Genetic and Molecular Characterization of Leaf
Rust Resistance from Uncharacterized Sources of
Durum Wheat (Triticum turgidum L. ssp. durum)

A Thesis Submitted to the College of
Graduate and Postdoctoral Studies
In Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy
In the Department of Plant Sciences
University of Saskatchewan
Saskatoon, Saskatchewan, Canada

By
Dhouha Kthiri

© Copyright Dhouha Kthiri, May 2017. All rights reserved.

PERMISSION TO USE
In presenting this thesis in partial fulfillment of the requirements of a Postgraduate
degree from the University of Saskatchewan, I agree that the Libraries of this University may
make it freely available for inspection. I further agree that permission for copying of this thesis
in any manner, in whole or in part, for scholarly purposes may be granted by the professor or
professors who supervised this thesis work, or in their absence, by the Head of the Department
or the Dean of the College in which this thesis work was done. It is understood that any copying
or publication or use of this thesis or part thereof for financial gain shall not be allowed without
my written permission. It is also understood that due recognition shall be given to me and to
the University of Saskatchewan in any scholarly use which may be made of any material in my
thesis.
Requests for permission to copy or to make other use of material in this thesis in whole
or part should be addressed to:
Head of the Department of Plant Sciences
51 Campus Drive,
University of Saskatchewan,
Saskatoon, Saskatchewan,
CANADA S7N 5A8

i

ABSTRACT
The emergence of highly virulent races of Puccinia triticina Eriks. in Mexico and the
Great Plains of the United States makes leaf rust a rising threat to durum wheat production in
the Canadian prairies. Whereas the genetic variation existing within the cultivated wheat gene
pools is limited, introgression of resistance genes from wild relatives offers a valuable
alternative to cope with the constantly evolving rust pathogens. This study aimed to map genes
for leaf rust resistance from uncharacterized sources of durum wheat, and to evaluate the
potential impact of DNA introgressions from wild relatives that carry Lr19 or Lr47, in durum
wheat genetic backgrounds. Seven mapping populations derived from the resistant cultivars
Geromtel_3 (ICARDA), Tunsyr_2 (ICARDA), Amria (Morocco), Byblos (France), Gaza
(Middle East), Saragolla (Italy) and Arnacoris (France), which were crossed to the susceptible
line Atil*2/Local_Red, were evaluated for their reaction to the Mexican race BBG/BP of P.
triticina. Selective genotyping and bulked segregant analysis, using the wheat 90K iSelect SNP
array, identified two genomic regions for leaf rust resistance; 6BS for Geromtel_3 and
Tunsyr_2 and 7BL for Amria and Byblos. Quantitative trait loci (QTL) analyses revealed a
total of six QTL for leaf rust resistance; two QTL in Gaza on chromosomes 6BS and 6BL,
major QTL on chromosome 7BL in Arnacoris and 2BS in Saragolla, and additional minor QTL
on chromosome 1BL in the latter two lines. SNP markers linked to the Lr genes and QTL
identified in the present study were anchored to the reference sequence of tetraploid wheat
accession “Zavitan”, which identified several candidate resistance genes. These molecular
markers will be useful for pyramiding the resistance genes into adapted, elite durum wheat
cultivars. Series of 89 near-isogenic lines (NILs) carrying the alien genes Lr19 or Lr47 in four
genetic backgrounds of durum wheat, were tested in replicated field trials to evaluate their
agronomic and quality attributes. The presence of the Lophopyrum ponticum translocation that
carries Lr19 and the endosperm yellow pigment gene Psy1, has significantly increased the
abundance of yellow pigment, an important target in durum wheat breeding. Lines with the
Triticum speltoides segment that carries Lr47 showed higher grain protein concentration.
However, grain yield penalties, reduced thousand kernel weights and a lower grain density
were associated with both translocations. The 90K iSelect SNP array was used to identify
molecular markers associated with the donor DNA for each of the NILs. These markers can be
used in future breeding programs to identify resistant lines with small introgressions that may
experience reduced effects on agronomic performance.
