers on the same chromosome.

Discussion

The recent outbreak of stripe rust in many wheat-producing 
regions in East and North Africa, the Middle East, and Cen-
tral West Asia poses a severe danger to wheat production 
and economic resources, as well as world food security. The 

Fig. 4  Plot of pair-wise single-nucleotide polymorphism LD  R2 val-
ues as a function of inter-marker map distance (Mbp). The blue curve 
represents the model fit to LD decay. The red line represents the 

extended to distances up to 2.6 Mbp, 2.9 Mbp and 8 Mbp for A, B 
and D genomes, respectively. for the quantitative trait loci regions in 
which LD R2 = 0.3 beyond which LD is likely due to linkage
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most viable alternative to manage the permanent risk of yel-
low rust disease is within the development of resistant wheat 
cultivars. The application of modern tools for yellow rust 
resistance breeding and their advantages over conventional 
breeding methods helps in developing new cultivars with 
long lasting resistance (Buerstmayr et al. 2014).

Many territories in Central West Asia and North Africa 
(CWANA) and Sub-Saharan Africa (SSA) have previously 
reported severe yield losses ranging from 10 to 80% as a 
result of the breakdown of major gene resistance in some 
commonly planted cultivars due to the development of novel 
pathotypes (Solh et al. 2012; Zegeye et al. 2014). As a result, 
future outbreaks of yellow rust represent a persistent danger 
to yield stability. For example, the breakdown in resistance 
by Yr27 prompted Ethiopian farmers to spend over 3.2 mil-
lion dollars on fungicides in 2010 to protect their production 
(Ali et al. 2017). In 2017, serious epidemics were observed 
in major wheat-growing areas in the CWANA region, 
including Algeria, Morocco, Syria, and Turkey (Morgounov  
et al. 2012).

In Morocco, during 2014/2015, two yellow rust races were 
registered, the Warrior (PstS7) race was confirmed in 2013 in 
Morocco and continue to be spread broadly in the Northern 
African countries, Europe, and East Asia (Milus et al. 2009; 
EL-Sabagh et al. 2017). The PstS10 known as Warrior (-) 
(virulence pattern: [1,2,3,4,-,6,7,-,9,-,-,17,-,25,-,32,Sp,
AvS,-]) was also reported in Algeria and Spain during 2014 
and possibly in Morocco as well, but no available data to 
verify (Hovmøller et al. 2018; El Hanafi et al. 2021).

ICARDA has committed 40 years working with commu-
nities and national research centers in the CWANA region to 
establish genotypes with novel sources of YR resistance in 
order to stay ahead of the pathogens evolutionary potential 

outbreak. Therefore, the possibility of novel pathotypes 
overcoming resistance will be followed and reduced by com-
bining both minor and major resistance genes (Pedersen and 
Leath 1988).

An underlying breakthrough is to think about what the 
foremost effective approach would be to acknowledge 
stripe rust resistance within the germplasm, that would 
improve practical utilization in wheat breeding programs. 
The continuous field screening of the genetic material is 
crucial to track and identify the resources of resistance that 
would be deployed in modern plant breeding programs. 
In the present study, we could show that 77% of the 426 
genotypes used were resistant to moderately resistant and 
most likely were distributed as international nurseries 
and used already in previous crossing plans. Hence, we 
applied GWAS using 5549 polymorphic DArT markers to 
detect the associated markers with the resistance to yellow 
rust. A total of 19 MTAs at different wheat chromosomes 
were detected significatively associated with stripe rust 
resistance at LOD ≤ 3. However, only 3 markers (542,318, 
412,394 and 583,038) were significant at experiment-wise 
FDR ≤ 0.05 on chromosomes 1B, 2B and 5B, respectively. 
A comparable study conducted in the same region of 
Merchouch in 2014/2015 discovered 23 markers on chro-
mosomes 2A, 2B, 2D, and 7B that were highly related 
with adult plant resistance at FDR ≤ 0.05 (El Hanafi et al. 
2021). Unfortunately, none of those associated markers 
was in common or overlapped with the genomic region of 
the markers found in the current study.

In order to determine the genes/QTLs associated with stripe 
rust resistance previously reported, we have compared the physi-
cal location of the three markers found at FDR ≤ 0.05 by BLAST 
analysis of the International Wheat Genome Sequencing 

Fig. 5  Manhattan  plot for stripe rust results obtained from genome-wide association mapping for 426 genotypes in Merchouch during 2014 
\ 2015 field experiments
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(IWGSC RefSeq v2.1 genome). Numerous Yr genes and QTL 
have been mapped on chromosome 1B, including Yr9, Yr10, 
Yr15, Yr24/Yr26/YrCh42, Yr64, Yr65, YrTr1, YrAlp, YrH52, 
YrH122, YrL693, YrC142, YrMY41, QYr.cau-1BS, QYrco.wpg-
1BS.1 and QYrco.wpg-1BS.2 (Feng et al. 2018). However, none 
of the genes/QTLs are within the genomic region of the marker 
542,318 detected in this study, thus, likely represents novel 
resistance loci for stripe rust. In fact, QYr.cim-1BSb reported 
to have a small effect QTL by wPT-8168 and wPT-6240 DArt 
markers in cultivar Pastor close to the genomic region of the 
marker 542,318 (Maccaferri et al. 2015). BLAST analysis of the 
marker 583,038 identified one gene TraesCS5B02G374300 that 
encodes for Glutaredoxin protein having role as detoxification of 
xenobiotics and heavy metals, signaling in plant-pathogen inter-
actions as well as plant development processes and cell cycle 
control (Ziemann et al. 2008).

On chromosome 2B, 112 genes were mapped so far. Among 
the previously published QTL, QYrlu.cau‐2BS1_Luke and 
QYrid.ui‐2B.1_IDO444 conferring large effects were located 
within the flanking region of the marker 412,394 (64.09 Mbp) 
(Chen et al. 2012; Mallard et al. 2005). QYrlu.cau‐2BS1 Luke 
is mapped in 36.4 Mbp and 100.8 Mbp covering almost 64.4 
Mbp. While, QYrid.ui‐2B.1_IDO444 appeared in the genomic 
region between 49.8 Mbp and 72.6 Mbp according to the anno-
tation of Chinese Spring reference sequence. BLAST analysis 
and anchoring the flanking marker 412,394 on the reference 
genomes allowed the identification of the candidate gene 
TraesCS2B02G103200 reported with unknown function.

In chromosome 5B, the marker 583,038 at 551 Mbp 
reported to be associated to yellow rust resistance at adult 
plant stage having the highest LOD = 5.33. This marker 
was far away from many QTL (QYr.caas-5BL.2_Libellula, 
QYr.tem5B.2_Flinor, and QYr.inra-5BL.2_CampRemy) for 
about 44 Mbp, hence tagging novel genomic region. BLAST 
analysis of the marker 583,038 identified functional protein 
TraesCS5B02G374300 with unknown function.

The significantly associated markers with yellow rust 
resistance in this study should be validated using other elite 
set of wheat genotypes and could be used for marker assisted 
selection in wheat breeding programs to pyramid resistance 
genes and develop varieties with durable resistance.
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