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Abstract

Wheat landrace Cltr 15026 previously showed adult plant resistance
(APR) to the Ug99 stem rust race group in Kenya and seedling resistance
to Puccinia graminis f. sp. tritici races QFCSC, TTTTF, and TRTTF. Cltr
15026 was crossed to susceptible accessions LMPG-6 and Red Bobs, and
180 double haploid (DH) lines and 140 recombinant inbred lines
(RIL), respectively, were developed. The 90K wheat iSelect single-
nucleotide polymorphism platform was used to genotype the parents and
populations. Parents and 180 DH lines were evaluated in the field in Kenya
for three seasons. A major quantitative trait locus (QTL) for APR was con-
sistently detected on chromosome arm 6AS. This QTL was further detected

in the RIL population screened in Kenya for one season. Parents, F;, and
the two populations were tested as seedlings against races TRTTF and
TTTTF. In addition, the DH population was tested against race QFCSC.
Goodness-of-fit tests indicated that the TRTTF resistance in Cltr 15026
was controlled by two complementary genes whereas the TTTTF and
QFCSC resistance was conditioned by one dominant gene. The TRTTF
resistance loci mapped to chromosome arms 6AS and 6DS, whereas
the TTTTF and QFCSC resistance locus mapped to the same region on
6DS as the TRTTF resistance. The APR identified in Cltr 15026 should
be useful in developing cultivars with durable stem rust resistance.

The Ug99 race group of Puccinia graminis f. sp. tritici Eriks. &
E. Henn. has overcome the stem rust resistance genes Sr31, Sr24,
Sr36, and SrTmp, which were deployed in many wheat cultivars
worldwide (Jin and Singh 2006; Jin et al. 2008, 2009; Newcomb
et al. 2016; Olivera et al. 2015). The use of resistant cultivars is the
most effective and low-cost means to control wheat stem rust (Roelfs
and Bushnell 1985). The widespread deployment of single race-
specific resistance genes often results in the evolution of new virulent
races of the pathogen, such as members of the Ug99 race group, and
can result in stem rust epidemics. Consequently, it is necessary to find
novel sources of resistance and to deploy these genes together with
other effective genes to enhance their longevity (Singh et al. 2008,
2011a). In contrast to race-specific resistance conferred by major
genes, adult plant resistance (APR) is expressed in the later stages of
plant development and is thought to have more complex inheri-
tance (Singh et al. 2011b). APR is also often incomplete in that
the pathogen can reproduce, although reproduction is much less than
a fully susceptible response (Singh et al. 2011a). APR to stem rust is
likely to be more durable because the best-characterized gene for stem
rust APR, Sr2, has maintained its effectiveness for more than 60 years
(Singh et al. 2011a,b). In addition to Sr2, four other resistance genes
have been identified and classified as APR genes for stem rust in wheat
(Lr671Yr46/Sr55/Pm46, Sr56, Lr34/Yr18/ Sr57/Pm38, and Lr46/Yr29/
Sr58/Pm39) (Bansal et al. 2014; Herrera-Foessel et al. 2014; Lagudah
et al. 2009; McFadden 1930; Singh et al. 2011b). Discovering new
APR genes and identifying markers linked to the genes is important
for control of the Ug99 race group, given the continued evolution of
the pathogen toward greater virulence to specific major genes.

In previous efforts, 2,509 wheat landraces from the National Small
Grains Collection (NSGC) were evaluated for field resistance to the
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Ug99 race group in stem rust nurseries in Kenya. Among these acces-
sions, wheat landrace Cltr 15026, originally collected in Afghanistan,
consistently displayed severities and infection responses ranging from
15 moderately resistant-resistant (MRR) to 25 moderately resistant
(MR) (Newcomb et al. 2013). However, when tested at the seedling
stage, Cltr 15026 exhibited high infection type (IT) 3 to P. graminis
f. sp. tritici races TTKSK and TTKST, indicating that this accession
has APR to the Ug99 race group. In addition, when inoculated at
the seedling stage with P. graminis f. sp. tritici races TRTTF and
TTTTF, which are distinct from the Ug99 race group (Olivera
etal. 2015), Cltr 15026 exhibited low IT of ;1" and ‘2,” respectively.
Race TRTTF is a highly virulent race with virulence to Sr9, Sri3,
and SrIRS*"8° genes that are important in durum and winter wheat cul-
tivars in the United States (Olivera et al. 2012). Because APR is usually
controlled by a combination of genes, molecular markers associated with
APR will be useful for selecting the APR in Cltr 15026 in the presence of
race-specific resistance in breeding populations. The objectives of this
study were to map the seedling stage resistance and APR in Cltr
15026 and identify single-nucleotide polymorphism (SNP) markers that
could be used in marker-assisted selection.