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1. Introduction
Wheat (Triticum spp.) is a major source of food and feed; it is a staple for over one third
of the world’s population and is providing one fifth of total calories and protein in human
nutrition (Gupta et al., 2008; Peleg et al., 2011; Shiferaw et al., 2013). The hexaploid (2n = 6x
= 42; genome AABBDD) common or bread wheat (Triticum aestivum L.) and the tetraploid
(2n = 4x =28; genome AABB) durum wheat (Triticum turgidum L. ssp. durum (Desf.) Husn.)
are the two main cultivated wheat species, constituting the most widely grown cereal crop in
the world by occupying one sixth (about 222 million hectares in 2014) of crop acreage
worldwide (http://faostat.fao.org). Meeting the food demand of the world’s growing population
will require significant increases in global wheat yields while preventing yield losses due to
several abiotic and biotic stresses.
Rusts of wheat including leaf rust (caused by Puccinia triticina Eriks., formerly P.
recondita f. sp. tritici Rob. ex Desm.), yellow or stripe rust (caused by P. striiformis Westend.
f. sp. tritici Eriks.) and stem rust (caused by P. graminis f. sp. tritici.) have been important
biotic constraints throughout the history of wheat cultivation worldwide (Eversmeyer and
Kramer, 2000). All three diseases can cause substantial economic losses, but their incidence
varies due to their diverse ecological requirements (Vida et al., 2009), earliness and severity of
the attack and the degree of resistance of the predominant cultivars (Peturson, 1958; Kolmer,
1996; Sun et al., 1997; Huerta-Espino et al., 2011). Although leaf rust causes less severe
damage to wheat plants than stem rust or stripe rust, it results in more significant annual losses
due to its frequent and widespread occurrence (Marasas et al., 2003; Huerta-Espino et al.,
2011). Genetic resistance is the most cost effective and environmentally safe method of
controlling wheat rusts and deployment of cultivars with durable resistance is a major target of
wheat breeding programs globally (Ellis et al., 2007b; Rosewarne et al., 2008; Vida et al.,
2009). Over 76 genes conferring leaf rust resistance (Lr genes) have so far been identified and
localized to specific wheat chromosomes, providing total or partial resistance to various
pathogen races (McIntosh et al., 2015). However, in both hexaploid and tetraploid wheat,
monogenically inherited Lr genes have usually been defeated by new rapidly evolving races of
P. triticina with increased virulence (Schnurbusch et al., 2004). Durum wheat has historically
been more resistant to leaf rust than bread wheat (Singh et al., 2004; Herrera-Foessel et al.,
2006) and most of the predominant P. triticina isolates found on common wheat are avirulent
on durum wheat (Singh 1991; Ordonez and Kolmer, 2007; Mantovani et al., 2010).
Nonetheless, the breakdown of the resistance to leaf rust in durum wheat was reported in
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several countries during the last decade. The detection and spread of the new P. triticina race
BBG/BN with virulence to Lr72, a widely-deployed gene in durum germplasm, has led to
severe leaf rust epidemics in northwestern Mexico during 2001 to 2003, causing estimated
losses of at least US$ 32 million to wheat growers in the three crop seasons (Singh et al., 2004;
Herrera-Foessel et al., 2014a). Since then, genetic studies conducted at the International Maize
and Wheat Improvement Center (CIMMYT) have led to the identification of effective leaf rust
resistance genes including the linked genes Lr3 and LrCamayo, both mapping to chromosome
6BL (Herrera-Foessel et al., 2007), the complementary gene pair Lr27+31, located on
chromosome arms 3BS and 4BS, respectively (Singh et al., 1993), Lr14a on 7BL (HererraFoessel et al., 2008c) and Lr61 on chromosome 6BS (Herrera-Foessel et al., 2008b). However,
as the race BBG/BN continued to evolve, a new variant identified as BBG/BP acquired
virulence to the complementary resistance genes Lr27+Lr31 in 2008, resulting in yield losses
and fungicide costs estimated at $ 40 million in the state of Sonora, located in northwestern
Mexico (Huerta-Espino et al., 2011). Similarly, the race CBG/BP acquired virulence to Lr3a
and the historic race BBB/BN from Mexico acquired virulence to Lr61, resulting in the new
race BBB/BN_Lr61Vir (Herrera-Foessel et al., 2014a). Race BBB/QD, with a similar virulence
pattern to the Mexican races of P. triticina, was detected in Californian durum fields during
2009 (Aoun et al., 2016). In 2013, this highly virulent durum race was reported in Kansas,
increasing the risk of its spread to the major durum-producing areas of North Dakota and
Saskatchewan (Kolmer 2015a; Kolmer and Hughes, 2015).
