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RESEARCH

Leaf rust (Puccinia triticina Eriks) is the most common type of 
rust of wheat (Triticum aestivum L.) worldwide (Bolton et al., 

2008) and can be found on every continent with the exception 
of Antarctica (Huerta-Espino et al., 2011). In the southeastern 
US soft red winter wheat region, disease severity will typically 
peak during April in Georgia and at the end of May in Virginia 
(Kolmer and Hughes, 2013). Losses from leaf rust are typically 
less severe than those resulting from the other two common rust 
diseases, stem rust (Puccinia graminis Pers.:Pers.) and stripe rust 
(Puccinia striiformis Westend. f. sp. tritici Eriks.), but leaf rust causes 
greater overall losses due to its wider distribution and occur-
rence (Huerta-Espino et al., 2011). Selection pressure forced on 
the pathogen population by the presence of only a few resistance 
genes deployed among the predominant wheat cultivars has 
resulted in extensive genetic diversity among P. triticina virulence 
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ABSTRACT
Disease resistance is critical in soft red winter 
wheat (Triticum aestivum L.) cultivars. Leaf rust 
caused by Puccinia triticina Eriks and stripe rust 
caused by Puccinia striiformis Westend. f. sp. 
tritici Eriks. are destructive pathogens of wheat. 
Phenotypic data were collected at diverse loca-
tions for resistance to leaf rust (North Carolina, 
Texas, and Virginia) and stripe rust (Arkansas, 
North Carolina, Georgia, Texas, and Virginia) 
in a Pioneer ‘25R47’ /‘Jamestown’ (P47/JT) 
population composed of 186 F5:9 recombinant 
inbred lines (RILs). The P47/JT RILs were geno-
typed with a public 90K iSelect single-nucleo-
tide polymorphism array. Analysis of the P47/
JT population identified two quantitative trait 
loci (QTL) for leaf rust resistance on chromo-
some 5B and two QTL for stripe rust resistance 
on chromosomes 3B and 6A. These QTL were 
associated with both infection type and disease 
severity. Phenotypic variation (%) explained by 
the putative leaf rust resistance QTL of James-
town on 5B was as high as 22.1%. Variation 
explained by the putative stripe rust resistance 
QTL of Jamestown on 3B and 6A was as high 
as 11.1 and 14.3%, respectively. Introgression 
and pyramiding of these QTL with other genes 
conferring resistance to leaf and stripe rusts via 
marker-assisted selection will facilitate develop-
ment of soft red winter wheat cultivars having 
more durable resistance.
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phenotypes (Kolmer, 1992). Control of leaf rust through 
deployment of diverse and durable genetic resistance in 
cultivars, as opposed to reliance on fungicides, has been 
shown to be the most cost-effective method, with an 
estimated 27:1 benefit to cost ratio (Marasas et al., 2003). 
There are >74 leaf rust resistance genes that have been 
mapped to chromosome locations and given gene designa-
tions, as well as numerous temporarily designated leaf rust 
resistance genes (McIntosh et al., 2013). Due to the highly 
variable nature of P. triticina, durable leaf rust resistance in 
wheat cultivars has been difficult to achieve.

Stripe rust (P. striiformis) of wheat is considered to be 
one of the most widely destructive plant diseases in the 
world and one of the most important diseases of wheat 
since the 1960s (Line, 2002). Stripe rust reduces grain 
and forage yield and quality. Seed harvested from crops 
infected with stripe rust often exhibit low vigor and 
emergence (Chen, 2005). Stripe rust consumes water and 
nutrients from the host plant, weakening the plant (Chen, 
2005). In 2000, 21 new races of stripe rust were identified 
in the United States, and among these new races, eight 
had combinations of virulence to resistance genes that 
were previously known to provide exceptional resistance 
in the United States (Chen et al., 2002). From 2000 to 
2007, there were a total of 115 identified races of stripe rust 
(Chen et al., 2010), and by 2010, that number had grown 
to 146 (Wan and Chen, 2014). New races were identified 
that are able to germinate at warmer temperatures, allow-
ing for disease development later in the season. This new 
stripe rust population has increased adaptation and fitness 
yet contains many virulence alleles that are not required 
to overcome resistance in soft red winter wheat cultivars 
east of the Rocky Mountains (Chen, 2005; Dracatos et 
al., 2016). There are >60 stripe rust resistance genes that 
have been mapped to chromosome locations and given 
gene designations, and there are also numerous temporar-
ily designated stripe rust resistance genes (McIntosh et al., 
2013). The common incorporation of race-specific resis-
tance genes into commercial cultivars due to their simple 
inheritance makes use of such genes that are appealing in 
breeding programs. However, the most severe epidemics 
caused by stripe rust were the result of failure of race-spe-
cific resistance genes in widely grown cultivars. Stripe rust 
genes are classified into two categories: all-stage resistance 
(race-specific, hypersensitive resistance), or qualitative 
resistance, and high-temperature adult plant resistance 
(HTAP), or quantitative resistance (Chen, 2007). Expres-
sion of these genes results in various amounts of chlorosis 
and/or necrosis, depending on the level of resistance of 
the plant and environmental factors such as temperature. 
Due to the highly variable nature of P. striiformis, durable 
stripe rust resistance in wheat cultivars has been difficult 
to achieve.

Adult plant resistance, or quantitative resistance, 
is more durable and effective against multiple races of a 
pathogen. Introgression of multiple seedling resistance 
genes and adult plant resistance genes into elite cultivars 
will result in broader spectrum and more durable resis-
tance (Griffey and Allan, 1988). Multiline cultivars and 
gene pyramiding have been successfully used to control 
stripe rust (Chen, 2007). Development of gene pyramids 
requires the identification of diverse genes and QTL for 
resistance, and their combined incorporation into a high-
yielding cultivar (Singh et al., 1992).