Materials and Methods

Population development. To elucidate genetic control of stem
rust resistance in Cltr 15026, two populations were generated: 180
double haploids (DH) from a cross with LMPG-6 and 140 (F,.)
recombinant inbred lines (RIL) derived from a single F; seed from a
cross with Red Bobs. Cltr15026 is a hexaploid wheat (Triticum aesti-
vum subsp. aestivum) landrace from the NSGC that was collected from
Afghanistan in 1968. LMPG-6 (Knott 1990) and Red Bobs (Dyck and
Green 1970) are highly susceptible wheat lines. Initial results showed
that seedling resistance to P. graminis f. sp. tritici races TRTTF and
TTTTF mapped to the short arm of chromosomes 6A and 6D; there-
fore, five wheat accessions carrying Sr8a (ISr8a-Ra) and Sr8b (Cltr
14196) on chromosome 6AS and Sr5 (ISr5-Ra), SrCad (AC Cadillac),
and Sr42 (Norin 40) on chromosome 6DS were included in this study.

Seedling screening. Parents, ISr8a-Ra, Cltr 14196, ISr5-Ra, AC
Cadillac, Norin 40, F; seedlings, and the two populations were screened
with P. graminis f. sp. tritici races TRTTF (isolate 06YEM34-1) and
TTTTF (isolate 01MN84A-1-2) at the United States Department of
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Agriculture-Agricultural Research Service (USDA-ARS) Cereal Dis-
ease Laboratory in St. Paul, MN following the protocol described
by Rouse et al. (2011). Parents and 180 DH lines were tested against
P. graminis f. sp. tritici race QFCSC (isolate 06ND76C) in Aberdeen,
ID. About five seedlings from each line were tested and seedling
IT were recorded using the 0-to-4 scale developed by Stakman
et al. (1962). To test for goodness-of-fit to the models of one,
two, or four genes, x? analyses were performed.

Field screening. Parents and 180 DH lines from the LMPG-6/Cltr
15026 cross were evaluated for field resistance to the Ug99 race group
at the adult plant stage in stem rust nurseries in Njoro, Kenya during
three growing seasons in May 2013, May 2014, and October 2014.
To validate the DH mapping results, parents, F;, and 140 RIL from
the Red Bobs/Cltr 15026 cross were evaluated for field resistance in
Kenya during one growing season in October 2015. The entries were
planted in 1-m rows with two replicates and with six replicates for each
of the parents and Red Bobs. A mixture of cultivars with Sr31 (suscep-
tible to TTKSK) and Sr24 (susceptible to TTKST) were planted adja-
cent to the plots as spreader rows. The spreader rows were inoculated
with a bulk collection of P. graminis f. sp. tritici isolates of the Ug99
race group at the jointing growth stage to produce spores for natural
dispersal to the experimental plots. The modified Cobb scale (Peterson
et al. 1948) was used to assess the stem rust severity (0 to 100%) at the
soft dough stage and the infection response was rated as susceptible
(S), moderately susceptible (MS), moderate susceptible-susceptible
(MSS), moderate (M), MR, and resistant (R) (Roelfs et al. 1992).
For each line, the stem rust severity was multiplied by a constant value
for infection response to obtain the coefficient of infection (CI), as de-
scribed by Knott (1989).

