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Abstract: Stem rust, caused by Puccinia graminis f. sp. tritici (Pgt), has potential to cause major yield losses in durum wheat. Development of 
durum cultivars with improved resistance to stem rust is a sustainable option for effective control of this disease. This study was conducted to 
identify genomic regions associated with resistance to Ug99-derived Pgt races using a doubled haploid (DH) mapping population produced 
from a cross between the resistant experimental line A9919-BY5C and the moderately susceptible cultivar ‘Strongfield’. The parents and DH 
lines were phenotyped for adult plant disease severity and infection response at Njoro, Kenya, for four years, and for seedling reaction to race 
TTKSK in a containment facility near Morden, Canada. Composite interval mapping using 612 SNP and DArT markers indicated four 
significant QTL for resistance to stem rust on chromosomes 1B, 4A, 5B, and 6A. A major and stable QTL from A9919-BY5C was identified on 
the short arm of chromosome 6A (6AS), which accounted for 71% of variation explained for seedling resistance and up to 46% for field 
resistance. This QTL mapped near the Sr8 locus and may be Sr8155B1, or a novel gene at the same location. Another QTL for adult plant 
resistance from A9919-BY5C was mapped on chromosome 1B that explained up to 14% of the phenotypic variation and likely is Sr14. Two 
minor QTL were identified in ‘Strongfield’ on chromosomes 4A and 5B that were inconsistent over years. Markers associated with the 6AS and 
1B QTL can be used to proactively stack resistance to Ug99-derived races of Pgt into Canadian durum wheat.
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Résumé: La rouille noire, causée par Puccinia graminis f. sp. tritici (Pgt), peut occasionner d’importantes pertes de rendement chez le blé 
dur. Le développement de cultivars de blé dur à la résistance accrue à la rouille noire est une option durable de lutte efficace contre cette 
maladie. L’étude actuelle a été menée afin de repérer les régions génomiques associées à la résistance aux races de Pgt dérivées d’Ug99 grâce 
à une population dihaploïde (DH) utilisée pour la cartographie, produite à partir d’un croisement entre la lignée expérimentale résistante 
A9919-BY5C et le cultivar modérément sensible ‘Strongfield’. Pendant quatre ans, à Njoro au Kenya, les parents et les lignées dihaploïdes 
ont été phénotypés afin d’évaluer la réaction des plants adultes à la gravité de la maladie et à l’infection, ainsi que celle des semis à la race 
TTKSK dans une installation de confinement près de Morden, au Canada. La cartographie par intervalles composites utilisant 612 SNP et des 
marqueurs DArT a révélé la présence de quatre QTL importants pour la résistance à la rouille noire sur les chromosomes 1B, 4A, 5B et 6A. 
Un QTL majeur et stable issu d’A9919-BY5C a été identifié sur le bras court du chromosome 6A (6AS), ce qui représentait 71% de la 
variation expliquée pour la résistance des semis et jusqu’à 46% pour la résistance au champ. Ce QTL cartographié près du locus de Sr8 peut 
correspondre à Sr8155B1 ou à un nouveau gène situé au même endroit. Un autre QTL, issu d’A9919-BY5C et impliqué dans la résistance 
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des plants adultes, a été cartographié sur le chromosome 1B; il a expliqué jusqu’à 14% de la variation phénotypique et est probablement 
Sr14. Deux QTL de moindre importance qui étaient inconstants au fil des années ont été identifiés chez ‘Strongfield’, sur les chromosomes 
4A et 5B. Les marqueurs associés aux QTL des chromosomes 6AS et 1B peuvent être utilisés pour empiler proactivement des gènes de 
résistance aux races de Pgt dérivées d’Ug99 chez le blé dur canadien.

Mots clés: Blé dur, cartographie de QTL, rouille noire, SNP, Ug99

Introduction

Stem rust, also known as black rust, is a disease caused 
by the basidiomycete fungus Puccinia graminis f. sp. 
tritici (Pgt) that can severely affect durum wheat 
(Triticum turgidum L. var. durum). Historically, epi-
demics of stem rust have been noted in the majority of 
regions where wheat is grown (Van der Plank 1963). 
Fear of the Pgt pathogen has risen again with the emer-
gence of Ug99 (TTKSK), identified in Uganda in 1998, 
because this race and its derivatives have rendered multi-
ple resistance genes ineffective (Pretorius et al. 2000; Jin 
et al. 2007, 2008). Until race TTKSK became virulent 
and widespread, gene Sr31 was a paramount source of 
resistance to stem rust for almost 30 years and has been 
introgressed into many wheat cultivars. In addition to 
TTKSK, 12 more variants within the Ug99 lineage have 
been identified. These variants are: TTKST, TTTSK, 
TTKSF, TTKSP, PTKSK, PTKST, TTKSF+, TTHST, 
TTKTT, TTKTK, PTKTK, and TTHSK (https://rust 
tracker.cimmyt.org/?page_id=22). Ug99 and related 
races that have evolved and been detected recently 
pose a significant threat to global food security (Singh 
et al. 2011a).

In the past, in Canada, major epidemics of stem rust 
resulting in significant production losses were reported 
over three consecutive years from 1953 to 1955 
(Peturson 1958). The serial epidemics in Western 
Canada resulted in reduced durum wheat production 
until the release of the stem rust-resistant durum wheat 
cultivar Stewart 63 in 1960 (Knott 1963). Currently, 
durum wheat is grown yearly on approximately 
two million hectares, predominantly in the southwestern 
Canadian prairies (Clarke et al. 2010) and is worth an 
estimated 1 USD billion in farm gate receipts (AAFC 
2019). The stem rust pathogen can spread rapidly over 
long distances from the south-central United States to the 
prairies of Canada. Deployment of genetic resistance 
along this North American rust pathway can be an effec-
tive strategy to manage stem rust and its spread. 
Although the presence of Ug99 has not been observed 
in Canada, the risk of introduction is a concern with 
around 78% of wheat cultivars grown being susceptible 
to Ug99 and its derivatives (Fetch et al. 2011, 2012; Xue 

et al. 2012). With the imminent threat to global wheat 
production (Dean et al. 2012), it is important to under-
stand the resistance present in Canadian germplasm.