Soft red winter wheat cultivars Jamestown and 
Pioneer ‘25R47’ were crossed and used to develop recom-
binant inbred lines (RILs) to map QTL associated with 
resistance to leaf and stripe rust. Jamestown has been doc-
umented to have leaf rust resistance and displayed HTAP 
resistance to stripe rust in regional nurseries across the 
United States. The soft red winter wheat cultivar James-
town (PI 653731) is productive in the southern Corn Belt, 
the Deep South, and throughout the mid-Atlantic region. 
This can be attributed to its resistance to leaf rust, stripe 
rust, and Hessian fly (Mayetiola destructor) (Griffey et al., 
2010) The objectives of this study were to characterize 
QTL conferring resistance to leaf rust and stripe rust, 
and to identify or develop diagnostic DNA markers that 
can be used in marker-assisted breeding to pyramid these 
genes with other complementary genes to provide effec-
tive and durable resistance.

MATERIALS AND METHODS
Plant Materials
One hundred and eighty-six RILs were derived from the 
cross of Pioneer ‘25R47’ (PI 631473) (Lively et al., 2004) by 
Jamestown (PI 653731) (Griffey et al., 2010). The cultivars 
are adapted to the eastern US soft red winter wheat growing 
region. The cultivar Jamestown was derived from the cross 
‘Roane’/Pioneer ‘2691’ developed by Virginia Tech. Pioneer 
Hi-Bred International developed cultivar 25R47 from the cross 
WBE-2190-B-1 (‘Frankenmuth’ /Pioneer ‘2555’ sib//Pioneer 
‘2551’ sib)/WBA-416-H-2 (‘Houser’ /MO-9545//W-4034-
D/‘Augusta’)//Pioneer ‘2552’.

Field Assessment
The RIL population was evaluated in replicated field tests com-
posed of 1.2-m rows as the experimental unit arranged in a 
randomized complete block design. Disease-resistant and sus-
ceptible checks, along with both parents of the population, were 
spaced throughout the design. Disease spreader strips of the leaf 
rust-susceptible cultivar ‘Massey’ (PI 17953) (Starling et al., 
1984) and stripe rust-susceptible line VA10W-21 (Z00-5018/
VA01W-158) bordered the RIL population at each location.

Leaf rust assessments of the RIL population were conducted 
at Warsaw, VA (one replication in 2013–2014 and two replica-
tions in 2014–2015), where susceptible borders were inoculated 
with leaf rust race TNRJ using Soltrol light mineral oil in addi-
tion to natural infection. The RIL population was also evaluated 
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Single-Nucleotide Polymorphism Array
A 90K iSelect single-nucleotide polymorphism (SNP) geno-
typing assay was performed on the RIL population at the 
USDA-ARS Small Grains Genotyping Laboratory in Fargo, 
ND. Genome Studio 2.0 software (Illumina, 2016) was used to 
analyze the SNPs according to genotype. Procedures for calling 
SNP(s) were similar to the procedures used in Cavanagh et al. 
(2013) and Wang et al. (2014). In summary, there were multiple 
parental clusters called, similar to Liu et al. (2016), which were 
then converted to the A, B, H format (Supplemental Table S1). 
Manual scoring was assessed for each SNP cluster that could 
not be categorized by the default algorithm. Each SNP cluster 
was manually authenticated by visually assessing each cluster. 
KASPar oligos were ordered from Integrated DNA Technolo-
gies, with primers carrying standard FAM or VIC compatible 
tails (FAM tail: 5¢-GAAGGTGACCAAGTTCATGCT-3¢, 
VIC tail: 5¢-GAAGGTCGGAGTCAACGGATT3¢) and 
the target SNP in the 3¢ end. Primer mix was set up as rec-
ommended by LGC Genomics (46 mL distilled H2O, 30 mL 
common primer [100 mM], and 12 mL of each tailed primer [100 
mM]). The KASPar primers were used for functional validation 
of results found in the QTL analysis.

Linkage Map Construction and QTL Analysis
Linkage maps were constructed using JoinMap 4.0 (Van 
Ooijen, 2006), the Kosambi mapping function (Kosambi, 1943) 
was used to estimate map distance, and linkage groups were 
constructed based on a minimum logarithm of odds (LOD) 
threshold value of 3.0. Windows Cartographer (WinQTLCart 
version 2.5) (Wang et al., 2007), R/QTL (Broman et al., 2003), 
and IciMapping 4.1.0 (Wang et al., 2012) were used to identify 
QTL via interval mapping and composite interval mapping. 
The critical LOD value of 3.0 to declare a QTL significant (p = 
0.05) was based on 1000 permutations (Doerge and Churchill, 
1996) for all traits and linkage groups. MapChart 2.2 (Voorrips, 
2002) was used to draw linkage maps.

RESULTS
Linkage Maps
Markers were placed on all 21 chromosomes, but there was 
low coverage on the D genome due to a majority of the 
markers being in complete correlation. The SSRs found 
to be polymorphic among the bulk segregant analysis 
were genotyped for the entire population. A total of 1760 
unique SNP (1685) and SSR markers (75) were polymor-
phic between Jamestown and Pioneer ‘25R47’. Among 
these markers, 1682 were mapped in the final linkage 
analysis use to segregation distortion or poor quality of 
some SNPs and SSRs.

QTL Analysis
Four QTL were identified in Jamestown including two 
associated with leaf rust resistance on chromosome 5B and 
two for stripe rust resistance residing on chromosomes 3B 
and 6A. Markers linked to each QTL with the highest 
LOD scores in each year for each trait are presented in 

at Castroville, TX (one replication), and Plymouth, NC (two 
replications), under natural infection in 2014 and 2015.

Stripe rust assessments of the RIL population was conducted 
at Blacksburg, VA (one replication in 2013–2014 and two repli-
cations in 2014–2015), where susceptible borders were infected 
by transplanting inoculated seedlings of VA10W-21 infected 
with the race PST-100 in addition to any naturally occurring 
infection. Race PST-100 was classified and designated under the 
old US race nomenclature system and differential host set and 
is similar to predominant races PSTv-32 and PSTv-52, which 
were identified using the newer set of 18 stripe rust single-gene 
line differentials. The RIL population was also evaluated at 
Castroville, TX (one replication), and Laurel Springs, NC (two 
replications), under natural infection in both years. In addition, 
the population was evaluated 1 yr each in Fayetteville, AR (two 
replications), in 2014 and in Griffin, GA (two replications), in 
2015, both under natural infection.