Map construction and quantitative trait loci analysis. Total ge-
nomic DNA was extracted from leaves of 2-week-old seedlings using
the cetyltrimethylammonium bromide protocol, with modification
(Babiker et al. 2015). The 90K iSelect SNP genotyping platform
was used to genotype parents, 180 DH lines, 140 RIL, and F; seedlings
from the Red Bobs/Cltr 15026 cross, as described by the manufacturer
(Illumina). Allele calling for each SNP was performed using Illumina’s
GenomeStudio v2011.1, and manually inspected for call accuracy.
SNP markers polymorphic between parents with less than 9% missing
data were selected and used to construct the genetic linkage maps using
JMP Genomics 7.1 (SAS Institute). The recombination and linkage
groups function with a minimal genetic distance of 30 centimorgans
(cM) was used to determine the initial number of linkage groups.
The linkage map order function was used to determine the most likely
marker order. The single-marker analysis (SMA) function was used to
identify markers with significant effects, while the composite interval
mapping (CIM) analysis function was used to generate a composite in-
terval map of quantitative trait loci (QTL) with a minimum logarithm
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of odds threshold of 3.0. Genetic distances between markers were cal-
culated in centimorgans using the Kosambi map function and linkage
groups were assigned to chromosomes based on the 90K consensus
map (Wang et al. 2014).

Results

Inheritance of seedling resistance to P. graminis f. sp. tritici
races QFCSC and TTTTF. When tested at the seedling stage against
P. graminis f. sp. tritici races QFCSC and TTTTF, Cltr 15026 showed
a low IT score of “2” whereas LMPG-6 and Red Bobs exhibited S re-
actions. with IT of ‘3+* and ‘4.” The DH population segregated in a 1:1
ratio for each race, with x? = 0.46, P = 0.49 (R:S = 91:82) for
QFCSC and x>=0.36, P=0.55 (R:S = 94:86) for TTTTF. The F, seed-
lings exhibited IT of ‘2’ to races QFCSC and TTTTF, indicating that
resistance to races QFCSC and TTTTF is controlled by a single dom-
inant gene.

The segregation ratio in the RIL population fitted the 1:1 expecta-
tion for a single gene (x> = 0.074, P = 0.78) for race TTTTF (R:S =
59:62). RIL resistant to race TTTTF exhibited IT of ‘2—’ and ‘2’ and
susceptible RIL exhibited IT of ‘3+” and ‘4.” When tested against
race TTTTF, ISr8a-Ra, Cltr 14196, ISr5-Ra, AC Cadillac, and Norin
40 displayed high IT of ‘3+” and ‘4,” indicating that CItr 15026 most
likely has a novel resistance gene or allele effective to race TTTTF.
The TTTTF resistance gene or allele was temporally designated
Sr15026.

Inheritance of seedling resistance to P. graminis f. sp. tritici
race TRTTF. When tested against race TRTTF at the seedling stage, Cltr
15026 displayed IT of ;°1° whereas LMPG-6, Red Bobs, and F; seedlings
exhibited a completely susceptible reaction, with IT of 3+ and ‘4’ indi-
cating recessive resistance. RIL resistant to race TRTTF exhibited IT of
2" and 2’ and susceptible RIL exhibited IT of ‘3+’ and ‘4.” The DH and
the RIL populations segregated in a 3:1 (S:R) ratio (x> = 0.0922, P =0.79
and x%=0.298, P =0.58, respectively), indicating that Cltr 15026 had two
complimentary genes for resistance to race TRTTF and at least one of the
genes is recessive. Among the DH population, 131 lines were susceptible
and 46 were resistant to race TRTTF. The monogenic line ISr8a-Ra
exhibited an IT score of 2’ to race TRTTF, whereas Cltr 14196, ISr5-
Ra, AC Cadillac, and Norin 40 displayed IT scores of ‘3+" and ‘4,” indicat-
ing that Cltr 15026 most likely has a novel resistance gene effective to race
TRTTF.