There are two main classes of resistance genes to rust 
diseases in plants, i.e., race-specific (Flor 1956) and race 
non-specific (Van der Plank 1963). Race-specific resis-
tance genes are usually expressed at the seedling stage 
and typically function throughout the plant’s life cycle. 
Resistance genes of this class provide intermediate to high 
levels of resistance, but can be overcome shortly after 
deployment by the evolution of new races, when deployed 
singly in commercial cultivars (Lin and Chen 2007). 
Genetic variation for the evolution of Pgt races occurs 
via random mutations, sexual recombination, and somatic 
hybridization (Figueroa et al. 2016, 2018). Race non- 
specific resistance, on the other hand, is usually conferred 
by multiple genes with minor effects, expressed during 
later stages of development, and is generally referred to as 
adult plant resistance (APR). However, some APR genes 
provide race-specific resistance, such as Lr13 and Lr37 
that confer resistance to leaf rust (McIntosh et al. 1995). 
The cumulative nature of these genes means resistance 
can be enhanced to near immunity with the stacking of 
multiple genes. Through an integrated approach that com-
bines improved surveillance, incorporating new genes 
enhancing diversity for resistance, and pyramiding multi-
ple race-specific genes with APR in breeding materials, 
the evolution of new races can largely be curtailed (Singh 
et al. 2015).

Development and use of resistant cultivars is one of 
the most effective strategies and environmentally safe 
approaches for controlling diseases such as stem rust. 
To date, about 70 genes have been characterized for 
wheat stem rust resistance that are effective at the seed-
ling and adult plant developmental stages (McIntosh 
et al. 1995, 2012; Chen et al. 2018). The majority of 
these genes are race-specific and show qualitative inheri-
tance (Singh et al. 2011b), likely because they are more 
expressive and have been easier to characterize geneti-
cally. In durum wheat, stem rust resistance genes Sr9d, 
Sr9e, Sr9g, Sr11, Sr12 (seedling stage), and Sr17 are 
known to be ineffective against Ug99 and its derived 
races. Although Sr2, Sr12 (adult plant stage), and Sr13 
are effective against the Ug99 group of races, several 
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new genes and loci have also been characterized recently 
(Laidò et al. 2015; Nirmala et al. 2017; Saccomanno 
et al. 2018). Recent advances in high-throughput geno-
typing methods have helped researchers to develop high- 
density molecular maps and to detect quatitative trait loci 
(QTL) with major and minor effects at greater precision 
(Maccaferri et al. 2014; Wang et al. 2014). With increas-
ing map densities and larger population sizes, increasing 
numbers of partial resistance genes are being identified 
through QTL analysis. Often using biparental mapping 
populations with germplasm accessions, several recent 
studies have reported numerous QTL for stem rust resis-
tance in durum and common wheat (Bansal et al. 2008; 
Kaur et al. 2009; Bhavani et al. 2011; Yu et al. 2011, 
2012; Haile et al. 2012; Singh et al. 2013, 2013a, 2013b; 
Njau et al. 2013; Rouse et al. 2014; Kassa et al. 2016; 
Edae et al. 2016; Saccomanno et al. 2018; Miedaner 
et al. 2019).

Single genetic factors that confer resistance to mul-
tiple pathogen species can be useful in wheat breed-
ing. For example, three APR genes originally 
identified to confer leaf rust resistance (Lr34, Lr46, 
and Lr67) have since been shown to provide partial 
resistance to all three wheat rusts [leaf rust (Puccinia 
triticina), stem rust (Pgt), and stripe rust (Puccinia 
striiformis)] and to powdery mildew (Blumeria grami-
nis f. sp. tritici). They are also associated with leaf tip 
necrosis (LTN) – a morphological trait often used as 
a phenotypic marker. These pleiotropic genes are iden-
tified as Sr57/Yr18/Pm38/Ltn1 (Lr34) on chromosome 
arm 7DS, Sr58/Yr29/Pm39/Ltn2 (Lr46) on 1BL, and 
Sr55/Yr46/Pm46/Ltn3 (Lr67) on 4DL. The multi- 
pathogen resistance conferred by Lr34 is due to the 
expression of a single gene encoding an ABC trans-
porter (Krattinger et al. 2009, 2019). Lr67 encodes 
a hexose transporter that confers resistance to multiple 
fungal pathogens (Moore et al. 2015). These and other 
genes are revealed in QTL analysis. Using marker 
assisted selection, the potential exists to stack these 
genes through breeding to gain durable resistance to 
multiple pathogens.

The components of stem rust resistance in Canadian 
durum germplasm is unclear. Identification and utiliza-
tion of genetic resistance in variety improvement is 
a key to manage existing races of stem rust and emer-
ging virulent races. Genetic characterization of stem 
rust resistance in the breeding line A9919-BY5C that 
derives from the durum cultivar Napoleon is important 
for durum wheat improvement to combat the stem rust 
threat in Canada. In the present study, we report on 
genomic regions associated with stem rust resistance 

(adult plant and seedling) using an A9919-BY5C 
/Strongfield durum wheat doubled haploid (DH) map-
ping population.

Materials and methods

Plant materials

A durum wheat DH population comprising 66 lines from 
a cross between A9919-BY5C and Strongfield was pro-
duced from F1 plants at the Swift Current Research and 
Development Centre (Swift Current, Saskatchewan) (for-
merly, Semiarid Prairie Agricultural Research Centre) of 
Agriculture and Agri-Food Canada (AAFC) following 
the maize pollen method described by Knox et al. 
(2000). A9919-BY5C, which derived from the cross 
DT696/Napoleon, is highly resistant to stem rust includ-
ing Ug99 and its variants in field screening in Njoro, 
Kenya. Strongfield is a spring durum wheat variety well 
adapted to the semi-arid environment in Western Canada 
(Clarke et al. 2005) and is moderately susceptible to the 
Ug99 stem rust group of races in field screening in Njoro 
(T. Fetch, unpublished data).