Disease ratings were assessed when the susceptible checks 
displayed no less than 30% severity. The population was assessed 
for infection type using a 0-to-9 scale (Line and Qayoum, 1992; 
Singh et al., 1992) and disease severity from 0 to 100% based 
on the modified Cobb scale (Peterson et al., 1948) for both P. 
triticina and P. striiformis. Each rating was recorded one to three 
times at each location per growing season, dependent on opti-
mal infection levels of P. triticina and P. striiformis.

DNA Extraction
Tissue of each RIL was collected when seedlings reached the 
three-leaf stage and placed into 2-mL test tubes, each contain-
ing two stainless steel beads for tissue grinding. Tissue samples 
were frozen in an ultra-low-temperature (−80°C) freezer and 
then subsequently ground using a Spex CertiPrep 2000 Geno-
Grinder for 15 s or until finely ground. The DNA extraction 
was then implemented using a modified cetrimonium bromide 
(CTAB) method (Saghai-Maroof et al., 1984).

Microsatellite Assay
Over 400 simple sequence repeat (SSR) markers were ana-
lyzed using bulk segregant analysis of 142 samples with 71 of 
each extreme phenotype. The SSR primer pairs were synthe-
sized by Applied Biosystems (Carlsbad, CA) and Integrated 
DNA Technologies (Coralville, IA). Primers were directly 
labeled with a fluorescent dye or indirectly labelled with an 
M13 fluorescent tail (5¢-ACGACGTTGTAAAACGAC-3¢ 
or 5¢-CACGACGTTGTAAAACGAC-3¢). Simple sequence 
repeats were run using similar procedures to Christopher et al. 
(2013). The polymerase chain reaction (PCR) products of four 
separate M13-PCRs were combined for analysis in an Applied 
Biosystems 3130xl Genetic Analyzer. The PCR products were 
transferred to a 96-well PCR plate with each well containing 
9.9 mL of Hi-Di formamide and 0.1 mL of size standard. Samples 
were denatured at 95°C for 5 min. The PCR products were 
visualized on an Applied Biosystems 3130xl Genetic Analyzer, 
and the generated data were analyzed using the genotyping 
software Genemarker version 1.70 (SoftGenetics, 2007).
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Tables 1 and 2. The QTL on chromosome 5B conferring 
leaf rust resistance has the largest effect and was identified 
in each year for both infection type and disease sever-
ity. The smaller-effect QTL on 3B and 6A for stripe rust 
infection type were identified in each year.

Leaf Rust Resistance QTL on  
Chromosome 5B
The LOD peak of the QTL located on chromosome 
5B, designated QLr.vt-5B.1 (Fig. 1), was located at SNP 
markers IWB7835 and IWB24418 between positions 22 

and 25 cM, respectively. The second QTL, designated 
QLr.vt-5B.2 on 5B, was located between positions 38 
and 39  cM at SNP markers IWB32871 and IWB26068 
(Fig.  1). The QTL QLr.vt-5B.1 and QLr.vt-5B.2 are 
located at separate physical positions on the current survey 
sequence (Supplemental Table S2) (IWGSC RefSeq v1.0) 
and multiple other genetic maps (International Wheat 
Genome Sequencing Consortium, 2014; Chapman et al., 
2015). Phenotypic variation in infection type explained 
by QLr.vt-5B.1 was highest (22.1%) in the 2015 Virginia 
test, 3.7% in the 2014 Virginia test, and 1.7% in the 2014 

Fig. 1. Partial linkage map of chromosome 5B indicating location of traits associated with QLr.vt-5B.1 (above) and QLr.vt5B.2 (below).
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Stripe Rust Resistance QTL on  
Chromosome 3B
The LOD peak of the QTL located on chromosome 
3B, designated QYr.vt-3B, was located at SNP markers 
IWB60584 and IWB23272 between positions 61 and 
65 (Fig. 3). This QTL explained 8.9% of the phenotypic 
variation for infection type in the 2014 Virginia test, 6.9% 
in the Texas test, and 8.7 (2014) and 7.4% (2015) in the 
North Carolina tests (Table 2). The LOD scores were 7.1, 
3.3, 7.0, and 4.4, respectively. For disease severity, QYr.
vt-3B explained 11.1% of the variation in the 2015 North 
Carolina test and 8% in the 2014 Virginia test with LOD 
scores of 10.2 and 4.4, respectively. The slight variation 
of the of the phenotypic variation of QTL QYr.vt-3B can 
be described by the variance in the infection type and 
severity from Laurel Springs was more severe than in 
Blacksburg in both 2014 and 2015 (Fig. 4).

North Carolina test (Table 1). The LOD scores were 4.6, 
7.9, and 4.2, respectively. Phenotypic variation in leaf rust 
severity explained by QLr.vt-5B.1 also was highest (16.3%) 
in the 2015 Virginia test, 4.2% in the 2014 Virginia test, 
10.7% in the 2015 Texas test, and 1.6% in the 2014 North 
Carolina test. The LOD scores were 9.1, 3.7, 4.2, and 
3.1, respectively. Phenotypic variation in infection type 
explained by QLr.vt-5B.2 was highest for Virginia tests 
in 2015 (5.5%) and 2014 (4.0%), 3.3% in the 2015 Texas 
test, and 2.2% in the 2014 North Carolina test (Table 1). 
The LOD scores were 9.0, 9.5, 8.0 and 4.2, respectively. 
Phenotypic variation in disease severity explained by QLr.
vt-5B.2 was highest (8.1%) in the 2015 North Carolina 
test, 5.1 and 3.5% in the 2015 and 2014 Virginia tests, and 
2.4% in the 2015 Texas test. The LOD scores were 4.2, 
6.8, 5.9, and 3.9, respectively. The variation of the pheno-
typic variation of QTL QLr.vt-5B.1 and QLr.vt-5B.2 can 
be explained by the difference in the infection type and 
severity from multiple environments, and subsequently 
the environment ´ genotype interactions (Fig. 2).

