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Genetic mapping of leaf rust
(Puccinia triticina Eriks)
resistance genes in six Canadian
spring wheat cultivars

Firdissa E. Bokore®, Richard D. Cuthbert™, Ron E. Knox?,
Colin W. Hiebert?, Curtis J. Pozniak?®, Samia Berraies®,
Yuefeng Ruan®, Brad Meyer”, Pierre Hucl®

and Brent D. McCallum®

1Swift Current Research and Development Centre, Agriculture and Agri-Food Canada, Swift Current,
SK, Canada, 2Morden Research and Development Centre, Agriculture and Agri-Food Canada, Morden,
MB, Canada, *Department of Plant Sciences, University of Saskatchewan, Saskatoon, SK, Canada

The Canada Western Red Spring wheat (Triticum aestivum L.) cultivars AAC
Concord, AAC Prevail, CDC Hughes, Lillian, Glenlea, and elite line BW961 express
a spectrum of resistance to leaf rust caused by Puccinia triticina Eriks. This study
aimed to identify and map the leaf rust resistance of the cultivars using three
doubled haploid populations, AAC Prevail/BW961 (PB), CDC Hughes/AAC
Concord (HC), and Lillian/Glenlea (LG). The populations were evaluated for
seedling resistance in the greenhouse and adult plant disease response in the
field at Morden, MB for 3 years and genotyped with the 90K wheat Infinium
iSelect SNP array. Genetic maps were constructed to perform QTL analysis on
the seedling and field leaf rust data. A total of three field leaf rust resistance QTL
segregated in the PB population, five in the HC, and six in the LG population. In
the PB population, BW961 contributed two QTL on chromosomes 2DS and 7DS,
and AAC Prevail contributed a QTL on 4AL consistent across trials. Of the five
QTL in HC, AAC Concord contributed two QTL on 4AL and 7AL consistent across
trials and a QTL on 3DL.1 that provided seedling resistance only. CDC Hughes
contributed two QTL on 1DS and 3DL.2. Lillian contributed four QTL significantin
at least two of the three trials on 2BS, 4AL, 5AL, and 7AL, and Glenlea two QTL on
4BL and 7BL. The 1DS QTL from CDC Hughes, the 2DS from BW961, the 4AL
from the AAC Prevail, AAC Concord, and Lillian, and the 7AL from AAC Concord
and Lillian conferred seedling leaf rust resistance. The QTL on 4AL corresponded
with Lr30 and was the same across cultivars AAC Prevail, AAC Concord, and
Lillian, whereas the 7AL corresponding with LrCen was coincident between AAC
Concord and Lillian. The 7DS and 2DS QTL in BW961 corresponded with Lr34
and Lr2a, respectively, and the 1DS QTL in CDC Hughes with Lr21. The QTL
identified on 5AL could represent a novel gene. The results of this study will
widen our knowledge of leaf rust resistance genes in Canadian wheat and their
utilization in resistance breeding.

KEYWORDS

Triticum aestivum, Puccinia triticina, seedling resistance, QTL, SNP markers

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1130768/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1130768/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1130768/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1130768/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1130768&domain=pdf&date_stamp=2023-03-20
mailto:richard.cuthbert@agr.gc.ca
mailto:brent.mccallum @agr.gc.ca
https://doi.org/10.3389/fpls.2023.1130768
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1130768
https://www.frontiersin.org/journals/plant-science

Bokore et al.

Introduction

Wheat (Triticum aestivum L.) leaf rust, caused by the obligate
biotrophic pathogen Puccinia triticina Eriks. (Pt), is one of the most
destructive and prevalent diseases of wheat worldwide (Kolmer,
2005). Wheat leaf rust disease has been an annual problem since the
early days of wheat cultivation in Canada and other countries
(Kolmer, 2005; McCallum et al., 2007; McCallum et al., 2016a).
The use of fungicides and breeding to combine genetic resistance is
the most common method to prevent and control wheat leaf rust
(Hafeez et al., 2021). Genetic resistance is the most preferred and
effective method to combat Pt and reduce yield loss. In Canada, for
the last several years, leaf rust has been effectively controlled by
growing highly resistant cultivars. Wheat farmers could continue to
economically benefit from growing disease-resistant cultivars with
an increase in farm income through yield protection and a
reduction in farm expenditure because of the absence or reduced
application of fungicides. However, the efficacy of some resistance
genes, such as Lr21, has decreased over time, and other genes could
be overcome by evolving races resulting from the mutation and
selection of virulent pathogen genotypes, suggesting the need for the
continuous search and deployment of new and effective genes.

For the past many decades, several leaf rust-resistant wheat
cultivars have been developed and deployed in different countries
around the world. The identification of Lr genes effective in the
adapted wheat germplasm and wild relatives to introgress into new
cultivars has been a major breeding objective of many wheat
programs. Two classes of Lr genes have been known to condition
the resistance to leaf rust in wheat—(1) the R genes also referred to
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as “major gene resistance,” “gene-for-gene resistance,” “race specific
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resistance,” “qualitative resistance,” and “seedling or all-stage
resistance” and (2) “adult plant resistance,” “quantitative
resistance,” “slow rusting,” or “durable resistance” genes (Kolmer,
1997; Ellis et al., 2014; Singh et al., 2016).

While R genes are pathogen race-specific and express
throughout the stages of the plant growth, the expression of the
adult plant resistance (APR) genes is usually confined to adult
plants. The R genes confer complete resistance compared with some
adult plant resistance genes, which confer partial and more durable
protection against the disease, while other adult plant resistance
genes are also race-specific. In general, cultivars with only adult
plant resistance are susceptible to infections as seedlings but become
more resistant as the plant grows. Leaf rust resistance genes
designated Lrl to Lr81 and several quantitative trait loci (QTL)
associated with the resistance have been described (Pinto da Silva

10.3389/fpls.2023.1130768

et al.,, 2018; MclIntosh et al., 2020; Kumar et al., 2021; Kumar et al.,
2022; Xu et al,, 2022). Pinto da Silva et al. (2018) reported 249 leaf
rust resistance QTL identified in 70 biparental mapping populations
and 79 different lines, 35 meta-QTL, and about 200 marker-trait
associations (MTAs) identified on the 21 wheat chromosomes.
However, most designated genes are no longer used in breeding
as they are not effective against the recent Pt races.

Breeding durable resistance in wheat cultivars depends on the
continuous introgression of new genes into adapted cultivars
(Kolmer, 1997; Campbell et al., 2012). Pyramiding of multiple
genes is an effective approach utilized in resistance breeding. For
example, inheritance studies conducted using CIMMYT wheat
germplasm by Singh et al. (2000) indicated that combinations of
three to five small- to intermediate-effect genes could result in a
high level of resistance. Several other studies also affirm stacking
genes could enhance the level of resistance, subsequently increasing
the longevity of cultivars in the field (Kolmer, 1997; Singh et al,
2016; Mundt, 2018; Rimbaud et al., 2018; Hafeez et al., 2021; Bokore
etal., 2022). Additionally, growing cultivars strategically pyramided
with resistance genes could help in restricting the chance of evolving
virulent races.

Molecular characterization of wheat germplasm is useful to
identify new genes, track previously reported genes, develop
markers suitable for marker-assisted breeding, and identify
parental lines that could be used to develop new cultivars. The
objective of this study was to identify and map leaf rust resistance in
the Canadian spring wheat cultivars AAC Prevail, AAC Concord,
CDC Hughes, Glenlea, Lillian, and elite line BW961 using three
doubled haploid populations derived from these lines.

Materials and methods
Plant materials

Three doubled haploid (DH) populations developed from the
CWRS wheat crosses AAC Prevail/BW961 (PB), CDC Hughes/
AAC Concord (HC), and Lillian/Glenlea (LG) using the wheat-
maize—pollen method (Humphreys and Knox, 2015) at AAFC-Swift
Current, SK, were studied. Table 1 describes population size,
location, and year of leaf rust evaluation and a number of lines
genotyped with the 90K wheat Infinium iSelect single nucleotide
polymorphism (SNP) array. Derived from the cross 99B60-EJ2G/
Somerset, AAC Prevail (Figure 1) was granted breeders’ right in
2017, and it was rated resistant to leaf rust at the time of its

TABLE 1 Description of the doubled haploid wheat populations AAC Prevail/BW961, CDC Hughes/AAC Concord, and Lillian/Glenlea used in the leaf
rust resistance study, the number of lines genotyped and phenotyped near Morden (MD), Manitoba, and the year-of-field evaluation.