Stem rust disease assessment

The DH lines along with their parents were grown in un- 
replicated trials for response to stem rust infection in 
disease nurseries at the Kenya Agricultural & Livestock 
Research Organization (KALRO), Njoro, Kenya, for four 
consecutive years (2008–2011). Both parents were repli-
cated twice in each nursery every year, except for 
A9919-BY5C, which was absent in 2008. About 2 g of 
seed per genotype was planted in 70 cm twin rows 
spaced 30 cm apart. A suspension of urediniospores 
consisting of Ug99-type races (predominately TTKST, 
but also TTKSK and TTTSK in low proportions) was 
inoculated onto susceptible spreader rows. Stem rust 
severity was rated as 0% to 100% (Peterson et al. 
1948), and stem rust infection response was recorded as 
R, R-MR, MR, M, MR-MS, MS, MS-S, or S, where R is 
resistant, M is moderate, and S is susceptible (Roelfs 
et al. 1992). The infection response overlapping between 
two scores was denoted by a hyphen. Stem rust severity 
and infection response were recorded twice between 
heading and maturity. DT696 was evaluated in the 
Kenya stem rust nursery from 2007 to 2009. Since 
2011, except 2013 and 2019, Napoleon and Strongfield 
have been evaluated in the nursery in Kenya for stem rust 
reaction.
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To further understand the nature of resistance, seed-
ling infection type in the parents and DH lines to stem 
rust race TTKSK (isolate SA31) was evaluated in 
a biological containment facility at AAFC-Morden 
Research and Development Centre, Morden, Manitoba, 
Canada, in March 2010. Infection type ratings for 
TTKSK were completed approximately two weeks 
after inoculation following the scale described by 
Stakman et al. (1962). For quantitative analysis, the 
Stakman scale was converted to a numeric scale as 
follows: ‘0ʹ = 0, ‘;’ = 1, ‘1-’ = 2, ‘1ʹ = 3, ‘1+’ = 4, 
‘2-’ = 5, ‘2ʹ = 6, ‘2+’ = 7, and so on to ‘4+’ = 13. 
Additionally, Pearson correlation coefficients were cal-
culated, using PROC CORR of the Statistical Analysis 
System (SAS) v9.1 (SAS Institute Inc., Cary, North 
Carolina, USA) software, between years for infection 
response and for severity, and between field results and 
the seedling test.

Genomic DNA extraction and genotyping

A portion (3–5 cm length) of primary leaves of the 
parents and DH lines were excised for extraction and 
purification of high-quality genomic DNA using the 
BioSprint 96 workstation and the BioSprint 96 DNA 
Plant Kit (Qiagen Inc., Toronto, Ontario, Canada) fol-
lowing the manufacturer’s instructions. Total DNA was 
then quantified using a Qubit® 2.0 fluorometer (www. 
probes.invitrogen.com/qubit) to facilitate equalization 
of the concentrations. Each sample was normalized to 
250 ng/µL of DNA for Diversity Array Technology 
(DArT) and single nucleotide polymorphism (SNP) gen-
otyping. DNA of all 66 DH lines and their parents were 
sent to Triticarte Pvt. Ltd., Yarralumla, Canberra, 
Australia (www.triticarte.com.au; a whole-genome pro-
filing service laboratory) for genotyping with a medium- 
density DArT array, as described by Mantovani et al. 
(2008). The DArT genotyping data were recorded as 
present (1) or absent (0) as described by Akbari et al. 
(2006). The parents and DH lines were also genotyped 
with the Infinium II iSelect wheat 90 K SNP array (Wang 
et al. 2014) using the Illumina platform (Illumina Inc.) 
available at the National Research Council, Saskatoon, 
Saskatchewan, Canada. The clustering and allele calling 
of each SNP assay was analysed using the genotyping 
module of GenomeStudio v2012 software (Illumina Inc.) 
with a GenCall score cut-off of 0.15 (as per Illumina’s 
recommendations). Polymorphic SNPs were identified and 
exported from GenomeStudio to a spreadsheet for subse-
quent data analysis.

Genetic mapping and QTL analysis

Polymorphic markers obtained from both genotyping plat-
forms (Infinium 90 K SNP and DArT), were combined 
for assigning the markers to linkage groups. Linkage 
groups were constructed in JoinMap 4.1 (Van Ooijen 
2011) using a minimum logarithm of odds (LOD) value 
of 3. Markers with missing genotypes (> 20%) and/or 
Chi-square goodness-of-fit test (p < 0.05) values that did 
not meet the expected Mendelian segregation ratio of 1:1 
were excluded from further analysis. Recombination fre-
quencies were translated to map distances in centimorgans 
(cM) using the Kosambi mapping function. Assignment 
of DArT and SNP linkage group markers to wheat chro-
mosomes was based on Maccaferri et al. (2014) and Wang 
et al. (2014). The final chart of each linkage group was 
drawn using MapChart 2.2 software (Voorrips 2002). The 
high-density genetic map contained many markers with 
common segregation patterns that mapped at the same 
position in genetic bins. A bin consists of co-segregating 
markers and is separated from an adjacent bin by a single 
recombination event (Isidore et al. 2003). Such uninfor-
mative markers consumed computational resources during 
analysis for detection of marker-trait associations. 
Therefore, redundant markers were excluded and only 
one marker with the least missing data was retained as 
representative of the genetic bin. The remaining markers 
were remapped and used for QTL analysis.