Recent studies conducted at CIMMYT indicated that the great majority of durum
germplasm from international centers such as CIMMYT and the International Center for
Agricultural Research in the Dry Areas (ICARDA), and from public or private breeding
programs worldwide, rely largely on the gene Lr14a for resistance to leaf rust, often in a
monogenic state (Loladze et al., 2014). This genetic vulnerability is dangerous since virulence
to Lr14a has been detected in several Mediterranean countries including France (Goyeau et al.,
2010), Tunisia (Gharbi et al., 2013) and Spain (Soleiman et al., 2016). Diversification of the
genetic basis for leaf rust resistance and the deployment of pyramided major and/or minor
genes are critical to the sustainable production of durum wheat globally. However, limited
information is available about the genetic basis of resistance to P. triticina in durum wheat
since only a few studies have included genetic and molecular mapping of leaf rust resistance
in tetraploid wheat compared to hexaploid wheat. Among the known leaf rust resistance genes,
only Lr14a, derived from the emmer (T. turgidum ssp. dicoccum) accession ‘Yaroslav’, and
Lr23, derived from the durum landrace ‘Gaza’, are known to have originated from tetraploid
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wheat (McFadden, 1930; Herrera-Foessel et al., 2008c). Other reports of Lr genes present in
both tetraploid and hexaploid wheats include Lr10, Lr13, Lr16, Lr17a, Lr33 (Herrera-Foessel
et al., 2008c), Lr52 and Lr64 (Singh et al., 2010). The slow-rusting gene Lr46 has also been
reported in CIMMYT durum wheat line ‘Quetru’ (Herrera-Foessel et al., 2011b).
In addition, alien resistance genes have been introgressed into durum wheat from the
secondary and tertiary gene pools, such as Lr19, one of the few widely effective genes
conferring resistance to leaf rust in wheat, transferred from the wild relative Lophopyrum
ponticum (Zhang et al., 2005) and Lr47, transferred from chromosome 7S of T. speltoides
(Dubcovsky et al., 1998; Chicaiza et al., 2006). Wild Triticeae species constitute a valuable
reservoir to expand the pool of resistance genes in cultivated wheat. Approximately half of the
catalogued wheat Lr genes are derived from wild progenitor and non-progenitor species (Brevis
et al., 2008; Gennaro et al., 2009; Bansal et al., 2016). Yet, undesirable linkage drag around
the target gene usually affects the agronomic and/or quality performance, thus limiting the
incorporation of these alien genes in commercial cultivars (Dubcovsky et al., 1998; Brevis et
al., 2008; Ceoloni et al., 2014; Kuzmanovic et al., 2016).
Durum wheat is an important crop in Canada, grown on approximately 2 million ha
annually, representing about 25% of the total wheat area (Statistics Canada, 2016; J.M. Clarke
et al., 2010). Early studies suggest that leaf rust resistance in Canadian durum wheat cultivars
relies largely on single, race-specific resistance genes (Zhang and Knott, 1990; A. Singh et al.,
2013). This has been effective because leaf rust is rarely a concern in the semi-arid durum
producing regions of western Canada. However, the emergence of BBG/BN and BBB/QD in
Mexico and the United States is concerning, as nearly all newly released durum wheat varieties
from Canada are highly susceptible to these new races (Kolmer, 2015a; Loladze et al., 2014).
This stresses the importance of a proactive breeding strategy that introgresses novel Lr genes
into Canadian germplasm, in preparation for virulent races that may emerge and threaten durum
wheat production in Canada.