Table 1. Quantitative trait loci (QTL) associated with leaf rust infection type and severity in Pioneer ‘25R47’/Jamestown 
recombinant inbred lines (RILs) evaluated in 2014 and 2015 seasons.

Trait name† Chr‡ Position
Confidence 

interval Left marker Right marker LOD§ PVE¶ Add#
%

WVA_IT_2015_RD1 5B 25 23.5–25.5 IWB28628 IWB24418 3.4 5.0 -0.8

WVA_IT_2015_RD2 5B 22 21.5–24.5 IWB7835 IWB4412 4.6 22.1 -0.6

CTX_IT_2015_RD1 5B 23 21.5–24.5 IWB4412 IWB28628 6.0 2.6 -0.6

WVA_IT_2014_RD1 5B 22 21.5–23.5 IWB7835 IWB4412 7.9 3.7 -1.1

WVA_IT_2014_RD2 5B 22 21.5–24.5 IWB7835 IWB4412 8.2 3.3 -1.2

PNC_IT_2014_RD1 5B 22 21.5–24.5 IWB7835 IWB4412 4.2 1.7 -0.5

WVA_Sev_2015_RD2 5B 22 21.5–22.5 IWB7835 IWB4412 9.1 16.3 -3.6

CTX_Sev_2015_RD1 5B 22 21.5–22.5 IWB7835 IWB4412 4.2 10.7 -7.2

WVA_Sev_2014_RD1 5B 22 21.5–23.5 IWB7835 IWB4412 3.7 4.2 -2.2

WVA_Sev_2014_RD2 5B 22 21.5–24.5 IWB7835 IWB4412 4.6 3.0 -3.3

PNC_Sev_2014_RD1 5B 24 21.5–25.5 IWB4412 IWB28628 3.1 1.6 -1.7

WVA_IT_2015_RD1 5B 38 37.5–38.5 IWB32871 IWA197 4.2 5.5 -0.8

WVA_IT_2015_RD2 5B 38 37.5–38.5 IWB32871 IWA197 9.0 5.5 -1.0

CTX_IT_2015_RD1 5B 39 38.5–39.5 IWA6902 IWB26068 8.0 3.3 -0.8

WVA_IT_2014_RD1 5B 38 37.5–39.5 IWB32871 IWA197 9.5 4.0 -1.2

WVA_IT_2014_RD2 5B 39 38.5–39.5 IWA6902 IWB26068 8.9 3.3 -1.3

PNC_IT_2014_RD1 5B 38 37.5–38.5 IWB32871 IWA197 5.9 2.2 -0.5

PNC_Sev_2015 5B 38 37.5–38.5 IWB32871 IWA197 4.2 8.1 -6.0

WVA_Sev_2015_RD2 5B 38 37.5–39.5 IWB32871 IWA197 6.8 5.1 -3.3

CTX_Sev_2015_RD1 5B 38 37.5–39.5 IWB32871 IWA197 3.9 2.4 -7.1

WVA_Sev_2014_RD1 5B 39 37.5–39.5 IWA6902 IWB26068 3.5 3.6 -2.3

WVA_Sev_2014_RD2 5B 39 37.5–39.5 IWA6902 IWB26068 5.9 3.5 -3.9

PNC_Sev_2014_RD1 5B 38 37.5–38.5 IWB32871 IWA197 3.6 1.6 -1.8

† First two letters indicate states (WVA = Warsaw, VA; CTX = Castorville, TX; PNC = Plymouth, NC); letters following underscore represent traits (IT = infection type; SEV = 
severity); the last two digits indicate rating date (RD, each rating date was analyzed separately for each location).

‡ Chromosome.

§ Logarithm of odds value.

¶ Plant variation. 

# Level of additivity.
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Stripe Rust Resistance QTL on  
Chromosome 6A
The LOD peak of the QTL located on the long arm of 
chromosome 6A between positions 83 and 87.5, desig-
nated QYr.vt-6A (Fig. 5), was located at SNP markers 
IWB5971and IWB63000. The phenotypic variation in 
infection type explained by this QTL was highest for 
the Virginia test in 2015 (14.3%) and 2014 (12.2%), and 
6.3% for the 2014 North Carolina test (Table 2). The 
LOD scores were 13.1, 3.7, and 4.0, respectively (Table 
2), For severity, QYr.vt-6A accounted for 7.7 and 1.9% 
of the variation in the Virginia and North Carolina tests, 
respectively, with an LOD score of 3.9 for both tests. The 
variation of the of the phenotypic variation of QTL QYr.
vt- 6A can be explained by the difference in the infection 
type and severity from Laurel Springs in 2014 was less 
severe than in Blacksburg in 2014 and 2015 (Fig. 6).

Phenotypic Effects of QTL Marker Loci  
on Leaf and Stripe Rust Resistance
To predict the effect of individual and pyramided QTL 
on leaf rust and stripe rust resistance, individuals (RILs) 
of the mapping population containing different com-
binations of the QTL were delineated into separate 
groups (Tables 3 and 4). The means of each group of 
RILs associated with disease infection type and severity 
were compared using a Students t test. Lines containing 
both QLr.vt-5B.1 and QLr.vt-5B.2 were similar to lines 
having only QLr.vt-5B.2 but had significantly lower Fig. 3. Partial linkage map of chromosome 3B indicating location 

of traits associated with QYr.vt-3B.

Fig. 2. Histograms of infection type and severity for significant locations associated with chromosome 5B.
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infection type and severity than the lines containing 
only QLr.vt-5B.1. Lines containing both QLr.vt-5B.1 
and QLr.vt-5B.2 were similar to lines having only QLr.
vt-5B.2 but had significantly lower infection type and 
severity than the lines containing only QLr.vt-5B.1. This 
indicates that there may be some interaction between 
QLr.vt-5B.1 and QLr.vt-5B.2 (Table 3). Lines possessing 
a combination of QYr.vt-3B and QYr.vt-6A, QYr.vt-3B 
alone, or QYr.vt-6A alone were not statistically different, 

which indicates that these two QTL may not have major 
additive or epristatic effects (Table 4).