Composite interval mapping (CIM) was performed 
using QTL Cartographer v2.5 software (Wang et al. 
2012) to determine the significant association of markers 
with stem rust resistance. Background marker selection 
in the forward and backward regression method in CIM 
model 6 was used for QTL discovery. The walk speed 
was 1 cM and the window size was set at 10 cM. 
A genome-wide threshold LOD score for each trait was 
computed by the permutation test of 1,000 random itera-
tions at a significance level of P < 0.05 (Churchill and 
Doerge 1994) to declare significant QTL. The effect in 
this population of identified QTL on the level of stem 
rust resistance was obtained as a percentage of phenoty-
pic variation explained (%PVE).

Results

Stem rust reaction

In Kenya, the infection response of A9919-BY5C was 
consistently resistant (R) to stem rust across the four 
environments (2008–2011), while Strongfield exhibited 
infection response MS in 2008, MSS in 2009 and 2011, 
and RMR in 2010 (Fig. 1, Supplemental Table 1). The 
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infection response of DH lines varied from R to S in 
2008, R to MS in 2009, and R to M in 2010 and 2011. 
The majority of DH lines segregated from resistant to 
moderately susceptible infection response in all environ-
ments, except in 2008 when three lines were rated S.

The stem rust severity of A9919-BY5C in Kenya 
across three years ranged from 0% to 10%, and 
Strongfield ranged from 5% in 2010 to 60% in 2008 
(Supplemental Table 1). The severity of the DH lines 
varied from 1% to 70% in 2008, 1% to 20% in 2009, 0% 
to 15% in 2010, and 0% to 40% in 2011. Figure 2 shows 
skewed distributions of the DH population for stem rust 
severity, with the majority of lines showing resistance. 
Several lines of the DH population expressed similar low 
disease severity across environments like A9919-BY5C. 
Likewise, several DH lines with higher disease severity 
similar to Strongfield were also evident.

When the parents were tested as seedlings with Pgt 
race TTKSK (Ug99), the infection type (IT) of 
Strongfield was 0 whereas A9919-BY5C was 
between 1− and 1 (resistant). Fig. 3 shows the fre-
quency distribution of stem rust seedling ITs for the 
A9919-BY5C/Strongfield DH population. A bimodal 
distribution of stem rust seedling ITs for the popula-
tion was observed. One mode consisted of DH lines 
expressing an IT similar to Strongfield and the other 
showed a slightly higher IT similar to A9919-BY5C 
(Fig. 3). One line with a 2- to 2 rating was observed, 
a line that was rated 60 S in the Kenya nursery in 
2008. No DH progeny displayed a susceptible IT, 
while the Little Club wheat check had IT = 33+ 
(data not presented).

The DT696 and Napoleon parents of the resistant line 
A9919-BY5C tested in Kenya exhibited a high level of 
field resistance to stem rust. Between 2007 and 2009 
DT696 severity ranged from 1% to 30% and infection 
response from R to MR. Napoleon has shown impressive 
resistance, with severity ranging from 0% to 10% in 
10 years of testing between 2008 and 2018, while infec-
tion response ranged from R to M. The M occurred only 
once (in 2017) while 15 out of 19 observations were R, 1 
was RMR and 2 were MR. In the same 10 years, 
Strongfield ranged in severity from 1% to 60% and 
infection response from R to S with the highest rating 
in 2008 at 60 MS.

Correlations between severity and infection response 
within years ranged from r = 0.70 (p < 0.0001) in 2010 
and 2011 to r = 0.87 (p < 0.0001) in 2008. Correlation of 
severity among years ranged from r = 0.28 (p = 0.03) 
between 2008 and 2010 to r = 0.62 (p < 0.0001) between 
2008 and 2009. Severity between years 2009 and 2010 
were not correlated. Correlations of infection response 
among years ranged from r = 0.25 (p = 0.04) between 
2008 and 2010 to r = 0.66 (p < 0.0001) between 2008 
and 2009. Correlations of field infection response with 
seedling infection type ranged from r = 0.45 (p = 0.0002) 
in 2010 to r = 0.71 (p < 0.0001) in 2011.

Genetic linkage map

Of the 81,587 SNP results from markers assayed on A9919- 
BY5C/Strongfield DH population, 76,969 (94.34%) were 
removed from analysis due to the following reasons: the 

Fig. 1 Frequency distribution of stem rust infection response (IR) for the doubled haploid mapping population of the cross A9919-BY5C × 
Strongfield in field nurseries near Njoro, Kenya, during the four consecutive years 2008 to 2011. Stem rust IR for A9919-BY5C and 
Strongfield are indicated on the graph except A9919-BY5C in 2008 that was missing.
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SNP probes failed to hybridize, were monomorphic 
between the two parents, or had >20% missing values. 
The remaining 4,618 (5.66%) polymorphic SNPs were 
added to 187 polymorphic DArT markers, which together 
were used for linkage analysis. Further, out of 4,805 mar-
kers, 84 showed segregation distortion that excluded them 
from further analysis. Finally, 4721 markers (4545 SNPs + 
176 DArTs) were assembled into 29 linkage groups repre-
senting 14 chromosomes of tetraploid wheat and covered 
a total genetic distance of 1213.4 cM. Linkage groups were 
assigned to wheat chromosomes by the information 
obtained from (i) BLASTn search against the wheat gen-
ome assembly (Triticum_aestivum.IWGSC1+ popseq.31_-
genome assembly), and (ii) SNP markers reported in 
Maccaferri et al. (2014) and DArT markers reported by 

Colasuonno et al. (2013). The complete genetic map of 
A9919-BY5C/Strongfield is given in Supplemental Table 
2 and a summary is presented in Table 1. The genetic map of 
all 14 chromosomes was assembled in two or three linkage 
groups for each chromosome except for 3A, 4A, 5A, and 
6B, which were single linkage groups. The number of 
mapped markers on different chromosomes varied from 
132 on 4B to 623 on 1B. We observed an excess of co- 
segregating markers on all chromosomes. The genome- 
wide proportion of co-segregated markers were 86.8% 
(4108/4721). A similar proportion of 85% co-segregating 
markers was previously reported in a doubled haploid map-
ping population of durum wheat (Maccaferri et al. 2014; 
N’Diaye et al. 2017). After binning the co-segregating 
markers, only 613 markers retained a unique map position 
(Table 1) and were further utilized for QTL discovery.