Marker-assisted breeding provides valuable tools for wheat breeders to monitor the
incorporation of identified Lr genes into elite genotypes or to identify Lr genes in varieties and
lines with no genetic background available. While most marker identification techniques are
typically costly and time consuming, single nucleotide polymorphisms (SNPs) identification
and validation has rapidly improved in the past years, mostly due to reduction of sequencing
costs through the advent of next generation sequencing technologies (Wang et al., 2014a;
Winfield et al., 2016; Allen et al., 2016). A major factor that led to the recent shift towards
SNP genotyping is the availability of a variety of high-throughput genotyping platforms. These
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range from the fixed array SNP platforms such as the Illumina 90K iSelect array (Wang et al.,
2014a; Illumina, San Diego, CA, USA) and the recently developed ultra-high density
Affymetrix Axiom® array, containing 820,000 SNP markers (Winfield et al., 2016), to the
flexible SNP platforms, such as the Fluidigm Dynamic Arrays™ IFC (Fluidigm Corporation,
San Francisco, CA, USA), allowing to run flexible sets of SNP markers across large breeding
populations. Hence, low cost, high-throughput SNP genotyping technologies and nextgeneration sequencing are making marker-assisted breeding a common choice of wheat
breeders.
1.1. Project hypotheses
This research was conducted jointly by the Department of Plant Sciences at the
University of Saskatchewan and the durum breeding program at the International Maize and
Wheat Improvement Center (CIMMYT), as part of their on-going collaboration in the area of
breeding for rust resistance and quality improvement. Based on previous genetic studies
conducted by the durum breeding program at CIMMYT, seven segregating populations,
hypothesized to carry non-characterized rust resistance genes, have been developed and were
utilized for this project, as well as a series of near isogenic lines of durum wheat carrying either
Lr19 or Lr47. The following hypotheses were developed:
1. The seven sources of resistance are carrying uncharacterized, new resistance genes to
the prevalent Mexican races of P. triticina.
2. Resistance to leaf rust in each of the Moroccan line Amria, the ICARDA lines
Geromtel_3 and Tunsyr_2, and the French line Byblos, is monogenic.
3. Resistance to leaf rust in the Middle Eastern landrace Gaza, the French cultivar
Arnacoris and the Italian cultivar Saragolla is oligogenic.
4. The presence of the alien translocation carrying Lr19 is associated with grain yield
reduction and a higher yellow pigment concentration (YP).
5. The presence of the Lr47 translocation is associated with grain yield penalties and an
increase in grain protein concentration (GPC).
1.2. Project objectives
The main purpose of this research is to identify new genes for leaf rust resistance in
durum wheat and to genetically map and develop molecular markers for both simple and
oligogenic leaf rust resistance as well as assess yield and quality parameters of near isogenic
lines of durum wheat carrying either Lr19 or Lr47. Specifically, the objectives of this project
were as follows:
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1. Complete inheritance studies of leaf rust resistance in seven durum wheat recombinant
inbred line (RIL) populations, by conducting phenotyping experiments in the field,
under artificial inoculations at CIMMYT research stations.
2. Use a selective genotyping approach with the recent SNP detection platform, the
Illumina 90K iSelect Array, to identify markers linked to leaf rust resistance in
populations with apparent monogenic resistance.
3. Pursue a QTL mapping approach using the Illumina 90K iSelect Array, for populations
with more complex inheritance of the resistance.
4. Evaluate the effects on agronomic and quality performance of the alien translocations
carrying either Lr19 or Lr47 in a series of isogenic lines for these events.
5. Examine the introgressed genomic regions of the near isogenic lines carrying Lr19 and
Lr47 using the Illumina 90K iSelect Array.
6. Perform a marker-trait association analysis to assess the linkage drag from the
undesirable alien chromatin.
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2. Literature Review
2.1. The host: origin and domestication of wheat
Archaeological, botanical, geographical and more recently genetic evidence, document
that wheat was one of the Neolithic founder crops domesticated about 10,000 years ago in the
Near East region known as the Fertile Crescent core area. This region spans modern-day
southeastern Turkey and northern Syria, at the upper reaches of the Tigris and Euphrates rivers
(Lev-Yadun et al., 2000; Salamini et al., 2002; Abbo et al., 2006; Kilian et al., 2010; Peleg et
al., 2011; Marcussen et al., 2014).