DISCUSSION
Leaf Rust Resistance QTL on  
Chromosome 5B
Two known leaf rust genes, Lr18 and Lr52, have previously 
been reported to reside on chromosome 5B (McIntosh, 
1983; Hiebert et al., 2005). It is unlikely that the source 

Table 2. Quantitative trait loci (QTL) associated with stripe rust infection type and severity in Pioneer ‘25R47’/Jamestown 
recombinant inbred lines (RILs) evaluated in 2014 and 2015 seasons.

Trait name† Chr‡ Position
Confidence 

interval
Left marker Right marker LOD§ PVE¶ Add#

%

LS_IT_2015_RD2 3B 61 60.5–62.0 IWB60584 IWA629 4.4 7.4 -0.5

LS_IT_2014_RD1 3B 64 63.5–64.5 IWA2622 IWB69288 7.0 8.7 -0.6

C_IT_2014_RD1 3B 64 62.5–64.5 IWA2622 IWB69288 3.3 6.9 -0.3

BB_IT_2014_RD2 3B 65 64.5–65.5 IWB24225 IWB23272 7.1 8.9 -0.7

LS_Sev_2015_RD2 3B 61 60.5–62.0 IWB60584 IWA629 10.2 11.1 -4.6

BB_Sev_2014_RD2 3B 64 63.5–64.5 IWA2622 IWB69288 4.4 8.0 -3.1

BB_IT_2015_RD2 6A 83 82.5–83.5 IWB63000 IWB2065 13.1 14.3 -1.0

LS_IT_2014_RD1 6A 87 86.5–87.5 IWB35245 IWB5971 4.4 2.2 -0.6

LS_IT_2014_RD2 6A 84 82.5–83.5 IWB63000 IWB2065 4.0 6.3 -0.5

BB_IT_2014_RD2 6A 85 86.5–87.5 IWB35245 IWB5971 3.1 3.4 -0.6

BB_IT_2014_RD3 6A 84 84.0–85.5 IWA3487 IWB70137 3.7 12.2 -0.5

LS_Sev_2014_RD1 6A 87 86.5–87.5 IWB35245 IWB5971 3.2 1.2 -2.6

LS_Sev_2014_RD2 6A 84 84.0–85.5 IWA3487 IWB70137 3.9 1.9 -4.3

BB_Sev_2014_RD2 6A 84 84.0–85.5 IWA3487 IWB70137 3.9 7.7 -3.0

† First two letters indicate states (WVA = Warsaw, VA; CTX = Castorville, TX; PNC = Plymouth, NC); letters following underscore represent traits (IT = infection type; SEV = 
severity); the last two digits indicate rating date (RD, each rating date was analyzed separately for each location).

‡ Chromosome.

§ Logarithm of odds value.

¶ Plant variation. 

# Level of additivity.

Fig. 4. Histograms of infection type and severity for significant locations associated with chromosome 3B.
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Fig. 5. Partial linkage map of chromosome 6A indicating location 
of traits associated with QYr.vt-6A.

Fig. 6. Histograms of infection type and severity for significant locations associated with chromosome 6A.

Table 3. Mean leaf rust infection type and severities of 
recombinant inbred lines (RILs) and parent Jamestown with 
combinations of quantitative trait loci (QTL).

QTL combination† Infection type Severity Individuals‡

Jamestown 3.05a 17.3a –

QLr.vt-5B.1, QLr.vt-5B.2 3.57a 18a 48

QLr.vt-5B.2 3.65a 18.5ab 10

QLr.vt-5B.1 5.33b 25.6b 36

None 6.7c 32.2c 92

† Mean phenotype of QTL combination of RILs. Those with the same letter are not 
significantly different (p < 0.05). All markers within the respective QTL were used.

‡ Denotes number of RILs in each QTL combination.

Table 4. Mean stripe rust infection type and severities of 
recombinant inbred lines (RILs) and parent Jamestown with 
combinations of quantitative trait loci (QTL).

QTL combination† Infection type Severity Individuals‡

Jamestown 3.00a 16.2a –

QYr.vt-3B, QYr.vt-6A 3.03a 16.4a 24

QYr.vt-3B 3.11a 16.8a 57

QYr.vt-6A 3.19a 17.4a 48

None 5.23b 29.4b 57

† Mean phenotype of QTL combination of RILs. Those with the same letter are not 
significantly different (p < 0.05). All markers within the respective QTL were used.

‡ Denotes number of RILs in each QTL combination.
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of resistance in Jamestown is Lr52, as this gene provided 
high resistance in seedling tests conducted by Hiebert et 
al. (2005), whereas seedlings of Jamestown and RILs in 
the Pioneer ‘25R47’/Jamestown population expressed 
only moderate resistance (N.R. Carpenter, C. Griffey, S. 
Malla, Shiaoman Chao, G. Brown-Guedira, unpublished 
data, 2017). The QTL on 5B most likely are flanking gene 
Lr18 and conceivably working epistatically or additively 
with Lr18 (N.R. Carpenter, C. Griffey, S. Malla, Shiao-
man Chao, G.Brown-Guedira, unpublished data, 2017). 
Two other regions on 5B have been reported to be a clus-
ter of QTL associated with leaf rust resistance. The QTL 
located on 5B by Prins et al. (2011) (barc4) and Zhou et 
al. (2014) (barc128) were on the short arm of the chromo-
some, which is distant from QLr.vt-5B.1 and QLr.vt-5B.2 
based on consensus maps (Somers et al., 2004; Wang et 
al., 2014; Yu et al., 2014; Maccaferri et al., 2015). A QTL 
detected in cultivar Capo (wPt-7006) was located close 
to the same position as QLr.vt-5B.2 (Buerstmayr et al., 
2014) indicating these may be the same QTL (Supplemen-
tal Table S3). QLr.vt-5B.2 on chromosome 5B contains 
SNP markers that are higher throughput and less costly 
to evaluate than the diversity arrays technology (DArT) 
marker located on Capo. The QTL QLr.cdl-5BL (Xfcp) 
and QLr.fcu-5BL (wPt-0837) are located on the more 
distal end of chromosome 5B (Chu et al., 2009; Kolmer, 
2015) and 5 to 13 cM away from QLr.vt-5B.2 (Maccaferri 
et al., 2015). This indicates that QLr.vt-5B.2 is likely not 
in the same region as the QTL reported by Kolmer (2015) 
and Chu et al. (2009) (Supplemental Table S3). Further 
future research, requiring a larger fine mapping popula-
tion would be necessary to definitively prove QLr.vt-5B.1 
and QLr.vt-5B.2 are separate QTL and differ previously 
identified QTL.