Mapping seedling resistance to P. graminis f. sp. tritici
races QFCSC, TRTTF, and TTTTF. In the DH population,
6,202 SNP markers previously assigned to chromosomes (Wang
et al. 2014) were anchored to 41 linkage groups representing all 21
wheat chromosomes, with a total map length of 2,812 cM. SMA
revealed the presence of one locus for resistance to QFCSC and
TTTTF on the short arm of chromosome 6D. Eight SNP markers were
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Fig. 1. Single-nucleotide polymorphism-based genetic linkage maps of the Srgene in Cltr 15026 on chromosome 6DS for resistance to races QFCSC and TTTTF constructed from
the A, LMPG-6/Cltr 15026 double haploid population and B, Red Bobs/Cltr 15026 recombinant inbred line population. Values next to the marker names are the distances (in

centimorgans) generated using the Kosambi mapping function.
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associated with the QFCSC and TTTTF resistance locus on chromo-
some 6DS. The SNP markers IWB34477 and IWB36391 were
mapped 2.9 cM distal to the QFCSC and TTTTF resistance locus,
whereas the SNP marker IWA4000 was mapped 2.93 c¢cM proximal
to the resistance locus (Fig. 1A). Two loci for resistance to race TRTTF
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were mapped to the short arm of chromosomes 6A and 6D. The same
eight SNP markers associated with resistance to races QFCSC and
TTTTF were associated with the TRTTF resistance on 6DS. In addition
to the 6DS markers, a group of 22 SNP markers mapped 19.5 cM distal
to the TRTTF resistance locus on chromosome 6AS (Fig. 2A).
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Fig. 2. Single-nucleotide polymorphism-based genetic linkage maps of the adult plant resistance locus in Cltr 15026 on chromosome 6AS constructed from the A, LMPG-6/Cltr
15026 double haploid population and B, Red Bobs/Cltr 15026 recombinant inbred line population using an iSelect 90K Infinium assay. Values next to the marker names are the
distances (in centimorgans) generated using the Kosambi mapping function.

Table 1. Quantitative trait loci for adult plant resistance to Ug99 in the LMPG-6/Cltr 15026 double haploid population assessed in three seasons in Kenya?®

May-2103 May-2104 October-2104
SNP ID Chr Pos(cM) LOD AE R? (%) LOD AE R? (%) LOD AE R? (%)
IWB51731_1 6AS 40.60 2.08 -84 10.3 3.1 -10.0 9.5 4.6 -18.3 21.2
IWB71485 6AS 35.71 3.19 -10.2 10.8 7.1 -14.6 20.3 6.4 -20.7 28.5
IWB7466 6AS 28.85 336 -104 10.8 7.5 -14.8 21.3 6.7 -20.9 29.7
IWB42506_1 6AS 30.15 336 -104 10.5 7.5 -14.8 21.3 6.7 -20.9 29.7
IWA4962, IWB44863, IWB31479 6AS 21.12 325 -103 10.5 7.6 -14.9 21.5 6.9 -21.2 30.1
IWB50019, IWB41817, IWA4551 6AS 2291 3.25 -10.3 10.5 7.6 -14.9 21.5 6.9 -21.2 30.1
IWB43100, IWB41952, IWB51436_1 6AS 27.15 325 -103 9.3 7.6 -14.9 21.5 6.9 -21.2 30.1
IWA7287 6AS 27.15 2.87 -9.7 93 6.8 -14.3 19.5 6.2 -20.4 27.6
IWA7288 6AS 24.30 2.87 -9.7 11.0 6.8 -14.3 19.5 6.2 -20.4 27.6
TWB30507, IWB46303, IWB52325 6AS 25.53 3.41 -10.5 10.8 8.7 -15.9 24.2 6.9 -21.2 30.1
IWB48751 6AS 21.12 334 -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB43808, IWB72956 6AS 16.58 3.33 -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB66015, IWB67413 6AS 13.45 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB61766 6AS 12.91 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB60891 6AS 6.98 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB64084_1 6AS 4.73 3.33 -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB64085 6AS 3.86 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB47513 6AS 3.79 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB67412 6AS 13.45 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB882 6AS 16.96 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB64918, IWB35595 6AS 16.58 333  -105 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB5029 6AS 16.00 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB58271, IWB60249, IWB60233, 6AS 13.45 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB67416
IWB72957, IWB67415, IWB43805, 6AS 13.45 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB35219
IWB44965 6AS 1291 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB53713, IWB2392 6AS 12.48 3.33 -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB30834, IWB50596, IWB69382 6AS 6.98 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB51481, IWB39292 6AS 6.43 333  -105 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWA1622 6AS 4.73 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1
IWB33595 6AS 3.43 333  -10.5 10.7 8.8 -16.1 24.6 7.1 -21.6 31.1