Population size

SNP genotype Location X year

Phenotyped
AAC Prevail/BW961 227
CDC Hughes/AAC Concord ‘ 204
Lillian/Glenlea ‘ 191
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Genotyped

227 5K MD2019, 2020, 2021
188 90K ‘ MD2019, 2020, 2021
190 90K ‘ MD2019, 2021, 2022
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times a recurrent parent was crossed with a line. RL4352-1 is a rust-resistant selection from cv. Columbus (Basnet et al., 2015). Pasqua descendants
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registration (Kumar et al., 2017). Lillian, a line derived from a cross
BW621%3/90B07-AU2B (Figure 1), is a solid stem cultivar
registered in 2003 with a resistant response to prevalent races of
leaf rust at the time of its release (DePauw et al, 2005). AAC
Concord, released in 2017 and selected from the cross Lillian/
Journey//9505-LP03A (Figure 1), was resistant to leaf rust when it
was registered (https://inspection.canada.ca/english/plaveg/pbrpov/
cropreport/whe/app00009998e.shtml). Licensed in 1972, Glenlea
was also resistant to all prevalent races of leaf rust at the time of
its release (Evans et al., 1972). With a moderate resistance to leaf
rust during its registration, CDC Hughes, provisionally protected in
2016 and granted rights in 2019, was developed from the cross
Unity/BW864 (https://inspection.canada.ca/english/plaveg/pbrpov/
cropreport/whe/app00010339e.shtml). Having moderate leaf rust
resistance, BW961 is a breeding line selected from Alsen/Waskada,
but it was not registered as a cultivar (https://inspection.canada.ca/
english/plaveg/pbrpov/cropreport/whe/app00009618e.shtml).

Leaf rust evaluation

Seedling plant infection

The seedling infection type response analysis on the parents
and progenies of the PB, HC, and LG populations was conducted
in the greenhouse at Morden Research and Development Centre,
AAFC, MB, using Pt isolates 12-3 MBDS, 128-1 MBR]J, 74-2
MGBJ, 06-1-1 TDBG, 77-2 TJBJ, and 21-84-1TCTS. The isolates
have unique numerical identifiers, and the letter codes are
according to the North American system of nomenclature
described by Long and Kolmer (1989). The seedlings were
inoculated by urediniospores of single purified Pt isolates at the
two-leaf growth stage, as previously described by McCallum et al.
(2020). Infected plants were rated to determine the infection type
(IT) 12 to 14 days post-inoculation (McCallum et al., 2020).
Wheat lines that produced infection types “” (hypersensitive
flecks), “2” (small- to
medium-sized uredinia with chlorosis), and “X” or mesothetic (a

“1” (small uredinia with necrosis),

« »

range of reaction types from ” to “3-") were considered resistant,

and those that produced infection types “3” (medium-sized
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uredinia without chlorosis or necrosis) and “4” (large uredinia
without chlorosis or necrosis) were considered susceptible against
the Pt races evaluated (Stakman et al., 1962). Pustules that were
slightly larger than typical for the infection were designated with a

»

“+,” and those slightly smaller were designated with “-,” whereas
those much smaller than the typical infection type were designated
with “=” For QTL analysis, the seedling infection types were
converted in a similar manner to a 1 to 9 scale as previously
described (Zhang et al.,, 2011; Zhang et al., 2014). The ITs were
converted as follows: “0” =0, “1-"=1, “1” = 2, “1+7=3, “2-"=4, “2”
=5, “2+7=6, “X”=7, “3-7=8, “3” = 9, and “3+”=10 and “4” = 10.

Adult plant infection

Trials to evaluate the adult plant leaf rust responses of the
populations were conducted in the field rust nurseries near Morden,
MB. The populations of PB and HC were evaluated for 3 years from
2019 to 2021, and the LG population in 2019, 2021, and 2022. The
populations, parents, and checks were planted in single 1-m rows in
a randomized complete block design with two replications. To
ensure uniform infestation, susceptible spreader rows were planted
around plots, and the spreader rows were inoculated with a mixture
of Canadian leaf rust races collected during the previous growing
season (McCallum et al., 2016b; Bokore et al., 2020; McCallum et al.,
2021). The urediniospores of multi-race mixtures were suspended
in light mineral oil (Soltrol, Chevron Phillips Chemical Company)
and sprayed on the leaves of the spreader rows at early tillering. This
enables the urediniospores to develop on the spreader rows and be
windblown to the test lines, providing a uniform rust infection
across the field.

Leaf rust severity was rated as the proportion (%) of the leaf area
infected using a modified Cobb Scale (Peterson et al., 1948) and
infection response as resistant (R), resistant to moderately resistant
(RMR), moderately resistant (MR), mesothetic (X), moderately
resistant to moderately susceptible (MRMS), moderately susceptible
(MS), moderately susceptible to susceptible (MSS), and susceptible
(S). The infection response was converted to numerical values for
data analysis as R = 1, RMR = 2, MR = 3, X = 4, MRMS = 5, MS = 6,
MSS = 7, and S = 8. Pearson correlation analysis on the disease
severity of adult plants was performed using SAS 9.4 software.
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Molecular analysis

The DNA of the DH lines and parents of the PB, HC, and LG
populations was extracted from young leaves using the DNeasy 96
Plant Kit (QIAGEN Science, MD, USA). The PB population was
genotyped with 5,151 SNP markers chosen for wheat breeding from
the 90K Infinium ISelect marker panel, as previously described by
Bokore et al. (2021). The HC and LG populations and parental lines
were genotyped using the 90K Infinium iSelect SNP bead array
(Mumina Inc., San Diego, CA, USA). The SNP raw data of each
population were processed in GenomeStudio v2.0 software
(MMumina). The linkage maps of the populations were built using
the regression model in JoinMap 5 software, Kyazma, Wageningen,
The Netherlands (Van Ooijen, 2018). The QTL analysis was
performed on the seedling and adult plant leaf rust phenotypic
data using the MapQTL 6 software, Kyazma, Wageningen, The
Netherlands (Van Ooijen, 2009). The analysis of both seedling and
adult plant phenotypic data along with the chromosomal locations
of the QTL enabled the assignment of most QTL to known leaf rust
genes. The multiple QTL mapping (MQM) methods were adopted
to confirm QTL regions first detected by the simple interval
mapping approach. Cofactor markers used in the MQM analysis
were selected by automatic cofactor selection or manually by
adjusting the selection of markers.

Results
Parental line seedling plant response

The PB population parent AAC Prevail evaluated with Pt races
12-3 MBDS, 128-1 MBRJ, 74-2 MGBJ, 06-1-1 TDBG, and 77-2 TJBJ
displayed resistant IT of “;1=" against all the races. The second PB
population parent, BW961, displayed resistant IT of “0” against
races 12-3 MBDS, 128-1 MBR]J, and 74-2 MGB]J and intermediate
IT of 2 to 3 against 06-1-1 TDBG and 77-2 TJBJ. The first HC
parent, CDC Hughes, was rated with an I'T of “;1=" for the races 12-
3 MBDS, 128-1 MBR]J, 06-1-1 TDBG, and 77-2 TJBJ and an IT of *;”
against 74-2 MGB]J. The second HC population parent, AAC
Concord, was rated with an IT of “0” for the races 12-3 MBDS,
128-1 MBR]J, 74-2 MGBJ, an IT of “;” for 06-1-1 TDBG, and an IT
of 17 for 77-2 TJB]. The LG parent Lillian was rated with an IT of
“1” against the races 12-3 MBDS, 74-2 MGB]J, and 77-2 TJBJ, with
an IT of a mixture of “2+” and “X” against 128-1 MBRJ, an IT of ;"
with the race 06-1-1 TDBG, and an IT of “2” with 21-84-1 TCTS.
The other LG population parent, Glenlea, had intermediate IT of
“2” to “3” for race 128-1 MBRJ, susceptible with an IT of “3” for 12-
3 MBDS and 74-2 MGB]J, had an IT of “3+” for 06-1-1 TDBG and
21-84-1 TCTS, and was highly susceptible with an IT of “4” for 74-
2 MGBJ.
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Field adult plant response

A wide range of percent disease severity and infection response
(R to S) was observed among the DH lines of the populations
(Supplemental Table S1). The frequency distribution of the leaf rust
severity among lines of the populations is presented in Figure 2.
Across all the trials and environments, the susceptible check
Thatcher ranged in leaf rust severity from 58.8% in 2021, with
dry and hot weather too, to as high as 90.0% severity in 2019. The
first PB population parent, AAC Prevail, showed 13.3% leaf rust
severity in 2019, 7.5% in 2020, and 46.9% in 2021 with MR to
MRMS infection response compared with the second parent
BW961, which displayed 25.8% leaf rust severity in 2019, 13.1%
in 2020, and 28.1% in 2021 with MRMS to MS infection response.
The HC parent, AAC Concord, showed 0.8% to 13.8% disease
severity with RMR to MR response compared with the other parent,
CDC Hughes, which had high severity ranging from 47.5% to 72.5%
and MRMS to S response across environments. The LG parent,
Lillian, displayed high resistance with 2% to 13.8% disease severity
and R-MRMS infection response, whereas the other parent, Glenlea,
showed 31.3% to 38.8% disease severity with MRMS to S infection
response across environments. Pearson correlation coefficients
(Table 2) between the different environments for the leaf rust
severity of the three populations ranged from intermediate to
high with a range of 0.67 to 0.82 for the PB population, 0.62 to
0.84 for the HC, and 0.51 to 0.75 for the LG population.