QTL mapping

Composite interval mapping (CIM) analysis revealed 
four significant QTL for stem rust resistance on four 
different wheat chromosomes, with one QTL consis-
tently appearing over all test environments. The number 
of QTL, chromosomal location, level of significance, 
LOD value, additive effect, proportion of variance 
explained by the QTL and parent expressing the favour-
able allele are presented in Table 2. A stable QTL 
(designated QSr.spa-6A) not only contributed to adult 
plant resistance to stem rust in all Kenya nurseries, but 
had a major effect on seedling resistance to TTKSK 
(Ug99) in the Morden test. The QTL identified on link-
age group 6A_3 (hereinafter referred to as chromosome 
6A) spanned an interval of 4.3 cM flanked by markers 
IAAV8377 and wPt-5652 (Table 2 and Fig. 4). The QTL 
QSr.spa-6A explained up to 46% of the phenotypic var-
iation for infection response and severity of stem rust 
measured in Kenya, and more than 70% of the pheno-
typic variation for race TTKSK in the seedling test. 
The second QTL (designated QSr.spa-1B) was identified 
in two environments (Kenya in 2008 and 2009) and was 
mapped on linkage group 1B_1 (hereinafter referred to 
as chromosome 1B) at an interval flanked by markers 
wPt-2389 and Ku_c8767_1245 (Table 2). The QTL QSr. 
spa-1B explained up to 14% of the phenotypic variation 
for stem rust infection response and severity.

Two additional QTL with minor effects were 
detected in the CIM analysis. The third QTL (desig-
nated QSr.spa-5B) was revealed only for stem rust 
infection response in one environment (Kenya 2008) 
and was mapped on linkage group 5B_3 (hereinafter 

Table 1. Summary of SNP and DArT markers mapped on differ-
ent chromosomes in the A9919-BY5C/Strongfield doubled hap-
loid mapping population.

Chromosome
Linkage 
group

Total 
number of 

mapped 
marker

Number of 
marker used 

for QTL 
analysis

Total 
genetic 
length 
(cM)

Map 
resolution 

(cM)

1A 1A_1 251 32 58.6 0.2
1A_2 97 17 19.5 0.2

1B 1B_1 487 41 75.7 0.2
1B_2 116 18 26.1 0.2
1B_3 20 3 3.0 0.2

2A 2A_1 117 8 30.4 0.3
2A_2 188 22 24.8 0.1

2B 2B_1 290 43 51.6 0.2
2B_2 66 11 20.9 0.3
2B_3 14 5 16.2 1.2

3A 3A 146 20 53.9 0.4
3B 3B_1 244 44 116.7 0.5

3B_2 198 18 19.1 0.1
4A 4A 137 32 103.8 0.8
4B 4B_1 109 16 43.5 0.4

4B_2 23 3 2.9 0.1
5A 5A 241 44 156.4 0.6
5B 5B_1 225 25 41.8 0.2

5B_2 204 18 39.3 0.2
5B_3 97 21 35.3 0.4

6A 6A_1 194 22 38.7 0.2
6A_2 35 8 24.5 0.7
6A_3 237 38 13.3 0.1

6B 6B 256 27 44.3 0.2
7A 7A_1 445 34 54.8 0.1

7A_2 6 3 15.1 2.5
7A_3 40 4 1.6 0.0

7B 7B_1 96 12 49.5 0.5
7B_2 142 24 32.1 0.2

Total 29 4721 613 1213.4

Note. SNP: single nucleotide polymorphism; DArT: Diversity Array 
Technology; QTL: quantitative trait locus; cM: centiMorgan. 
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referred to as chromosome 5B) between SNP markers 
Tdurum_contig28868_84 and BobWhite_c7818_278. 
QSr.spa-5B accounted for 11.9% of the phenotypic 
variation. The fourth QTL (designated QSr.spa-4A) on 
chromosome 4A with a minor effect on only stem rust 
severity was identified in a single environment (Kenya 
2011) at SNP marker D_GBF1XID01EMISV_148 and 
explained 6.5% of the phenotypic variation (Table 2). 
The stem rust-resistant loci associated with QTL QSr. 
spa-6A on chromosome 6A and QSr.spa-1B on chro-
mosome 1B were derived from the resistant parent 
A9919-BY5C. The resistant alleles for QTL QSr.spa- 
5B and QSr.spa-4A were contributed by Strongfield. 

The significant QTL LOD scores for stem rust resis-
tance in the A9919-BY5C/Strongfield population ran-
ged from 3.4–22.2 (Table 2).

Discussion

There were variable degrees of stem rust infection across 
the four years of testing in Njoro, Kenya. One year 
(2008) had good infection, two (2009 and 2011) had 
moderate infection, and 2010 had light infection. This 
can affect the ability to detect QTL related to stem rust 
resistance. Nevertheless, in environments favourable to 
disease such as 2008, 2009, and 2011, segregation of DH 

Fig. 2 Frequency distribution of stem rust severity (%) for the doubled haploid mapping population of the cross A9919-BY5C × Strongfield 
in field nurseries near Njoro, Kenya, during the four consecutive years 2008 to 2011. Stem rust severity for A9919-BY5C and Strongfield are 
indicated on the graph except A9919-BY5C in 2008 that was missing.