2 Chr = chromosome, Pos = distance based on a reference consensus map (Wang et al. 2014), LOD =
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To verify mapping results from the DH population in the RIL pop-
ulation, 3,817 SNP markers were polymorphic between Red Bobs
and Cltr 15026 and detected as heterozygous in F; seedlings. These
SNP markers were anchored to 28 linkage groups representing all 21
wheat chromosomes, with a total map length of 1,543.7 ¢cM. Using
SMA, the TTTTF resistance locus was mapped to the short arm of
chromosome 6D and was flanked by nine SNP markers. Of the nine,
seven SNP markers were detected on the DH population. Relative
to the TTTTF locus, IWB262 was mapped 2.5 cM proximal and
IWB49086 was mapped 1.3 cM distal (Fig. 1B). Using the SMA
function, two regions for resistance to TRTTF were detected on
the short arms of chromosomes 6D and 6A. The TRTTF resistance
locus on 6DS mapped to the same location as the TTTTF resistance.
On chromosome 6AS, a group of 19 SNP markers mapped 15.9 cM
distal from TRTTF resistance locus on 6AS (Fig. 2B).

Mapping adult plant field resistance. Parents and DH lines from
LMPG-6/CItr 15026 were tested for three seasons in the field stem
rust nursery in Njoro, Kenya in 2013 and 2014. The resistant parent, Cltr
15026, displayed disease severities and infection responses ranging from
10 MRR to 20 M, whereas LMPG-6 exhibited responses ranging from
45 MSS to 60 S. The severities and infection responses of the DH pop-
ulation ranged from 10 MRR to 60 S. In the DH population, QTL
analyses were conducted for each season using the mean CI values cal-
culated from replicates. Using the CIM function, one QTL for resistance
to Ug99 was detected on the short arm of chromosome 6A at a 10.2-cM
interval (Table 1; Fig. 2A). This QTL was consistently detected across
the three seasons and explained 10 to 31% of the phenotypic variation.
The detected QTL was designated as OSr.abr-6AS.1 (Fig. 2A).

To validate the QTL detected in the DH population, parents, RIL,
and F; from the Red Bobs/CItr 15026 cross were evaluated for field
resistance to Ug99 in Njoro, Kenya during the main growing season
in 2015. ClItr 15026 displayed disease severities and infection re-
sponses ranging from 10 MRR to 20 M and Red Bobs exhibited re-
sponses ranging from 45 MSS to 60 S. The F, seedlings displayed a
disease severity and infection response of 60 S in two replicates, in-
dicating that the APR is conditioned by recessive genes in Cltr

15026. The severities and infection responses of the RIL ranged
from 10 MRR to 80 S. QTL analysis was conducted using the average
CI values from the two replicates. One QTL for APR was detected
on chromosome arm 6AS at a 6.01-cM interval and it explained
10 to 19% of the phenotypic variation (Table 2; Fig. 2B). Of the 43 sig-
nificant markers detected in the DH population, 15 SNP were found
to be significant in the RIL population.