Stripe Rust Resistance QTL on  
Chromosome 3B
Although numerous QTL for stripe rust have been 
reported on chromosme 3B, they are located a significant 
distance from QYr.vt-3B (Somers et al., 2004; Wang et 
al., 2014; Yu et al., 2014; Maccaferri et al., 2015). These 
include QYr-3B.1-Pavon76, QYr.cim-BS_Chapio_
Yr30, QYr.tam-3B_Quaiu, QYr.cim-3BS.2_Franklin, 
QYr-3B_Oligoculm, QYr-3B_Alturas, QYr.inra-3BS_
Renan, QYr.ucw-3BS_UC1110, QYr.ucw-3BS.2, and 
QYr.uga_AGS2000. All of these QTL were mapped to 
the proximal end of the short arm of chromosome 3B, 
which is a significant distance from QYr.vt-3B (Somers 
et al., 2004; Wang et al., 2014; Yu et al., 2014; Macca-
ferri et al., 2015). The QTL QYrpi.vt-3BL_VA00W-38 
(wPt-0267) was originally mapped to the long arm of 
chromosome 3B; however, its location based on newer 
consensus maps may actually reside on the short arm of 
chromosome 3B like the QTL described above (Somers 

et al., 2004; Wang et al., 2014; Yu et al., 2014; Macca-
ferri et al., 2015). The QTL QYR.sun-3B_Wollaroi 
(wPt-9577), QYrid.vi.ui-3B_Rio Blanco (gwm299), and 
QYrex.wgp-3BL_Express (gwm299) map to the long arm 
of chromosome 3B. However, these QTL are significantly 
closer to the distal end of the long arm of chromosome 3B 
than QYr.vt-3B (Supplemental Table S3).

Stripe Rust Resistance QTL on  
Chromosome 6A
QYr.vt-6A is located on the long arm of chromosome 
6A. The QTL QYr.uga-6AS-26R61 (wPt-671561), QYr.
wgp-6AS_Express (gwm334), and QYr.cim-6A_Avocet 
(wPt-2573) are located on the short arm (Somers et al., 
2004; Wang et al., 2014; Yu et al., 2014; Maccaferri et al., 
2015). QYr.cim-6AL_Francolin (wPt-733679) is located 
closer to the proximal end of chromosome 6AL, whereas 
QYr.vt-6A is located closer to the distal end of 6AL. The 
QTL QYr.orr-6AL_Stephens (wPt-1642), QYr-6A_Saar 
(wPt-7063), and QYr.ufs-6A_Kariega (wPt-7181) are 
located at the same position on the consensus map as QYr.
vt-6A (Supplemental Table S3). Although this indicates 
that QYr.vt-6A likely is not novel, it does confirm that 
Jamestown has at least one QTL in common with the 
HTAP-resistant cultivar Stephens.

Breeding Applications
Two QTL were detected on chromosome 5B associated 
with leaf rust resistance (Table 1) and two other QTL 
associated with stripe rust resistance were located on 3B 
and 6A (Table 2). Once markers closely linked to these 
QTL are validated, they can be used in marker-assisted 
selection (MAS) to incorporate and pyramid these QTL 
with other effective resistance genes. Stripe rust resistance 
conferred by QYr.vt-3B, QYr.vt-6A, or the combination 
of QYr.vt-3B and QYr.vt-6A was not statistically differ-
ent; therefore, these QTL may not have major additive 
or epistatic effects with one another. Therefore, MAS for 
QYr.vt-3B and/or QYr.vt-6A may be equally effective in 
reducing stripe rust susceptibility. Lines containing both 
QLr.vt-5B.1 and QLr.vt-5B.2 had significantly lower leaf 
rust infection type and severity than lines containing only 
QLr.vt-5B.1. In addition, lines having QLr.vt-5B.2 also 
had significantly lower infection type than lines having 
QLr.vt-5B.1. Therefore, it likely will be beneficial to 
implement MAS for both QLr.vt-5B.1 and QLr.vt-5B.2 
to reduce leaf rust susceptibility. Future work will include 
the development of kompetitive allele-specific markers 
to validate the QTL in cultivars with Jamestown in the 
genetic background for use and validation in the USDA 
Small Grains Genotyping Labs.

Conflict of Interest
The authors declare that there is no conflict of interest.



3000 www.crops.org crop science, vol. 57, november–december 2017

Supplemental Material Available
Supplemental material for this article is available online.

Acknowledgments
This study was supported with funding provided by the Vir-
ginia Small Grains Board and the Virginia Agricultural Coun-
cil. This material is based on work supported by the USDA, 
under Agreement no. 58-6645-4-032. Any opinions, findings, 
conclusions, or recommendations expressed in this paper are 
those of the authors and do not necessarily reflect the view of 
the USDA. The authors would like to thank the International 
Wheat Genome Sequencing Consortium for providing prepub-
lication access to the IWGSC RefSeq v1.0.