Fig. 3 Frequency distribution of seedling stem rust infection types (ITs) to Puccinia graminis f. sp. tritici race TTKSK in the biological 
containment facility at Morden, Manitoba, in March, 2010 for the doubled haploid population of the cross A9919-BY5C × Strongfield. The 
IT of TTKSK for A9919-BY5C and Strongfield are shown on the graph. The X-axis is the Stakman seedling infection type scale (0–4) where 
no IT ratings between 2 and 4+ occurred and is represented by dashes.
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lines fitted a 3 R:1S ratio (χ2 = 0.57, P = 0.78), indicative 
of two gene segregation. Given correlations of rust seve-
rities or of rust infection responses between environ-
ments were low to moderate, it is not unexpected that 
some resistance loci were expressed in one environment 
and not others. On the other hand, the fact that environ-
ments showed some level of correlation suggested there 
was also some consistency in resistance expression 
across environments. This aligns with the QTL analysis 
of the segregation pattern of stem rust phenotypes from 
the A9919-BY5C/Strongfield population, revealing two 
major genes and two minor genes. The Napoleon and 
DT696 parents of A9919-BY5C have shown high levels 
of field resistance in Kenya over the past decade. 
Therefore, it is not unexpected that A9919-BY5C 
would possess multiple resistance genes. The contribu-
tion of two minor QTL from Strongfield is also not 
surprising given Strongfield was not completely suscep-
tible to stem rust in the Kenyan nurseries.

The expression of a QTL at the 6AS chromosomal 
region across four field environments indicates the pre-
sence of a stable gene. The QTL, labelled QSr.spa-6A, 
explained 71% of the phenotypic variation in the Morden 
seedling test and 28–46% in adult plants in field nur-
series in Njoro, indicating major all-stage resistance for 

stem rust. There are three reported Sr genes on 6AS to 
date. Two correspond to the Sr8 locus as two alleles 
(Sr8a and Sr8b) (Knott and Anderson 1956; McIntosh 
1972; McIntosh et al. 1995). The Sr8a allele was 
detected and characterized in common wheat, while 
Sr8b is known to be present in durum wheat (Bhavani 
et al. 2008). The QTL QSr.spa-6A mapped on 6AS 
between markers IAAV8377 (4.8 cM) and wPt-5652 
(9.1 cM), spanning a distance of 4.3 cM that co- 
localizes with previously mapped QTL for stem rust 
resistance (Fig. 4) that suggests QSr.spa-6A contains an 
allele of the Sr8 gene (Bhavani et al. 2008; Yu et al. 
2011; Dunckel et al. 2015; Guerrero-Chavez et al. 2015; 
Babiker et al. 2017; Hiebert et al. 2017; Nirmala et al. 
2017; Zurn et al. 2018; Saini et al. 2018). The QSr.spa- 
6A genetic region contains DArT markers wPt-6520 and 
wPt-4016, which are found on the consensus map of Yu 
et al. (2014) and overlap with SSR marker gwm334 
reported by Bhavani et al. (2008) to be associated with 
Sr8b. However, Bhavani et al. (2008) also found Sr8b to 
be ineffective against pathotype TTKSK, indicating that 
QSr.spa-6A is a different allele from Sr8b.

Using a DH population, Dunckel et al. (2015) identi-
fied a QTL for resistance to Pgt race TRTTF on 6AS that 
was likely an allele of Sr8. We could not compare the 

Table 2. Quantitative trait loci (QTL) identified for adult plant field infection response (IR) and severity in nurseries in Kenya between years 
2008 to 2011, and seedling resistance to stem rust race TTKSK (Ug99) in the A9919-BY5C/Strongfield doubled haploid population, the 
environment where expressed, chromosome, closest marker or markers to peak LOD and position where located, peak LOD value, percent 
phenotypic variation explained (R2), additive effect and parental source of favourable allele.

QTL 
designation Environment Trait Chromosome QTL associated marker-interval

QTL peak 
(cM)

LOD 
valuea R2 (%)b

Additive 
effectc

Favourable 
parental allele

QSr.spa-1B Kenya 2008 IR 1B wPt-2389 – wPt-3451 2.0 3.7 9.69 −0.65 A9919-BY5C
QSr.spa-1B Kenya 2008 Severity 1B BS00062740_51 12.2 4.5 10.19 −10.40 A9919-BY5C
QSr.spa-1B Kenya 2009 IR 1B BobWhite_c1456_615 – 

Ku_c8767_1245
13.1 3.4 8.87 −0.72 A9919-BY5C

QSr.spa-1B Kenya 2009 Severity 1B BobWhite_c1456_615 – 
Ku_c8767_1245

13.1 4.6 13.88 −1.53 A9919-BY5C

QSr.spa-4A Kenya 2011 Severity 4A D_GBF1XID01EMISV_148 93.6 3.8 6.48 2.61 Strongfield
QSr.spa-5B Kenya 2008 IR 5B Tdurum_contig28868_84 – 

BobWhite_c7818_278
25.8 4.5 11.95 0.73 Strongfield

QSr.spa-6A Kenya 2008 Severity 6A IAAV8377 4.8 12.3 40.68 −13.50 A9919-BY5C
QSr.spa-6A Kenya 2008 IR 6A BobWhite_c5092_422 5.0 10.5 35.17 −1.23 A9919-BY5C
QSr.spa-6A Kenya 2009 Severity 6A wPt-4589 7.5 9.3 34.20 −2.42 A9919-BY5C
QSr.spa-6A Kenya 2009 IR 6A wPt-4589 7.5 7.9 41.84 −1.03 A9919-BY5C
QSr.spa-6A Kenya 2010 Severity 6A wPt-7330/wPt-4016 – wPt-0864 6.3 8.0 28.31 −2.91 A9919-BY5C
QSr.spa-6A Kenya 2010 IR 6A wPt-7330/wPt-4016 – wPt-0864 6.3 7.6 35.13 −0.37 A9919-BY5C
QSr.spa-6A Kenya 2011 Severity 6A wPt-7330/wPt-4016 – wPt-0864 6.3 14.3 46.40 −0.86 A9919-BY5C
QSr.spa-6A Kenya 2011 IR 6A wPt-5652 9.1 16.3 45.98 −6.94 A9919-BY5C
QSr.spa-6A Morden 2010 TTKSK 6A wPt-7330/wPt-4016 – wPt-0864 6.3 22.2 71.53 −1.02 A9919-BY5C