Discussion

Wheat landrace Cltr 15026 consistently showed a high level of
APR to the Ug99 race group in the stem rust nursery in Kenya over
many years (Newcomb et al. 2013). Cltr 15026 was negative for the
presence of molecular markers for Rht-Bld, Rht-D1b, Sr2, Sr22,
Sr24, Sr26, Sr31, Sr36, Lr34, and Lri19/Sr25, indicating that Cltr
15026 is most likely a landrace and not a product of modern breeding
(Newcomb et al. 2013). When tested against P. graminis f. sp. tritici
races TTKSK and TTKST at the seedling stage, Cltr 15026 showed
susceptible ITs to the two races, indicating that Cltr 15026 has APR
to the Ug99 race group. In two different stripe rust nurseries in Wash-
ington state, Cltr 15026 was found to possess field resistance to sev-
eral races of P. striiformis f. sp. tritici (Sthapit et al. 2014). In addition,
when tested against P. graminis f. sp. tritici races TRTTF, TTTTF,
and QFCSC, it displayed low IT to the three races. Based on the
x? analyses results, the TRTTF resistance in Cltr 15026 was found
to be governed by two complimentary recessive genes. Singh and
Mclntosh (1987) found that the APR in ‘Chris’ wheat is controlled
by two complementary genes. In addition to Sr7a and Sri2, Chris
possessed Sr5 and Sr8a on chromosome arms 6DS and 6AS, respec-
tively. When tested against race TRTTF, none of the progeny from the
two crosses displayed IT similar to Cltr 15026. In addition, not all
progeny with TTTTF resistance were resistant to race TRTTF, indicat-
ing a complex interaction between different loci. The loci for seedling
resistance to race TRTTF were mapped to chromosome arms 6AS and
6DS using two mapping populations. To date, one TRTTF-effective Sr
gene, Sr8a, has been described on chromosome arm 6AS. Sr8a is
effective against P. graminis f. sp. tritici race TRTTF with IT of 2’

Table 2. Quantitative trait loci for adult plant resistance to Ug99 in the Red Bobs/Cltr 15026 recombinant inbred line population assessed in one season in Kenya?

October 2015
SNP ID Chr Pos (cM) LOD AE R? (%)
TWB42506_1 6AS 30.15 3.11 -12.28 10
IWB7466 6AS 28.85 3.11 -12.28 10
IWB23137, IWB13112, IWB22190_1, 6AS 27.15 3.57 -13.19 12
IWA1749, IWB14410
IWB43173 6AS 25.86 3.57 -13.19 12
IWB7330 6AS 25.55 3.57 -13.19 12
ITWB547, IWB29603, IWB31824, 6AS 25.53 3.57 -13.19 12
IWB24128, IWB9985, IWB43099
IWB55386 6AS 23.62 3.57 -13.19 12
IWB45938 6AS 22.97 3.57 -13.19 12
IWB8&42 6AS 21.99 431 -14.74 14
IWB11242 6AS 19.24 4.68 -15.20 15
IWB64918 6AS 16.58 4.15 -14.42 14
IWB22702, IWB44965 6AS 12.91 5.38 -16.23 17
IWB59591, IWB39292, IWB12517, 6AS 6.43 5.38 -16.23 17
IWB10557
IWA1622 6AS 4.73 5.38 -16.23 17
IWB5029 6AS 16.00 5.08 -15.76 16
IWB10541 6AS 343 5.98 —-17.08 19
IWB882, IWB7814 6AS 16.96 3.89 -13.92 13
TWB43808, IWB35595, IWB72956 6AS 16.58 3.89 -13.92 13
IWB60249, IWB58271, IWB43805, 6AS 13.45 3.89 -13.92 13
TWB49090
IWB67415, IWB67413, IWB66015, 6AS 13.45 3.89 -13.92 13
IWB26414
IWB35219, IWB23521, IWB11315, 6AS 13.45 3.89 -13.92 13
IWB72957, IWB67416
TWB2392 6AS 12.48 3.89 -13.92 13