References
Bolton, M.D., J.A. Kolmer, and D.F. Garvin. 2008. Wheat leaf 

rust caused by Puccinia triticina. Mol. Plant Pathol. 9:563–575. 
doi:10.1111/j.1364-3703.2008.00487.x

Broman, K.W., H. Wu, Ś. Sen, and G.A. Churchill. 2003. R/
qtl: QTL mapping in experimental crosses. Bioinformatics 
19:889–890. doi:10.1093/bioinformatics/btg112

Buerstmayr, M., L. Matiasch, F. Mascher, G. Vida, M. Ittu, O. 
Robert et al. 2014. Mapping of quantitative adult plant field 
resistance to leaf rust and stripe rust in two European winter 
wheat populations reveals co-location of three QTL confer-
ring resistance to both rust pathogens. Theor. Appl. Genet. 
127:2011–2028. doi:10.1007/s00122-014-2357-0

Cavanagh, C.R., S. Chao, S. Wang, B.E. Huang, S. Stephen, S. 
Kiani et al. 2013. Genome-wide comparative diversity uncov-
ers multiple targets of selection for improvement in hexaploid 
wheat landraces and cultivars. Proc. Natl. Acad. Sci. USA 
110:8057–8062.

Chapman, J.A., M. Mascher, A. Buluç, K. Barry, E. Georganas, 
A. Session et al. 2015. A whole-genome shotgun approach for 
assembling and anchoring the hexaploid bread wheat genome. 
Genome Biol. 16:26. doi:10.1186/s13059-015-0582-8

Chen, X. 2005. Epidemiology and control of stripe rust [Puccinia 
striiformis f. sp. tritici] on wheat. Can. J. Plant Pathol. 27:314–
337. doi:10.1080/07060660509507230

Chen, X., M. Moore, E.A. Milus, D.L. Long, R.F. Line, D. Mar-
shall et al. 2002. Wheat stripe rust epidemics and races of Puc-
cinia striiformis f. sp. tritici in the United States in 2000. Plant 
Dis. 86:39–46. doi:10.1094/PDIS.2002.86.1.39

Chen, X., L. Penman, A. Wan, and P. Cheng. 2010. Virulence 
races of Puccinia striiformis f. sp. tritici in 2006 and 2007 and 
development of wheat stripe rust and distributions, dynamics, 
and evolutionary relationships of races from 2000 to 2007 in 
the United States. Can. J. Plant Pathol. 32:315–333. doi:10.10
80/07060661.2010.499271

Chen, X.M. 2007. Challenges and solutions for stripe rust con-
trol in the United States. Aust. J. Agric. Res. 58:648–655. 
doi:10.1071/AR07045

Christopher, M.D., S. Liu, M.D. Hall, D.S. Marshall, M.O. Foun-
tain, J.W. Johnson et al. 2013. Identification and mapping of 
adult-plant stripe rust resistance in soft red winter wheat culti-
var ‘USG 3555’. Plant Breed. 132:53–60. doi:10.1111/pbr.12015

Chu, C.G., T.L. Friesen, S.S. Xu, J.D. Faris, and J.A. Kolmer. 2009. 
Identification of novel QTLs for seedling and adult plant leaf 
rust resistance in a wheat doubled haploid population. Theor. 
Appl. Genet. 119:263–269. doi:10.1007/s00122-009-1035-0

Doerge, R.W., and G.A. Churchill. 1996. Permutation tests for 
multiple loci affecting a quantitative character. Genetics 
142:285–294.

Dracatos, P.M., P. Zhang, R.F. Park, R.A. McIntosh, and C.R. 
Wellings. 2016. Complementary resistance genes in wheat 
selection ‘Avocet R’ confer resistance to stripe rust. Theor. 
Appl. Genet. 129:65–76. doi:10.1007/s00122-015-2609-7

Griffey, C., W. Thomason, R. Pitman, B. Beahm, J. Paling, J. 
Chen et al. 2010. Registration of ‘Jamestown’ wheat. J. Plant 
Reg. 4:28–33. doi:10.3198/jpr2009.05.0257crc

Griffey, C.A., and R.E. Allan. 1988. Inheritance of stripe rust resis-
tance among near-isogenic lines of spring wheat. Crop Sci. 
28:48–54. doi:10.2135/cropsci1988.0011183X002800010012x

Hiebert, C., J. Thomas, and B. McCallum. 2005. Locating the 
broad-spectrum wheat leaf rust resistance gene Lr52 (LrW ) to 
chromosome 5B by a new cytogenetic method. Theor. Appl. 
Genet. 110:1453–1457. doi:10.1007/s00122-005-1978-8

Huerta-Espino, J., R.P. Singh, S. Germán, B.D. McCallum, 
R.F. Park, W.Q. Chen et al. 2011. Global status of wheat 
leaf rust caused by Puccinia triticina. Euphytica 179:143–160. 
doi:10.1007/s10681-011-0361-x

Illumina. 2016. Genome Studio 2.0 software. Illuina, San Diego, 
CA.

International Wheat Genome Sequencing Consortium. 2014. A 
chromosome-based draft sequence of the hexaploid bread 
wheat (Triticum aestivum) genome. Science 345:1251788. 
doi:10.1126/science.1251788

Kolmer, J. 1992. Virulence heterozygosity and gametic phase dis-
equilibria in two populations of Puccinia recondita (wheat leaf 
rust fungus). Heredity 68:505–513. doi:10.1038/hdy.1992.73

Kolmer, J. 2015. A QTL on chromosome 5BL in wheat enhances 
leaf rust resistance of Lr46. Mol. Breed. 35:74. doi:10.1007/
s11032-015-0274-9

Kolmer, J.A., and M.E. Hughes. 2013. Physiologic specialization 
of Puccinia triticina on wheat in the United States in 2011. Plant 
Dis. 97:1103–1108. doi:10.1094/PDIS-11-12-1068-SR

Kosambi, D.D. 1943. The estimation of map distances 
from recombination values. Ann. Eugen. 12:172–175. 
doi:10.1111/j.1469-1809.1943.tb02321.x

Line, R.F. 2002. Stripe rust of wheat and barley in North America: 
A retrospective historical review. Annu. Rev. Phytopathol. 
40:75. doi:10.1146/annurev.phyto.40.020102.111645

Line, R.F., and A. Qayoum. 1992. Virulence, aggressiveness, evo-
lution and distribution of races of Puccinia striiformis (the cause 
of stripe rust of wheat) in North America, 1968–87. Technical 
bulletin. U.S. Gov. Print. Off., Washington, DC.