Genetic linkage map

The SNP genotype and genetic map of the three populations are
given in Supplemental Table S2. The genetic map of the PB
population consisted of 5,151 breeding SNP array markers
previously reported by Bokore et al. (2021). From the 5,151
breeding SNP array used in genotyping the population, 963 SNP
markers showed polymorphism between parents and were used to
construct a genetic map of the population. The 963 markers covered
a total length of 2,898.8 cM with 32 linkage groups across all the
hexaploid wheat genomes except chromosome 4D. The 90K SNP
genotyping of the HC population produced a total of 9,881 valuable
SNP markers used to map the population. Out of the 9,881 markers,
9,648 polymorphic markers were mapped to 27 linkage groups, and
4,080 (42.3%) of the markers were mapped to chromosome group
A, 4,714 (48.9%) to chromosome group B, and 854 (8.9%) to group
D. The total length of all the linkage groups was 2,920.1 ¢M with a
density of 0.5 markers/cM. For the LG population, 7,293 valuable
markers were mapped to 39 linkage groups covering 4,994.7 ctM of
the wheat genome, with 2,839 (38.9%) markers being assigned to
chromosome group A, 3,617 (49.6%) markers to chromosome
group B, and 837 (11.3%) markers assigned to group D.
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FIGURE 2

Frequency distribution of leaf rust severity for lines derived from spring wheat crosses AAC Prevail/BW961, CDC Hughes/AAC Concord, and Lillian/
Glenlea. Cultivar or line name abbreviations: L, Lillian; G, Glenlea; P, AAC Prevail; B, BW961; C, AAC Concord; H, CDC Hughes; T, Thatcher.

QTL detected using seedling plant
response data

The seedling data revealed two significant QTL that were
similarly effective on adult plants in the field in the PB population
(Tables 3, 4). The resistance allele for the first QTL was inherited
from BW961 on chromosome 2DS, and it was detected with Pt
races 12-3 MBDS, 128-1 MBR]J, and 74-2 MGB]J. The second QTL
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was inherited from AAC Prevail and detected on chromosome 4AL
with races 74-2 MGBJ, 06-1-1 TDBG, and 77-2 TJBJ. The QTL on
4AL explained phenotypic variation in the seedling reaction ranging
from 10.6% to 18.5% across the Pt races, and the 2DS QTL
explained 31.8% to 44.9% of the variation across the Pt races.

For the HC population, four QTL located on chromosomes
1DS, 3DL.1, 4AL, and 7AL were revealed with the seedling data. The
1DS QTL was detected with races 12-3 MBDS, 128-1 MBR], 74-2
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TABLE 2 Pearson correlation coefficients (r) between leaf rust severity
for different environments in three populations.

AAC Prevail/ BW961 MD2019* MD2020
MD2020 0.82° -
MD2021 0.67 0.67
CDC Hughes/AAC Concord MD2019 MD2020
MD2020 0.84 -
MD2021 0.65 0.62
Lillian/Glenlea MD2019 MD2021
MD2021 0.60 -
MD2022 0.75 0.51

“Test environments designated as MD for Morden, MB followed by a year-of-field evaluation.
For example, MD2019 designates the experiment conducted at Morden, MB in 2019.
°Significant at p < 0.0001.

MGB]J, 06-1-1 TDBG, and 77-2 TJBJ but was not effective against
21-84-1 TCTS. The QTL explained a phenotypic variation of 11.0%
to 38.8%. The QTL on 3DL.1 was derived from AAC Concord and
was effective against 12-3 MBDS, 128-1 MBR]J, and 74-2 MGB]J. The
4AL QTL, inherited from AAC Concord, was effective against Pt
races 12-3 MBDS, 06-1-1 TDBG, 21-21-1 TNBJ, and 77-2 TJB]J,
explaining 12.7% to 68.9% of the phenotypic variation. The 7AL
QTL associated only with race 06-1-1 TDBG was inherited from
AAC Concord and explained 13.3% of the phenotypic variation in
the seedling infection.

For the LG population, a seedling QTL was located on 4AL
inherited through the Lillian parent effective against Pt isolates 12-3
MBDS, 06-1-1 TDBG, 74-2 MGBJ, 77-2 TJBJ, and 21-84-1 TCTS,
with the explained variation in the phenotype ranging from 56.2%
to 95.7% but not effective against 128-1 MBR]J. This corresponded
with a field QTL on 4AL from Lillian in this population. There was
also a seedling QTL associated only with 06-1-1 TDBG isolate
resistance on 7AL in Lillian that corresponded with the field QTL
on 7AL.

QTL detected using field adult plant
response data

The adult plant leaf rust data of the PB population revealed
three significant QTL (Tables 3, 4). QTL on chromosome 4AL
(designated as QLr.spa-4A) with the logarithm of odd (LOD) values
2.1-9.5 and resistance alleles from AAC Prevail, and on
chromosome 2DS (QLr.spa-2D) with LOD values 2.1-4.7 and on
7DS (QLr.spa-7D) with LOD values 5.3-8.9 contributed by BW961
were associated with a significant reduction in leaf rust severity and
infection response in the population. The QLr.sparc-4A was
significant at all three test environments, with an explained
phenotypic variation for disease severity and infection response
ranging from 5.8% to 17.6%. The QLr.spa-2D was significant for
disease severity in all environments and infection response in one
environment, with the variation explained ranging between 4.2%
and 9.1%. A third QTL, QLr.spa-7D, was significant in all three tests
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associated with disease severity and infection response and
explained 10.3% to 16.5% of the phenotypic variation.

In the HC population, four QTL were detected with the field leaf
rust data (Tables 3, 4). Two of the QTL located on chromosomes
1DS (QLr.spa-1D) with LOD values 2.2-8.5 and 3DL.2 (QLr.spa-
3D) with LOD values 2.5-4.4 were derived from CDC Hughes.
The other two QTL on 4A (QLr.spa-4A) with LOD values 6.7-10.9
and 7AL (QLr.spa-7A) with LOD values 1.2-4.1 were derived
from AAC Concord. The QLr.spa-1D was significant in two out
of three environments, with the explained variation in disease
severity and infection response ranging from 5.2% to 18.7%.
QLr.spa-3D was expressed in all three tests and explained 5.3% to
10.1% of the variation. The QLr.spa-4A was significant in two out of
three environments associated with disease severity and infection
response and explained a phenotypic variation of 15.1% to
23.5% in the disease traits. The QLr.spa-7A was significant in
all environments and explained 2.8% to 9.5% of the
phenotypic variation.

For the LG population, the field phenotypic data revealed six
QTL (Tables 3, 4) associated with leaf rust resistance. The resistance
alleles for four of the QTL located on chromosomes 2BS (QLr.spa-
2B), 4AL (QLr.spa-4A), 5AL (QLr.spa-5A), and 7AL (QLr.spa-7A)
were inherited from Lillian. The remaining two were derived from
Glenlea detected on 4BL (QLr.spa-4B) and 7BL (QLr.spa-7B). All
the QTL derived from Lillian were significant across all
environments with a few exceptions, and the explained
phenotypic variation ranged between 3.6% and 16.5% across
traits. The QLr.spa-4B was significant across all the years, and
QLr.spa-7B was significant in two out of three environments. The
explained variation in the leaf rust phenotype for all the Glenlea-
derived QTL ranged between 8.3% and 21.7%.

Discussion

QTL in the AAC Prevail/BW961 population

The Morden 2021 trials were affected by dry weather, as
reflected in the intermediate correlation values of the leaf rust
data with other years (Table 2). However, this intermediate value
of the correlation indicates the consistency in the expression of the
leaf rust resistance genes/QTL across variable environments. The
susceptibility of AAC Prevail over BW961 in the year 2021, which
was characterized by dry weather as opposed to the two wetter years
2019 and 2020, could be attributed to the interactions between the
resistance genes and the environment. Despite the detection of only
three QTL in the PB population, the skewness of the disease severity
distribution with a preponderance of resistant lines exhibited in the
populations shows the effectiveness of various combinations of
these resistance genes.