amaximum likelihood LOD score for the QTL. 
bphenotypic variation explained by the QTL. 
cpositive values indicate a Strongfield allele, and conversely, negative values indicate an A9919-BY5C allele that minimize the stem rust infection of Puccinia 
graminis f. sp. tritici (Pgt). 
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mapped position of their QTL with the QSr.spa-6A QTL 
that we identified, because the markers associated with 
stem rust resistance were new SNPs derived from geno-
typing-by-sequencing (GBS). More recently, Zurn et al. 
(2018) reported a QTL (QSr.ace-6A) as Sr8a that pro-
vides resistance to Pgt races MCCF and TRTTF. The 
QSr.spa-6A QTL we identified is in close proximity to 
wsnp_Ra_c3996_7334169 on 6AS, where Guerrero- 
Chavez et al. (2015), Hiebert et al. (2017), and Babiker 
et al. (2017) mapped the Sr8a allele conferring resistance 
to Pgt race TRTTF, but is ineffective to TTKSK, 
TTKST, and other races in the Ug99 lineage. As the 
QSr.spa-6A QTL on 6AS that we identified from A9919- 
BY5C conferred resistance to Ug99 races in the field and 
in seedling tests (TTKSK), it cannot be the Sr8a allele.

Using an F2 population (Rusty/8155B1) of durum 
wheat, Nirmala et al. (2017) mapped a single gene for 
stem rust resistance designated as Sr8155B1 on 6AS. 
This gene conferred resistance to Ug99 race TTKST, 
but was susceptible to race TTKSK in seedling tests. 
They mapped Sr8155B1 to the Sr8 locus and tested the 
relationship of Sr8155B1 with previously reported alleles 
(Sr8a and Sr8b) of the Sr8 gene. Based on race specifi-
city and infection type, the authors confirmed that 
Sr8155B1 is different from both Sr8a and Sr8b alleles 

and postulated a new allele at the Sr8 locus. In our study, 
the predominant race in the Kenya field nurseries from 
2008–2011 was TTKST, which is avirulent to Sr8155B1. 
While QSr.spa-6A found in our study could be associated 
with Sr8155B1, it does not explain the association of 
QSr.spa-6A with seedling resistance to isolate SA31 
(TTKSK). Yu et al. (2011) reported DArT markers 
wPt-6520 and wPt-4016 along with SSR gwm334 to be 
significantly associated with a genetic factor controlling 
Ug99 resistance on 6AS (Fig. 4). QSr.spa-6A, if an allele 
of Sr8, may be Sr8155B1, but could be another allele 
consistent with that of Yu et al. (2011). A simple way to 
test the presence of Sr8155B1 in A9919-BY5C would be 
to use the SNP marker KASP 6AS_IWB10558 devel-
oped by Nirmala et al. (2017). This will be done in 
future studies. Currently, none of the QTL/genes on 
6AS have been reported to confer resistance to Ug99 
race TTKSK. The SA31 isolate of TTKSK may be 
unique because it is avirulent to the QSr.spa-6A QTL 
on 6AS, which may be Sr8155B1.

The large quantitative effect of QSr.spa-6A was asso-
ciated with a qualitative bimodal phenotypic distribution 
in the DH population, suggestive of the segregation of 
a major gene for resistance against Ug99 race TTKSK at 
the seedling stage. The segregation of the seedling 

Fig. 4 Correspondence of markers associated with stem rust resistance QTL QSr.spa-6A and markers on genetic maps of chromosome arm 
6AS reported in previous studies (Yu et al. 2011, 2014; Guerrero-Chavez et al. 2015; Hiebert et al. 2017). The region corresponds to the 
location of the Sr8 gene (Bhavani et al. 2008).
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reaction deserves further consideration. Although the 
distribution of IT was bimodal, both peaks were resis-
tant, one peaking around IT = 0 and the other near 
IT = 1−. Since no susceptible DH progeny were detected, 
both parents must contain the same effective seedling 
resistance gene. In order to see two different ITs in the 
DH progeny, one parent must contain an additional 
resistance gene. This is what was observed for the 
A9919-BY5C/Strongfield population. The results indi-
cate that A9919-BY5C contributed the QSr.spa-6A 
allele, which was absent in Strongfield, and thus must 
be the additional effective gene at the seedling stage. If 
this is Sr8155B1, then the isolate of TTKSK used in this 
experiment may be unique in its avirulence to this gene 
as indicated above. Differences in TTKS races pre-
viously have been found by Terefe et al. (2016), who 
reported a new race of TTKSF with additional virulence 
to gene Sr9h. Testing of isolate SA31 to gene Sr8155B1 
is needed to determine if isolate SA31 of TTKSK is 
avirulent to this gene. We postulate that the gene present 
in both parents is Sr13, which is common in durum 
wheat. This gene is effective at the seedling stage to 
TTKSK (Jin et al. 2007), but in field nurseries in 
Kenya from 2006–2011 has shown variable reaction 
from 30 M to 70S (T. Fetch, unpublished data) and is 
not stable. This would account for the variation in field 
reaction of Strongfield (Fig. 2) presuming it only con-
tains Sr13. The Strongfield seedling reaction observed in 
this study (IT = 0) is more difficult to explain, since Sr13 
typically produces a 2− to 2+ IT to race TTKSK. Several 
possibilities may explain this: 1) isolate SA31 is differ-
ent from other isolates of TTKSK used to phenotype 
Sr13; 2) Sr13 may react differently in a durum back-
ground than in the hexaploid Sr13 differential line used 
in this study (Prelude*4/2/Marquis*6/Khapstein); or 3) 
Strongfield may have minor modifier genes that lower 
the IT compared to Sr13 alone. While no QTL was found 
on chromosome 6AL where Sr13 is located, this is 
expected since both parents would have the gene and 
no segregation in the population would occur in order for 
the gene to be mapped. Testing to determine if both 
parents contain Sr13 will be done in future studies 
using the cloned Sr13 dCAPS marker (Zhang et al. 
2017).