2 Chr = chromosome, Pos = distance based on a reference consensus map (Wang et al. 2014), LOD = logarithm of odds, and AE = additive effect.
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(Olivera et al. 2012). Based on the x? result, the TRTTF resistance in
SD4279, a line postulated to carry Sr8a, was found to be condi-
tioned by a single dominant gene (Guerrero et al. 2015). Mapping
using the 9K Illumina SNP genotyping platform located Sr8a on the
distal part of chromosome arm 6AS (Guerrero et al. 2015). Using as-
sociation mapping, Bajgain et al. (2015) detected 57 SNP markers to
be associated with the TRTTF resistance on chromosome arm 6AS. Of
these, 11 SNP markers were detected in both the DH and RIL popula-
tions used in the present study. Though the map location is not sugges-
tive of any difference between SrSa and the TRTTF resistance locus in
Cltr 15026, the dominant gene action of Sr8a and the IT displayed by
Sr8a and Cltr 15026 suggest that the TRTTF resistance in Cltr 15026
is independent of Sr8a. Further allelism studies are needed to explain
any relationship between Sr8a and the TRTTF locus in Cltr 15026.

The second TRTTF resistance locus was mapped to the short arm
of chromosome 6D at the same location as resistance to TTTTF and
QFCSC. Two of the detected SNP markers in both populations,
IWB36391 and IWB49086, were previously found to be associated
with Sr42 and SrCad, respectively (Gao et al. 2015; Kassa et al.
2016). Based on the location of the closely linked SNP markers, we
predicted the 6DS locus to be close to Sr5, Sr42, or SrCad (Ghazvini
et al. 2012; Hiebert et al. 2011). It is likely that SrCad is an allele of
Sr42 (Gao et al. 2015). However, when tested against P. graminis
f. sp. tritici races TTTTF and QFCSC, Sr5, Sr42, and SrCad dis-
played high IT to both races. This excluded the possibility of having
neither Sr5, Sr42, nor SrCad in Cltr 15026. Therefore, we con-
cluded that the resistance to P. graminis f. sp. tritici races TTTTF
and QFCSC in ClItr 15026 could be controlled by a novel allele
or gene on 6DS.

Within the region with the seedling resistance to race TRTTF on
chromosome arm 6AS, one major QTL for APR to the Ug99 race
group was consistently detected in four seasons in the field nurseries
in Kenya. In the DH and RIL populations, the QTL region was flanked
by 48 and 43 SNP markers, respectively. Of these, 15 SNP markers
were consistently detected in both populations. In previous studies,
five designated genes (Sr2, Sr55, Sr56, Sr57, and Sr58) for APR to
Ug99 have been described in wheat. These genes have been mapped
to chromosomes 3BS, 4DL, 5BL, 7DS, and 1BL, respectively (Bansal
etal. 2014; Herrera-Foessel et al. 2014; Lagudah et al. 2009; McFadden
1930; Singh et al. 2011b). One QTL on chromosome arm 6AS for
APR to Ug99 has been reported in an association mapping study. This
QTL was detected by two DArT (Diversity Arrays Technology)
markers and located on the distal part of chromosome 6AS (Yu
et al. 2011). In addition, both major gene alleles reported on 6AS
(Sr8a and Sr8b) were ineffective against the Ug99 race group in Kenya
(Jin et al. 2007). Therefore, the APR locus on chromosome 6AS of Cltr
15026 is likely controlled by new genes or novel alleles of Sr8. Iden-
tification of APR to Ug99 is time consuming because plants must be
grown to the heading stage in an environment where Ug99 is present,
or a biosecurity facility where it is possible to inoculate with the Ug99
race group. Therefore, molecular markers tightly linked to the QTL re-
gion would be useful for wheat breeders to combine the APR locus
from ClItr 15026 with race-specific Sr genes. The SNP markers
identified in the present study may facilitate rapid introgression
of the new APR locus in Cltr 15026 into wheat breeding lines using
marker-assisted selection.

In conclusion, we described a source of APR to the Ug99 race
group from wheat landrace accession Cltr 15026. This APR should
be useful in developing new wheat cultivars with durable stem
rust resistance when deployed with major genes effective against
Ug99. In addition, two complementary loci for seedling resistance
to P. graminis f. sp. tritici race TRTTF were identified from Cltr
15026, and one of these loci conferred resistance to P. graminis
f. sp. tritici races QFCSC and TTTTF.
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