AAC Prevail only donated a single QTL for resistance, QLr.spa-4A,
in the PB population, compared with two from BW961. QLr.spa-4A
was coincident and mapped to very similar locations in the other
crosses with this gene inherited from AAC Prevail, AAC Concord, and
Lillian. Since the effect of this gene was consistent in its expression in
different genetic backgrounds and multiple environments, QLr.spa-4A
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TABLE 3 Leaf rust resistance QTL identified in the AAC Prevail (P)/BW961 (B), CDC Hughes (H)/AC Concord (C), and Lillian (L)/Glenlea (G) doubled
haploid populations evaluated for seedling plant leaf rust infection response to isolates 12-3 MBDS, 128-1 MBRJ, 74-2 MGBJ, 77-2 TJBJ, 06-1-1 TDBG,
21-21-1 TNBJ, and adult plant disease response in nurseries located in Morden (MD), Manitoba in 2019, 2020, and 2021.

QTL/Gene Traita Envi!'onnent Peak markers el el SFgrt b LOD Y rseoslijsrt;enc(:)é
name /Pt isolate cM position % c
allele

PB

population

QLr.Spa-2D SEV MD19 RAC875_c65419_229 95.8 63,714,903 2.1 42 B
SEV MD20 RACS875_c65419_229 95.8 23 4.5 B
SEV MD21 RAC875_c65419_229 95.8 4.7 9.1 B
IR MD21 RAC875_c65419_229 95.8 2.3 4.5 B
1T 12-3 MBDS Kukri_c16477_181 95.8 64,456,345 19.9 35.9 B
IT 128-1 MBRJ Kukri_c16477_181 95.8 28 449 B
1T 74-2 MGBJ wsnp_Ku_c3107_5818628 96.2 17.6 31.8 B

QLr.Spa-4A SEV MD19 Tdurum_contig32577_286 63.8 569,238,984 9.0 16.6 P
IR MD19 Tdurum_contig32577_286 63.8 9.5 17.6 P
SEV MD20 Tdurum_contig32577_286 63.8 6.3 12.0 P
IR MD20 Tdurum_contig32577_286 63.8 2.1 5.8 P
SEV MD21 Tdurum_contig32577_286 63.8 6.5 12.3 P
IR MD21 Tdurum_contig32577_286 63.8 8.3 15.4 P
IT 74-2 MGB] Tdurum_contig32577_286 63.8 4.3 6.0 P
IT 06-1-1 TDBG Tdurum_contig32577_286 63.8 5.5 10.6 P
1T 77-2 TJBJ Tdurum_contig32577_286 63.8 34 8.3 P

QLr.Spa-7D SEV MD19 BobWhite_c40479_283 0.0 59,988,343 5.7 11.0 B
IR MD19 BobWhite_c40479_283 0.0 5.4 10.3 B
SEV MD20 BobWhite_c40479_283 0.0 6.9 13.1 B
SEV MD21 BobWhite_c40479_283 0.0 8.9 16.5 B
IR MD21 BobWhite_c40479_283 0.0 6.7 12.6 B

HC

population

QLr.spa-1D 1T 12-3 MBDS RACS875_c48669_292 107.5 172,996 4.8 11.5 H
IT 128-1 MBR] RAC875_c48669_292 107.5 8.9 20.9 H
1T 74-2 MGBJ BS00093336_51 107.5 172,745 4.5 11 H
1T 06-1-1 TDBG RAC875_c48669_292 107.5 10.3 24.5 H
1T 77-2 TJBJ RACS875_c48669_292 107.5 18.1 38.8 H
SEV MD20 RACS875_c48669_292 107.5 22 5.2 H
IR MD20 RACS875_c48669_292 107.5 22 5.1 H
SEV MD21 RAC875_c48669_292 107.5 6.3 14.4 H
IR MD21 RAC875_c48669_292 107.5 8.5 18.7 H

QLr.spa-3D.1 1T 128-1 MBR] Excalibur_c212_1553 23.4 610,460,049 20.1 323 C
1T 74-2 MGBJ Excalibur_c20595_614 24.0 730,566,652 4.7 11.6 C
1T 12-3 MBDS Kukri_c23354_183 24.0 6.0 14.2 C

(Continued)
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TABLE 3 Continued

10.3389/fpls.2023.1130768

Environnent Peak position, Start PVE, Sogrce o
/Pt isolate Peak markers M position® % reS|stancce
allele
QLr.spa-3D.2 | SEV MDI19 Kukri_c31733_290 13.0 301,139,033 4.4 10.1 H
IR MD19 Kukri_c31733_290 13.0 3.0 7.1 H
SEV MD20 Kukri_c31733_290 13.0 2.5 5.9 H
IR MD20 Kukri_c31733_290 13.0 29 6.8 H
SEV MD21 Kukri_c31733_290 13.0 23 53 H
QLr.spa-4A IT 12-3 MBDS wsnp_Ex_c2266_4247520 522 522,005,468 5.3 127 C
IT 06-1-1 TDBG Kukri_rep_c102142_525 50.2 7.9 19.4 C
IT 77-2 TJBJ Ex_c70424_465 51.6 476,083,357 253 304 C
IT 21-21-1 TNBJ wsnp_Ex_c2266_4247520 52.2 46.2 68.9 C
SEV MD19 Kukri_rep_c102142_525 50.6 10.9 23.5 C
IR MD19 Kukri_rep_c102142_525 50.6 7.8 17.3 C
SEV MD20 Kukri_rep_c102142_525 50.6 6.7 15.1 C
IR MD20 Kukri_rep_c102142_525 50.6 9.4 20.5 C
QLr.spa-7A IT 06-1-1 TDBG RAC875_c90330_82 211.1 727,373,599 5.2 133 C
SEV MD19 BS00068033_51 211.1 727,564,908 4.1 9.5 C
IR MD19 BS00068033_51 2111 12 2.8 C
SEV MD20 BS00068033_51 211.1 35 8.3 C
IR MD20 BS00068033_51 211.1 2.4 5.8 C
SEV MD21 BS00068575_51 211.1 2.1 49 C
IR MD21 BS00068033_51 211.1 1.6 3.9 C
LG
population
QLr.spa-2B SEV MDI19 ;30‘21212(;;/6_51 143.8 103,454,166 6.2 14.0 L
IR MD19 ;‘2‘33212120916/6_51 143.8 6.1 13.8 L
SEV MD21 ;‘:‘33;1212‘;16/6_51 143.8 103,454,166 43 9.8 L
IAAV1101
IR MD21 5 soo‘;m(; 6/6_51 143.8 3.1 7.2 L
SEV MD22 [AAV1I01/ 143.8 74 163 L
BS00022966_51
IR MD22 ;‘:‘3{;1212(;16/6_51 143.8 44 10.0 L
QLr.spa-4A SEV MDI19 BobWhite_c48455_818 322 536,615,437 48 11.0 L
IR MDI19 BobWhite_c48455_818 322 6.3 14.1 L
SEV MD21 BobWhite_c48455_818 322 43 10.0 L
IR MD21 BobWhite_c48455_818 322 2.7 6.4 L
SEV MD22 BobWhite_c48455_818 33.2 4.7 10.7 L
IR MD22 RAC875_c27704_420 32.1 32 7.6 L
IT 12-3 MBDS BobWhite_c48455_818 322 102 95.1 L
(Continued)
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TABLE 3 Continued

10.3389/fpls.2023.1130768

QTL/Gene Traita Environnent Peak markers PEEipesiHer, S'Fa'rt 5 rsec;ll'Jsrtcaen?;
name /Pt isolate cM position =
allele
IT 74-2 MGBJ BobWhite_c48455_818 322 102 95.7 L
IT 06-1-1 TDBG BobWhite_c48455_818 322 66.2 87.4 L
IT 77-2 TJB] BobWhite_c48455_818 322 99.8 93.9 L
IT 21-84-1 TCTS BobWhite_c48455_818 322 34.1 56.2 L
QLr.spa-4B SEV MDI19 IAAV2725 128.9 644,407,948 5.1 11.9 G
IR MDI9 IAAV2725 1289 5.4 12,5 G
SEV MD21 IAAV2725 128.9 45 10.5 G
IR MD21 IAAV2725 128.9 35 8.3 G
SEV MD22 IAAV2725 128.9 48 11.1 G
QLr.spa-5A SEV MDI19 BobWhite_c9057_118 169.7 504,382,440 3.0 7.1 L
IR MDI19 BobWhite_c9057_118 169.7 34 7.9 L
SEV MD21 BobWhite_c9057_118 169.7 58 13.2 L
IR MD21 BobWhite_c9057_118 169.7 6.2 14.0 L
SEV MD22 BobWhite_c9057_118 169.7 34 7.8 L
IR MD22 BobWhite_c9057_118 169.7 40 9.2 L
QLr.spa-7A IT 06-1-1 TDBG BS00020236_51 295.7 737,271,531 7.4 165 L
SEV MDI19 Excalibur_c3476_691 307.64 744,474,903 34 8.0 L
IR MDI9 Excalibur_c3476_691 307.64 3.0 7.1 L
SEV MD21 Excalibur_c3476_691 307.64 38 8.9 L
IR MD21 Excalibur_c3476_691 307.64 34 8.0 L
SEV MD22 Excalibur_c3476_691 307.64 1.5 3.6 L
IR MD22 Excalibur_c3476_691 307.64 1.8 43 L
QLr.spa-7B SEV MDI19 RFL_Contig3005_1031 12.643 756,750,226 6.9 14.3 G
IR MDI19 RFL_Contig3005_1031 12.643 8.1 16.6 G
SEV MD22 RFL_Contig3005_1031 12.643 10.1 217 G
IR MD22 RFL_Contig3005_1031 12.463 8 18.1 G

“IT, infection (pustule) type at seedling (isolate listed); IR, infection response in the field; SEV, field disease severity.
PPhysical locations of Illumina 90 K SNP markers in the IWGSC RefSeq v2.1 genome assembly (Zhu et al. 2021).