Liu, S., S.O. Assanga, S. Dhakal, X. Gu, C.-T. Tan, Y. Yang et 
al. 2016. Validation of chromosomal locations of 90K array 
single nucleotide polymorphisms in US wheat. Crop Sci. 
56:364–373. doi:10.2135/cropsci2015.03.0194

Lively, K.J., W.J. Laskar, G.C. Marshall, and R.L. Clarkson. 2004. 
Wheat variety 25R47. US Patent 6828493. Date issued: 7 
December.

Maccaferri, M., A. Ricci, S. Salvi, S.G. Milner, E. Noli, P.L. Mar-
telli et al. 2015. A high‐density, SNP‐based consensus map 
of tetraploid wheat as a bridge to integrate durum and bread 
wheat genomics and breeding. Plant Biotechnol. J. 13:648–
663. doi:10.1111/pbi.12288

Marasas, C.N., M. Smale, and R. Singh. 2003. The economic 
impact of productivity maintenance research: Breeding for 
leaf rust resistance in modern wheat⋆. Agric. Econ. 29:253–
263. doi:10.1111/j.1574-0862.2003.tb00162.x



crop science, vol. 57, november–december 2017  www.crops.org 3001

McIntosh, R. 1983. Genetic and cytogenetic studies involving 
Lr18 for resistance to Puccinia recondita. In: Proceedings of 
the 6th International Wheat Genetics Symposium, Kyoto, 
Japan. 28 Nov. –3 Dec. 1983. Plant Germ-Plasm Inst., Faculty 
of Agriculture, Kyoto Univ., Kyoto.

McIntosh, R., Y. Yamazaki, J. Dubcovsky, J. Rogers, F. Morris, 
D. Somers et al. 2013. Catalog of gene symbols for wheat. In: 
Proceedings of the 12th International Wheat Genetics Sym-
posium, Kyoto, Japan. 8–13 Dec. 1983. Plant Germ-Plasm 
Inst., Faculty of Agriculture, Kyoto Univ., Kyoto.

Peterson, R.F., A. Campbell, and A. Hannah. 1948. A diagram-
matic scale for estimating rust intensity on leaves and stems 
of cereals. Can. J. Res. 26c:496–500. doi:10.1139/cjr48c-033

Prins, R., Z. Pretorius, C. Bender, and A. Lehmensiek. 2011. 
QTL mapping of stripe, leaf and stem rust resistance genes in 
a Kariega ́  Avocet S doubled haploid wheat population. Mol. 
Breed. 27:259–270. doi:10.1007/s11032-010-9428-y

Saghai-Maroof, M.A., K.M. Soliman, R.A. Jorgensen, and R. 
Allard. 1984. Ribosomal DNA spacer-length polymorphisms 
in barley: Mendelian inheritance, chromosomal location, and 
population dynamics. Proc. Natl. Acad. Sci. USA 81:8014–
8018. doi:10.1073/pnas.81.24.8014

Singh, R., E. Saari and A.P. Roelfs. 1992. Rust diseases of wheat: 
Concepts and methods of disease management. CIMMYT, 
Mexico, D.F.

SoftGenetics. 2007. Genemarker version 1.70. SoftGenetics, State 
College, PA.

Somers, D.J., P. Isaac, and K. Edwards. 2004. A high-density mic-
rosatellite consensus map for bread wheat (Triticum aestivum 
L.). Theor. Appl. Genet. 109:1105–1114. doi:10.1007/s00122-
004-1740-7

Starling, T., C. Roane, and H. Camper. 1984. Registration of 
Massey wheat. Crop Sci. 24:1000. doi:10.2135/cropsci1984.0
011183X002400050051x

Van Ooijen, J. 2006. JoinMap 4, Software for the calculation of 
genetic linkage maps in experimental populations. Kyazma 
BV, Wageningen.

Voorrips, R. 2002. MapChart: Software for the graphical pre-
sentation of linkage maps and QTLs. J. Hered. 93:77–78. 
doi:10.1093/jhered/93.1.77

Wan, A., and X. Chen. 2014. Virulence characterization of Puc-
cinia striiformis f. sp. tritici using a new set of Yr single-gene line 
differentials in the United States in 2010. Plant Dis. 98:1534–
1542. doi:10.1094/PDIS-01-14-0071-RE

Wang, J., H. Li, L. Zhang, and L. Meng. 2012. QTL IciMap-
ping version 3.2 The Quantitative Genetics Group, Institute 
of Crop Science Chinese Academy of Agricultural Sciences 
(CAAS), Beijing.

Wang, S., C. Basten, and Z. Zeng. 2007. Windows QTL cartog-
rapher 2.5. Dep. of Statistics, North Carolina State Univ., 
Raleigh, NC.

Wang, S., D. Wong, K. Forrest, A. Allen, S. Chao, B.E. Huang 
et al. 2014. Characterization of polyploid wheat genomic 
diversity using a high‐density 90 000 single nucleotide poly-
morphism array. Plant Biotechnol. J. 12:787–796. doi:10.1111/
pbi.12183

Yu, L.-X., H. Barbier, M.N. Rouse, S. Singh, R.P. Singh, S. Bha-
vani et al. 2014. A consensus map for Ug99 stem rust resis-
tance loci in wheat. Theor. Appl. Genet. 127:1561–1581. 
doi:10.1007/s00122-014-2326-7

Zhou, Y., Y. Ren, M. Lillemo, Z. Yao, P. Zhang, X. Xia et al. 2014. 
QTL mapping of adult-plant resistance to leaf rust in a RIL 
population derived from a cross of wheat cultivars Shanghai 
3/Catbird and Naxos. Theor. Appl. Genet. 127:1873–1883. 
doi:10.1007/s00122-014-2346-3