In addition to the major gene on chromosome 6A, QTL 
observed on chromosomes 1B (QSr.spa-1B), 4A (QSr.spa- 
4A), and 5B (QSr.spa-5B) would contribute to the skewed 
nature of the segregation of resistance in the field. The 
value of QTL QSr.spa-1B from A9919-BY5C, which 
mapped on chromosome 1B, is revealed by reducing both 

stem rust infection response and severity in 2008 and 2009 
in Njoro, Kenya. Our results found QSr.spa-1B associated 
with markers wPt-2389, wPt-3451, BS00062740_51, and 
BobWhite_c1456_615 – Ku_c8767_1245 (Table 2). Based 
on marker position on the consensus map of Yu et al. 
(2014), these markers mapped more than 50 cM away 
from both Sr31 and Sr58 (= Lr46), which are found at 
opposite ends of chromosome 1B. Therefore, QSr.spa-1B 
is not Sr31 nor Sr58. Chromosome 1B also carries the Sr14 
gene that originates from tetraploid wheat and is located 
near the centromere (McIntosh et al. 1995). Gene Sr14 is 
ineffective to race TTKSK at the seedling stage, but shows 
intermediate resistance in the field in Njoro to Ug99- 
derived races (Jin et al. 2007; T. Fetch, unpublished data). 
As Sr14 and marker wPt-3451 are both located near the 
centromere and Sr14 is effective to TTKST in the field, the 
QSr.spa-1B QTL likely is gene Sr14.

The QSr.spa-4A QTL from Strongfield with a minor 
effect on stem rust severity (only in year 2011) was asso-
ciated with SNP marker D_GBF1XID01EMISV_148 on 
chromosome 4A, 1.9 cM from DArT marker wPt-5749 
on the same chromosome. The marker wPt-5749 is located 
in the interval between SSR markers gwm350 and wmc219 
on the map reported by Yu et al. (2014). Basnet et al. (2015) 
associated the SSR markers gwm350 and wmc219 with 
a temporarily designated gene SrND643 on the long arm 
of chromosome 4A. Saini et al. (2018) also detected 
a major QTL (QSr.rwg-4A) on 4AL with a 37% PVE, and 
a LOD = 30 at marker wmc219, which is approximately 
27 cM from the D_GBF1XID01EMISV_148 marker for the 
4A QTL we identified. SrND643 reported by Basnet et al. 
(2015) and the QSr.rwg-4A QTL reported by Saini et al. 
(2018) mapped to the Sr7 region. Letta et al. (2013) and Yu 
et al. (2017) also reported QTL in the same region. More 
research is required to determine if any of these QTL 
contain the same gene and whether or not that gene(s) is 
allelic at the Sr7 locus.

The QSr.spa-5B QTL identified from Strongfield on 
chromosome 5B with minor effect on stem rust infection 
response (IR, only in year 2008) was more than 50 cM 
distant from other stem rust QTL reported on the same 
chromosome by Haile et al. (2012). A QTL for APR to 
stem rust in Canadian and Kenyan field nurseries was also 
reported by Singh et al. (2013a) on chromosome 5B. The 
QSr.spa-5B QTL was mapped on 5B in an interval of 
5.4 cM between SNP markers Tdurum_contig28868_84 – 
BobWhite_c7818_278, and DArT marker wPt-7665 was 
located in close proximity to the same interval. The marker 
wPt-7665 is known to be linked with adult plant resistance 
gene Sr56 on the long arm of chromosome 5B (Bansal et al. 
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2014). It is possible that the QTL QSr.spa-5B corresponds 
to Sr56 but additional work is needed to confirm the asso-
ciation of QSr.spa-5B with Sr56.

A limitation of this study is the genetic sampling of 
only two durum lines in one bi-parental population. 
Additionally, these parents are from the Canadian 
germplasm pool and are not highly diverse. 
Consequently, the modest level of polymorphism 
observed in this study is not unexpected. Futhermore, 
the 90 K SNP chip is based on SNPs identified mainly 
from hexaploid wheat, and may not, therefore, be as 
representative of polymorphism in durum. In particular, 
SNP probes belonging to the D-genome will generally 
not hybridize to genomic DNA of durum wheat, lead-
ing to a smaller percentage of polymorphic markers. 
Due to these constraints, any resistance QTL in com-
mon between parents will not be revealed and map 
intervals will not be highly resolved. A low mapping 
resolution is also a limitation of the small population 
size used here.

In this work, we report four significant QTL asso-
ciated with resistance to stem rust in a durum wheat DH 
population derived from a cross of A9919-BY5C and 
Strongfield genotyped with SNP and DArT markers. 
Among them, one consistently expressed QTL (QSr. 
spa-6A) on the short arm of chromosome 6A (6AS) 
with a major effect on resistance at the seedling as 
well as adult plant stages was contributed by A9919- 
BY5C, a line derived from the cross DT696/Napoleon. 
This QTL appears to be gene Sr8155B1 or a novel gene 
at the Sr8 locus. Another QTL (QSr.spa-1B) derived 
from A9919-BY5C with a modest effect on resistance 
at the adult plant stage in two environments was identi-
fied on chromosome 1B and likely is gene Sr14. Two 
QTL, one on chromosome 4A (QSr.spa-4A) and the 
other on 5B (QSr.spa-5B), each with an independent 
minor effect on resistance at the adult plant stage, 
were contributed by Strongfield. Because the 1B and 
6A QTL were from one parent and the 4A and 5B 
QTL were from the other parent, opportunity exists to 
stack the four loci towards improving the durability of 
resistance to stem rust. A9919-BY5C is not only 
a valuable source of resistance to TTKSK and other 
members of the Ug99 race group, but also to other Pgt 
races.
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