“P, AAC Prevail; B, BW961; H, CDC Hughes; C,AAC Concord; L, Lillian; G, Glenlea.

is valuable in developing new leaf rust-resistant cultivars. Comparing
the physical position of markers associated with the QTL in three
populations, Tdurum_contig32577_286 placed at 569.2 Mb, wsnp_Ex_
€2266_4247520 at 522 Mb, and BobWhite_c48455_818 at 536.6 Mb in
the IWGSC RefSeq v2.1 Chinese Spring (CS) reference sequence (Zhu
et al,, 2021) suggested they are associated with the same QTL region.
The identity QLr.spa-4A is not known, but Lr30, which is found in the
Canadian wheat cultivar Pasqua (Dyck, 1993), is located on 4AL. All
the cultivars AAC Prevail, AAC Concord, and Lillian are descendants
of Pasqua (Figure 1), and they most likely inherited Lr30 from Pasqua.
In seedling tests of five Canadian P. triticina isolates, all those avirulent
to Lr30 were also avirulent to Lillian. Additionally, when a wider
number of diverse Canadian isolates virulent to Lr30 were tested they
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were also virulent to Lillian. This gene was also effective at the seedling
stage to Lr30 avirulent isolates but not to the single Lr30 virulent isolate
used in 128-1 MBRJ. The similarity in the effectiveness, chromosomal
location, reaction to a wide range of P. triticina isolates, and pedigree
information suggests that QLr.spa-4A and Lr30 are most likely
the same.

The leaf rust resistance of BW961 was attributed to QTL located
on 2DS (QLr.spa-2D) and QLr.spa-7D (Lr34). The QLr.spa-2D
conditioned a nearly immune “0” response to the 12-3 MBDS,
128-1 MBR], and 74-2 MGB] isolates but a 2 or 3 response to the
06-1-1 TDBG and 77-2 TJBJ isolates, typical of Lr2a. Comparing
the map position of QLr.spa-2D with Lr2a, the QLr.spa-2D closest
marker, RAC875_c65419_229, was reported for its association with
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TABLE 4 Summary of QTL that were identified in the AAC Prevail/BW961, CDC Hughes/AAC Concord, and Lillian/Glenlea populations and their likely
correspondence with cataloged Lr genes.

3DL1 3DL.2
BW961 3% 3x
AAC Prevail 3x
AAC Concord 2% 3x 3%
CDC Hughes 2% 3x
Lillian 3x 3x 3x 3x
Glenlea 2x 2x
Resistance type® ASR APR ASR ASR APR ASR APR APR ASR APR APR
Likely gene Lr21 Lr13 Lr2a Unknown Unknown Lr30 Unknown Unknown LrCen Unknown Lr34

“ASR, all-stage resistance; APR, adult plant resistance.

"The 2x and 3x refer to the number of environments in which each QTL was significant and are located in a cell that indicates the contributing parent and chromosome.

Lr2a in the Canadian wheat cultivar Superb (Lewarne, 2021). Also,
Excalibur_c1944_1017, a marker flanking QLr.spa-2D, and
RACS875_c65419_229 flanking both QLr.spa-2D and Lr2a, are
physically positioned at 63.7 Mb in the Wheat Chinese Spring
IWGSC RefSeq v2.1 genome assembly (Zhu et al., 2021). Lr2a is a
common gene in the Canadian wheat germplasm (McCallum et al,
2016a). The wide presence of Lr2a in the Canadian wheat cultivars,
its chromosomal location, and the results of the Pt race analysis
suggest the QLr.spa-2D in BW961 could be Lr2a. BobWhite_
c40479_283, the marker associated with the QLr.spa-7D QTL in
BW961 with the current study, was reported by Bokore et al. (2020)
for its association with the Lr34 gene in cultivar Lillian. Based on
markers linked with the QTL, pedigree information, field response,
and the lack of any associated seedling resistance gene, the BW961-
derived adult plant resistance gene QLr.spa-7D is the same as Lr34.

QTL in the CDC Hughes/AAC
Concord population

Compared with the rest of the cultivars studied here, CDC
Hughes had relatively high disease severity rated from 47.5% to
72.5% across the three environments, which contrasts with the
moderate resistance reported during its registration. Two QTL, the
first at 1DS (QLr.spa-1D) conditioning seedling-type resistance and
the second at 3DL (QLr.spa-3D.2) conditioning adult-type
resistance, were responsible for the resistance in CDC Hughes.
The QLr.spa-1D corresponded with the Lr21 gene, which is
common in Canadian wheat cultivars (McCallum et al.,, 2016a).
In a hexaploid wheat consensus map involving 14 Canadian wheat
genetic populations (Bokore et al., 2020), markers associated with
the 1DS QTL in CDC Hughes RAC875_c48669_292 and
BS00093336_51 are within 2.74-3.28 ¢cM map distance from
markers BobWhite_c4303_524 and RAC875_c2070_566 linked
with the Lr21 gene in the wheat cultivar Vesper (Bokore et al,
2020). Puccinia triticina virulence against Lr2] was observed in
2011 for the first time in Canada (McCallum et al., 2017) and in
2010 in the USA (Kolmer and Anderson, 2011), with the virulence
levels fluctuating from year to year (McCallum et al., 2021) and Lr21

Frontiers in Plant Science 10

contributing various levels of protection. Likewise, the 1DS gene in
CDC Hughes explained 5.1% to 18.7% of the phenotypic variation
in the leaf rust field response across the Morden 2020 and 2021
environments with non-significant expression in 2019. The
QLr.spa-1D also corresponded with seedling resistance to the
Lr21 avirulent isolates 12-3 MBDS, 128-1 MBR]J, 74-2 MGB]J, 06-
1-1 TDBG, and 77-2 TJBJ but did not have an effect on the Lr21
virulent isolate 21-84-1 TCTS. The gene located on 3DL.2 (QLr.spa-
3D.2) in CDC Hughes conditions adult plant resistance as opposed
to the QLr.spa-3D.1 in the AAC Concord that expressed seedling-
type resistance but was not effective on adult plants. QLr.spa-3D.2
could be a novel gene as there was no Lr gene cataloged on the
chromosome arm.

AAC Concord contributed QTL QLr.spa-3D.1, QLr.spa-4A, and
QLr.spa-7A. The QLr.spa-4A was in common with AAC Prevail,
AAC Concord, and Lillian and is thought to be Lr30 as described
above. The QLr.spa-7A in AAC Concord was also in common with
Lillian. This resistance gene is thought to be LrCen, a resistance gene
commonly found in Canadian wheat cultivars that is only effective
against a small number of P. triticina races (McCallum and Hiebert,
2012). It has a characteristic mesothetic or X infection type. This
gene was effective against 06-1-1 TDBG, producing a mesothetic "X"
infection type, and a seedling QTL corresponding to this isolate
mapped to the same location as the field QTL. Located in a similar
genomic region, the QLr.spa-7AL in Lillian associated with
Excalibur_c3476_691 placed at 744.5 Mb and BS00020236_51 at
737 Mb in IWGSC RefSeq v2.1 (Zhu et al, 2021) and in AAC
Concord associated with RAC875_¢c90330_82 at 727.4 Mb and
BS00068033_51 at 727.6 MbD, indicating the same locus. The
QLr.spa-7AL in AAC Concord might be inherited from Lillian, as
AAC Concord was selected from the cross of Lillian with two other
lines (Figure 1).

The QLr.spa-3D.1 was located on the long arm of the
chromosome. Among designated Lr genes, the seedling gene Lr24
derived from Agropyron elongatum (3DL/3Ag translocation) is
similarly located on 3DL and tightly linked with the stem rust
resistance gene Sr24 (Mclntosh et al., 1977; Schachermayr et al,
1995; Dedryver et al., 1996). The QLr.spa-3D.1 QTL source parent,
AAC Concord, is not genetically related to A. elongatum, indicating
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the QTL is different from Lr24 (Crop Information Engine and
Research Assistant (CIERA)) (Figure 1). Lr24 and LrI6 in
combination with additional adult plant resistance genes have
been reported to give high resistance in Canada and the USA
early in the 2000s (Oelke and Kolmer, 2004). In contrast, QLr.spa-
3D.1 expressed seedling resistance but not effective field resistance,

indicating its insignificance in resistance breeding.

QLT in the Lillian/Glenlea population

The Glenlea QTL QLr.spa-4B and QLr.spa-7B are different from
genes previously reported in the cultivar (Dyck et al., 1985;
McCallum et al, 2012). The Lr genes Dyck et al. (1985) reported
in Glenlea Lr1, LrT2=Lr34, and an allele of, or a gene closely linked
to, Lr13 were not detected in the current study. Lr1 is ineffective in
the field, and all isolates used were virulent on LrI, so it was not
detected, though it would have segregated in this population. Lr34 is
carried by both Glenlea (Dyck et al., 1985) and Lillian and is
therefore fixed in this population (Randhawa et al., 2013; Bokore
etal., 2020). QLr.spa-4B, located on the long arm of 4B, is associated
with peak marker IJAAV2725 located at 644.4 Mb in the Chinese
spring wheat physical map. Two designated genes Lr12 and Lr49
have been reported on the 4B long chromosome arm. Another
Canadian wheat cultivar, AAC Domain, has been hypothesized to
have the adult plant gene Lr12 (Liu and Kolmer, 1997); however,
virulent Pt races exist for this gene in Canada (McCallum et al,
2021). The adult plant resistance gene Lr49 could correspond with
QLr.spa-4B based on the relative position of markers associated
with genes on both the physical map and consensus map (Bokore
et al., 2020). The Lr49 flanking markers Xbarc163 located at 607.1
Mb and Xwmc349 at 639.9 Mb (Bansal et al., 2008) and
Excalibur_c47209_87 at 603.1 Mb and IACX938 at 610.3 Mb
(Nsabiyera et al, 2019) are 4.5-37.3 Mb from the QLr.spa-4B
marker JAAV2725 in the physical map and 6.3-23.2 ¢tM from
IAAV2725 on the consensus map (Bokore et al, 2020). The
presence of Lr49 in Canadian wheat germplasm is unknown, but
the close proximity of markers flanking the gene and QLr.spa-4B
suggests both represent the same gene or two genes located in a
similar genomic region.

Comparing the genetic map of different mapping populations
and the physical positions of the QTL-associated SNP markers, the
Glenlea-derived 7BL QTL is located in the same genomic region
with a QTL, QLr.spa-7B.2, identified in three Canadian cultivars,
namely AC Cadillac, Vesper, and Red Fife (Bokore et al., 2020).
Additionally, markers associated with the Glenlea 7BL QTL and
QLr.spa-7B.2 in AC Cadillac, Vesper, and Red Fife are closely
located in the hexaploid wheat consensus map (Wang et al,
2014). Resistance genes on 7BL (Mcintosh et al., 2014) include
Lr14a (seedling gene) and Lr68 (adult plant gene), but these were
not detected in Glenlea previously. Given that the LG cross is fixed
for the presence of Lr34, additional QTL in this cross may be
detected because of their interaction with Lr34, which is known to
enhance the effects of other resistance genes. The seedling resistance
phenotype of the 4AL (Lr30) QTL was more resistant in this cross
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than in the other two crosses, likely because Lr34 enhanced the
effect of this resistance gene at the seedling stage.

The cultivar Lillian has remained effectively resistant against
leaf rust since the time of its release owing to the resistance
conditioned by genes located on 2BS, 5AL, and 7AL identified in
the current study, 4AL identified in this and a previous study
(Bokore et al., 2020), and Lr34 (Randhawa et al., 2013; Bokore et al.,
2020). The 2BS QTL cannot be Lr16, similarly located on the short
chromosome arm, because the Pt races used for the seedling test
were avirulent on LrI6, but all the lines without the 4AL gene were
found to be susceptible to most races, and no seedling QTL was
found at this location. In contrast, the 2BS QTL could correspond
with the adult plant gene Lr13, which is common in Canadian
wheat germplasm. For example, markers linked with LrI3 in
Carberry Excalibur_c45094_602 and Excalibur_rep_c106124_239
are located at 103.5 Mb physical position like the Lillian 2BS
markers JAAV1101 and BS00022966_51.

The Lillian adult plant QTL on 5AL (QLr.spa-5A) likely is the
same as the QTL inherited by Carberry in Carberry/AC Cadillac
and Carberry/Thatcher populations (Bokore et al., 2020; Bokore
et al,, 2022). QLr.spa-54, in Lillian and Carberry, was associated
with markers that are located adjacent to each other in the IWGSC
V2.1 (Zhu et al, 2021). Accordingly, the Carberry QLr.spa-5A-
associated marker Kukri_rep_c104877_2166 positions at 480.8 Mb
(Bokore et al., 2022) and BobWhite_c1387_798 at 528.8 Mb (Bokore
et al., 2020), and the Lillian QLr.spa-5A marker
wsnp_Ex_c39592_46849607 positions at 477.1 Mb,
BS00010698_51 at 537.5 Mb, and wsnp_Ku_c12211_19780409 at
550.0 Mb. Also, these markers shared the same 5AL chromosomal
region (55-75 cM) in the hexaploid consensus map (Wang et al.,
2014). The QLr.spa-5A gene was not segregating in the crosses of
Vesper with Lillian or Carberry (Bokore et al.,, 2020), suggesting
Vesper similarly has the same gene as Lillian and Carberry,
indicating the wide presence of the gene in Canadian wheat
breeding lines. Also, the QLr.spa-5A gene/QTL could be
considered new as there was no designated gene reported on
chromosome arm 5AL (Mcintosh et al., 2014; Kumar et al., 2022).

Out of six cultivars studied here, Glenlea and Lillian are the only
cultivars that have been analyzed for their leaf rust resistance
previously (Dyck et al.,, 1985; Bokore et al., 2020). Interestingly,
Glenlea is an old wheat line registered in 1972 (Evans et al., 1972),
but it maintained an intermediate level of resistance against leaf rust
for a long time. The Glenlea resistance is a combined effect of genes
identified in the current study in the cultivar, QLr.spa-4B and
QLr.spa-7B, and previously reported genes Lr34, Lrl, and LrT2
(Dyck et al., 1985, McCallum et al., 2012). Lillian is resistant to the
leaf rust that has been maintained since its release in 2003 (DePauw
etal., 2005), but only four significant genes could be identified from
the cultivar, with the QTL on 2BS (likely Lr13), 4AL (Lr30) and 5AL
segregating in the LG population, and the 4AL (Lr30) and 7DS
(Lr34) in the Vesper/Lillian population (Bokore et al., 2020).

Besides Glenlea and Lillian, we identified several resistance
genes in AAC Concord on 3DL, 4AL (Lr30), and 7AL (LrCen),
AAC Prevail on 4AL (Lr30), CDC Hughes on 1DS (Lr21) and 3DL,
and BW961 on 2DS (Lr2a) and 7DS (Lr34). With the exception of
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the 4AL QTL from Lillian, AAC Prevail, and AAC Concord and the
7AL from Lillian and AAC Concord, the QTL identified in the
current study were confined to single cultivars. In conclusion,
the results of this study will widen our knowledge of leaf rust
resistance genes in Canadian wheat and their utilization in
resistance breeding. Kompetitive allele-specific PCR (KASP)
markers linked with the genes identified have been developed for
use in marker-assisted breeding.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

RC and RK developed the mapping populations. RC, RK,
BDM, CH, and FB conceived, designed, and supervised the
execution of the study. BDM, FB, RK, RC, and SB performed
the field trials and leaf rust phenotyping. BDM conducted seedling
resistance trials. FB, BM, and CH performed genetic data mining
and linkage genetic mapping. FB identified SNP primers for KASP
marker designing. CH developed and validated KASP markers. FB
performed QTL analysis, summarized and interpreted the results,
and wrote the draft paper. BDM revised the draft. All the authors
reviewed the paper. All authors contributed to the article and
approved the submitted version.

Funding

The authors acknowledge Agriculture and Agri-Food Canada,
the Canadian Wheat Research Coalition through the Canadian
Agricultural Partnership AgriScience Program, and CTAG2

References

Bansal, U. K., Hayden, M. J., Venkata, B. P., Khanna, R, Saini, R. G., and Bariana, H.
S. (2008). Genetic mapping of adult plant leaf rust resistance genes Lr48 and Lr49 in
common wheat. Theor. Appl. Genet. 117, 307-312. doi: 10.1007/s00122-008-0775-6

Basnet, B. R, Singh, S., Lopez-Vera, E. E., Huerta-Espino, J., Bhavani, S., Jin, Y., et al.
(2015). Molecular mapping and validation of SrND643: a new wheat gene for resistance
to the stem rust pathogen Ug99 race group. Phytopathol 105, 470-476. doi: 10.1094/
PHYTO-01-14-0016-R

Bokore, F. E.,, Cuthbert, R. D., Hiebert, C. W., Fetch, T. G., Pozniak, C. J., N’Diaye,
A, etal. (2021). Mapping stem rust resistance loci effective in Kenya in Canadian spring
wheat (Triticum aestivum L.) lines ‘AAC Prevail’ and ‘BW961’. Can. ]. Plant Pathol. 43,
§263-S274. doi: 10.1080/07060661.2021.1966651

Bokore, F. E,, Knox, R. E,, Cuthbert, R. D., Pozniak, C. J., McCallum, B. D., N’Diaye,
A, et al. (2020). Mapping quantitative trait loci associated with leaf rust resistance in
five spring wheat populations using single nucleotide polymorphism markers. PLoS
One 15, €0230855. doi: 10.1371/journal.pone.0230855

Bokore, F. E., Knox, R. E., Hiebert, C. W., Cuthbert, R. D., DePauw, R. M., Meyer, B.,
etal. (2022). A combination of leaf rust resistance genes, including Lr34 and Lr46, is the
key to the durable resistance of the Canadian wheat cultivar, Carberry. Front. Plant Sci.
12:7753. doi: 10.3389/pls.2021.775383

Frontiers in Plant Science

12

10.3389/fpls.2023.1130768

through Genome Canada, with the additional support of the
Western Grains Research Foundation, Government of
Saskatchewan, Saskatchewan Wheat Development Commission,
Alberta Wheat Commission, Manitoba Agriculture, DuPont
Pioneer, Viterra, Manitoba Wheat, and Barley Growers
Association, and SeCan for the financial support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1130768/
full#supplementary-material

SUPPLEMENTARY TABLE 1

Number of lines (N), mean, range, and standard deviation (STDEV.) of leaf rust
severity and infection responses for three doubled haploid wheat populations
evaluated at Morden, MB in different years. °LRS = leaf rust severity in percent;
LRIR = leaf rust infection response. PCV = coefficient of variation.

SUPPLEMENTARY TABLE 2
Genotype data of the three mapping populations (excel sheet attached).

Campbell, J., Zhang, H., Giroux, M. J,, Feiz, L., Jin, Y., Wang, M., et al. (2012). A
mutagenesis-derived broad-spectrum disease resistance locus in wheat. Theor. Appl.
Genet. 125, 391-404. doi: 10.1007/s00122-012-1841-7

Dedryver, F., Jubier, M. F., Thouvenin, J., and Goyeau, H. (1996). Molecular markers
linked to the leaf rust resistance gene Lr24 in different wheat cultivars. Genome 39, 830—
835. doi: 10.1139/g96-105

DePauw, R. M., Townley-Smith, T. F., Humphreys, G., Knox, R. E., Clarke, F. R., and
Clarke, J. M. (2005). Lillian hard red spring wheat. Can. J. Plant Sci. 85, 397-401. doi:
10.4141/P04-137

Dyck, P. L. (1993). The inheritance of leaf rust resistance in the wheat cultivar
Pasqua. Can. J. Plant Sci. 73, 903-906. doi: 10.4141/cjps93-118

Dyck, P. L., Samborski, D. J., and Martens, J. W. (1985). Inheritance of resistance to
leaf rust and stem rust in the wheat cultivar Glenlea. Can. J. Plant Pathol. 4, 351-354.

Ellis, J. G., Lagudah, E. S., Spielmeyer, W., and Dodds, P. N. (2014). The past, present
and future of breeding rust resistant wheat. Front. Plant Sci. 5. doi: 10.3389/
fpls.2014.00641

Evans, L., Shebeski, L., McGinnis, R,, Briggs, K., and Zuzens, D. (1972). Glenlea red
spring wheat. Can. J. Plant Sci. 52, 1081-1082. JCJoPS. doi: 10.4141/cjps72-184

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1130768/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1130768/full#supplementary-material
https://doi.org/10.1007/s00122-008-0775-6
https://doi.org/10.1094/PHYTO-01-14-0016-R
https://doi.org/10.1094/PHYTO-01-14-0016-R
https://doi.org/10.1080/07060661.2021.1966651
https://doi.org/10.1371/journal.pone.0230855
https://doi.org/10.3389/fpls.2021.775383
https://doi.org/10.1007/s00122-012-1841-7
https://doi.org/10.1139/g96-105
https://doi.org/10.4141/P04-137
https://doi.org/10.4141/cjps93-118
https://doi.org/10.3389/fpls.2014.00641
https://doi.org/10.3389/fpls.2014.00641
https://doi.org/10.4141/cjps72-184
https://doi.org/10.3389/fpls.2023.1130768
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Bokore et al.

Hafeez, A. N., Arora, S., Ghosh, S., Gilbert, D., Bowden, R. L., and Wulff, B. B. H.
(2021). Creation and judicious application of a wheat resistance gene atlas. Mol. Plant
14, 1053-1070. doi: 10.1016/j.molp.2021.05.014

Humphreys, D. G., and Knox, R. E. (2015). “Doubled haploid breeding in cereals,” in
Advances in plant breeding strategies: Breeding, biotechnology and molecular tools (AG,
Switzerland: Springer International Publishing), 241-290.

Kolmer, J. A. (1997). Virulence in Puccinia triticina f. sp. tritici isolates from Canada
to genes for adult-plant resistance to wheat leaf rust. Plant Dis. 81, 267-271. doi:
10.1094/PDIS.1997.81.3.267

Kolmer, J. A. (2005). Tracking wheat rust on a continental scale. Curr. Opin. Plant
Biol. 8, 441-449. doi: 10.1016/j.pbi.2005.05.001

Kolmer, J. A., and Anderson, J. A. (2011). First detection in north America of
virulence in wheat leaf rust (Puccinia triticina) to seedling plants of wheat with Lr21.
Plant Dis. 95, 1032. doi: 10.1094/PDIS-04-11-0275

Kumar, S., Bhardwaj, S. C., Gangwar, O. P, Sharma, A., Qureshi, N., Kumaran, V.
V., etal. (2021). Lr80: A new and widely effective source of leaf rust resistance of wheat
for enhancing diversity of resistance among modern cultivars. Theor. Appl. Genet. 134,
849-858. doi: 10.1007/s00122-020-03735-5

Kumar, S., Fox, S. L., Humphreys, D. G., Mitchell Fetch, J., Green, D., Fetch, T, et al.
(2017). AAC Prevail Canada western red spring wheat. Can. J. Plant Sci. 98, 475-482.
doi: 10.1139/CJPS-2017-0193

Kumar, K., Jan, I, Saripalli, G., Sharma, P. K., Mir, R. R,, Balyan, H. S,, et al. (2022).
An update on resistance genes and their use in the development of leaf rust resistant
cultivars in wheat. Front. Genet. 13, 816057. doi: 10.3389/fgene.2022.816057

Lewarne, M. (2021)Characterization and genetic mapping of leaf rust (Puccinia
triticina) resistance genes Lr2a and Lr46 in Canadian spring wheat (Triticum aestivim)
germplasm. In: Masters thesis university of Manitoba. Available at: http://hdlhandle.
net/1993/35791 (Accessed October 7, 2022).

Liu, J. Q, and Kolmer, J. A. (1997). Genetics of leaf rust resistance in Canadian spring
wheats AC Domain and AC Taber. Plant Dis. 81, 757-760. doi: 10.1094/PDIS.1997.81.7.757

Long, D., and Kolmer, J. (1989). A north American system of nomenclature for
Puccinia recondita f sp. tritici. Phytopath 79, 525-529. doi: 10.1094/Phyto-79-525

McCallum, B. D., Fetch, T., and Chong, J. (2007). Cereal rust control in Canada.
Aust. J. Agricult Res. 58, 639-647. doi: 10.1071/AR06145

McCallum, B. D., and Hiebert, C. (2012). “Characterization of the wheat leaf rust
resistance gene LrCen,” XX Plant and Animal Genome Conference, San Diego, CA,
USA, January 14-18, 2012. (Poster)

McCallum, B. D., Hiebert, C. W., Cloutier, S., Bakkeren, G., Rosa, S. B., Humphreys,
D. G, et al. (2016a). A review of wheat leaf rust research and the development of
resistant cultivars in Canada. Can. J. Plant Pathol. 38, 1-18. doi: 10.1080/
07060661.2016.1145598

McCallum, B. D., Humphreys, D. G., Somers, D. J., Dakouri, A., and Cloutier, S.
(2012). Allelic variation for the rust resistance gene Lr34/YrI8 in Canadian wheat
cultivars. Euphytica 183, 261-274. doi: 10.1007/s10681-011-0519-6

McCallum, B. D., Reimer, E., McNabb, W., Foster, A., Rosa, S., and Xue, A. (2021).
Physiologic specialization of Puccinia triticina, the causal agent of wheat leaf rust, in
Canada in 2015-2019. Can. ]J. Plant Pathol. 43, S333-S346. doi: 10.1080/
07060661.2021.1888156

McCallum, B. D., Reimer, E., McNabb, W, Foster, A., and Xue, A. (2020). Physiological
specialization of Puccinia triticina, the causal agent of wheat leaf rust, in Canada in 2014.
Can. ]. Plant Pathol. 42, 520-526. doi: 10.1080/07060661.2020.1723705

McCallum, B. D., Seto-Goh, P., and Xue, A. (2016b). Physiologic specialization of
Puccinia triticina, the causal agent of wheat leaf rust, in Canada in 2010. Can. J. Plant
Pathol. 38, 440-447. doi: 10.1080/07060661.2016.1261047

McCallum, B. D., Seto-Goh, P., and Xue, A. (2017). Physiological specialization of
Puccinia triticina, the causal agent of wheat leaf rust, in Canada in 2011. Can. J. Plant
Pathol. 39, 454-463. doi: 10.1080/07060661.2017.1386715

Mcintosh, R., Dubcovsky, J., Rogers, J., Morris, C., Appels, R., and Xia, X. (2014)
Catalogue of gene symbols for wheat: 2013-14 supplement. Available at: http://www.
shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp.

Frontiers in Plant Science

13

10.3389/fpls.2023.1130768

MclIntosh, R. A., Dubcovsky, J., Rogers, W. J., Xia, X. C., and Raupp, W. J. (2020).
Catalogue of gene symbols for wheat: 2020 supplement. Annu. Wheat Newslett. 66,
108-128.

Mclntosh, R., Dyck, P., and Green, G. (1977). Inheritance of leaf rust and stem rust
resistances in wheat cultivars Agent and Agatha. Aust. J. Agri Res. 28, 37-45. doi:
10.1071/AR9770037

Mundt, C. C. (2018). Pyramiding for resistance durability: Theory and practice.
Phytopath 108, 792-802. doi: 10.1094/PHYTO-12-17-0426-RVW

Nsabiyera, V., Baranwal, D., Qureshi, N., Kay, P., Forrest, K., Valarik, M., et al.
(2019). Fine mapping of Lr49 using 90K SNP chip array and flow-sorted chromosome
sequencing in wheat. Front. Plant Sci. 10, 1787. doi: 10.3389/fpls.2019.01787

Qelke, L. M., and Kolmer, J. A. (2004). Characterization of leaf rust resistance in hard
red spring wheat cultivars. Plant Dis. 88, 1127-1133. doi: 10.1094/
PDIS.2004.88.10.1127

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

Pinto da Silva, G. B., Zanella, C. M., Martinelli, J. A., Chaves, M. S., Hiebert, C. W.,
McCallum, B. D,, et al. (2018). Quantitative trait loci conferring leaf rust resistance in
hexaploid wheat. Phytopathol 108, 1344-1354. doi: 10.1094/PHYTO-06-18-0208-RVW

Randhawa, H. S., Asif, M., Pozniak, C., Clarke, J. M., Graf, R. ., Fox, S. L., et al.
(2013). Application of molecular markers to wheat breeding in Canada. Plant Breed
132, 458-471. doi: 10.1111/pbr.12057

Rimbaud, L., Papaix, J., Rey, J.-F., Barrett, L. G., and Thrall, P. H. (2018). Assessing
the durability and efficiency of landscape-based strategies to deploy plant resistance to
pathogens. PLoS Comput. Biol. 14, €1006067. doi: 10.1371/journal.pcbi.1006067

Schachermayr, G. M., Messmer, M. M., Feuillet, C., Winzeler, H., Winzeler, M., and
Keller, B. (1995). Identification of molecular markers linked to the agropyron
elongatum-derived leaf rust resistance gene Lr24 in wheat. Theor. Appl. Genet. 90,
982-990. doi: 10.1007/BF00222911

Singh, R., Huerta-Espino, J., and Rajaram, S. (2000). Achieving near-immunity to

leaf and stripe rusts in wheat by combining slow rusting resistance genes. Acta
Phytopathol. Entomol. Hung 35, 133-139.

Singh, R. P,, Singh, P. K., Rutkoski, J., Hodson, D. P., He, X, Jorgensen, L. N, et al.
(2016). Disease impact on wheat yield potential and prospects of genetic control. Annu.
Rev. Phytopathol. 54, 303-322. doi: 10.1146/annurev-phyto-080615-095835

Stakman, E. C., Stewart, D., and Loegering, W. Q. (1962). Identification of phydiolo
(Washington: USDA).

Van Ooijen, J. (2009). “MapQTL® 6,” in Software for the mapping of quantitative
trait loci in experimental populations of diploid species (The Netherlands: Wageningen),
59. Kyazma BV.

Van Ooijen, J. W. (2018). “JoinMap © 5,” in Software for the calculation of genetic
linkage maps in experimental populations of diploid species (Netherlands: Wageningen).
Kyazma BV.

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

Xu, X., Kolmer, J., Li, G, Tan, C., Carver, B. F., Bian, R., et al. (2022). Identification
and characterization of the novel leaf rust resistance gene Lr81 in wheat. Theor. Appl.
Genet. 135, 2725-2734. doi: 10.1007/s00122-022-04145-5

Zhang, D., Bowden, R,, and Bai, G. (2011). “A method to linearize Stakman infection
type ratings for statistical analysis,” in Proceedings Borlaug Global Rust Initiative 2011
Technical Workshop Saint Paul, Minnesota, Saint Paul, Minnesota, USA: Borlaug
Global Rust Initiative. 170.

Zhang, D., Bowden, R. L., Yu, J., Carver, B. F., and Bai, G. (2014). Association
analysis of stem rust resistance in U.S. winter wheat. PLoS One 9, e103747.

Zhu, T., Wang, L., Rimbert, H., Rodriguez, J. C., Deal, K. R., De Oliveira, R,, et al.
(2021). Optical maps refine the bread wheat Triticum aestivum cv. Chinese Spring
genome assembly. Plant J. 107, 303-314. doi: 10.1111/tpj.15289

frontiersin.org


https://doi.org/10.1016/j.molp.2021.05.014
https://doi.org/10.1094/PDIS.1997.81.3.267
https://doi.org/10.1016/j.pbi.2005.05.001
https://doi.org/10.1094/PDIS-04-11-0275
https://doi.org/10.1007/s00122-020-03735-5
https://doi.org/10.1139/CJPS-2017-0193
https://doi.org/10.3389/fgene.2022.816057
http://hdl.handle.net/1993/35791
http://hdl.handle.net/1993/35791
https://doi.org/10.1094/PDIS.1997.81.7.757
https://doi.org/10.1094/Phyto-79-525
https://doi.org/10.1071/AR06145
https://doi.org/10.1080/07060661.2016.1145598
https://doi.org/10.1080/07060661.2016.1145598
https://doi.org/10.1007/s10681-011-0519-6
https://doi.org/10.1080/07060661.2021.1888156
https://doi.org/10.1080/07060661.2021.1888156
https://doi.org/10.1080/07060661.2020.1723705
https://doi.org/10.1080/07060661.2016.1261047
https://doi.org/10.1080/07060661.2017.1386715
http://www.shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp
http://www.shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp
https://doi.org/10.1071/AR9770037
https://doi.org/10.1094/PHYTO-12-17-0426-RVW
https://doi.org/10.3389/fpls.2019.01787
https://doi.org/10.1094/PDIS.2004.88.10.1127
https://doi.org/10.1094/PDIS.2004.88.10.1127
https://doi.org/10.1139/cjr48c-033
https://doi.org/10.1094/PHYTO-06-18-0208-RVW
https://doi.org/10.1111/pbr.12057
https://doi.org/10.1371/journal.pcbi.1006067
https://doi.org/10.1007/BF00222911
https://doi.org/10.1146/annurev-phyto-080615-095835
https://doi.org/10.1111/pbi.12183
https://doi.org/10.1111/pbi.12183
https://doi.org/10.1007/s00122-022-04145-5
https://doi.org/10.1111/tpj.15289
https://doi.org/10.3389/fpls.2023.1130768
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Genetic mapping of leaf rust (Puccinia triticina Eriks) resistance genes in six Canadian spring wheat cultivars
	Introduction
	Materials and methods
	Plant materials
	Leaf rust evaluation
	Seedling plant infection
	Adult plant infection

	Molecular analysis

	Results
	Parental line seedling plant response
	Field adult plant response
	Genetic linkage map
	QTL detected using seedling plant response data
	QTL detected using field adult plant response data

	Discussion
	QTL in the AAC Prevail/BW961 population
	QTL in the CDC Hughes/AAC Concord population
	QLT in the Lillian/Glenlea population

	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