Wheat belongs to the genus Triticum, a member of the grass family Poaceae and the
Triticeae tribe (Kellogg, 2001). The first natural classification of wheat was proposed in 1913
by Schulz, who divided the genus Triticum into three major taxonomic groups: einkorn, emmer
and dinkel (Feldman and Millet, 2001; Feldman and Levy, 2005). Cytogenetic evidence
provided by the pioneering studies led by Sakamura (1918), Kihara (1919; 1924) and Sax
(1927), supported Schulz’s classification by showing that the three wheat groups had different
ploidy levels based on sets of seven chromosome pairs (x = 7). The einkorns are diploid (2n =
2x = 14), the emmers are tetraploid (2n = 4x = 28), and the dinkels are hexaploid (2n = 6x =
42) (Feldman and Levy, 2005). Those studies also led to the designation of the different wheat
genomes known today as A, B, D, G, S, and so forth (Kilian et al., 2010).
Two Triticum species are recognized among the founder crops of Neolithic agriculture;
the diploid einkorn, T. monococcum (genome AA) domesticated from its wild progenitor T.
boeoticum, and tetraploid emmer T. turgidum ssp. dicoccon, descending from the wild
progenitor T. turgidum ssp. dicoccoides (genome AABB) (Salamini et al., 2002; Shewry, 2009;
Kilian et al., 2010; Preece et al., 2015). The transition from the wild progenitors to their
domesticated descendants involved several mutations that gave rise to complex morphological
and physiological changes referred to as ‘domestication syndrome’ (Salamini et al., 2002;
Kilian et al., 2010; Peleg et al., 2011).
A major domestication trait in wheat resulted from a mutation at the Br (brittle rachis)
locus, which reduced rachis fragility and prevented spikelet shattering at maturity, a key feature
in limiting pre-harvest losses (Nalam et al., 2006; Shewry, 2009). The emergence of the freethreshing character, governed by the Q locus, is another advanced step in Triticum evolution
under domestication. The efficiency of post-harvest processing was greatly improved with the
progression from tenacious to soft glumes, through recessive mutations at the Tg (tenacious
glume) loci, allowing easy release of the naked kernel (Simons et al., 2006; Dubcovsky and
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Dvorak, 2007). Other domestication related traits include reduced seed dormancy and larger
kernels ensuring better germination (Nesbitt, 2001; Preece et al., 2015).
2.2. General genetic aspects of wheat
Polyploidy, defined as the acquisition of more than two complete sets of chromosomes
per cell nucleus (Comai, 2005; Sattler et al., 2016), has played a major role in plant genome
evolution and speciation (Feldman and Levy, 2012; Borrill et al., 2015; El Baidouri et al.,
2016). Polyploidy occurs in two ways: autopolyploidy, whereby structurally similar,
homologous genomes are doubled within a single species; and allopolyploidy which involves
interspecific or intergeneric hybridization and subsequent doubling of nonhomologous (i.e.
homoeologous) genomes (Levy and Feldman, 2002; Comai, 2005; Parisod et al., 2010;
Feldman and Levy, 2012). Ploidy changes have been common in wheat evolution. The wild
allotetraploid wheat T. turgidum, ssp. dicoccoides (2n = 4x = 28, genome AABB), which is the
direct progenitor of modern durum (T. turgidum L. ssp. durum) and bread (T. aestivum L.)
wheat, evolved through a polyploidization event between T. urartu (AA genome) and an
Aegilops speltoides-related species (BB genome), about half a million years ago (Huang et al.,
2002). The progenitor of the B genome has been a subject of controversy over the last few
decades and still remains elusive. However, the diploid wheat most closely related to the B
genome is Ae. speltoides (2n = 2x = 14; genome SS). Allohexaploid bread wheat (2n = 6x =
42, genome AABBDD) arose from a second round of intergeneric hybridization and
chromosome doubling between domesticated allotetraploid wheat T. turgidum (AABB) and the
diploid Ae. tauschii (2n = 2x = 14, genome DD), about 10,000 years ago (Huang et al., 2002;
Salamini et al., 2002; Feldman and Levy, 2005; El Baidouri et al., 2016). The combination of
large diploid genomes in the polyploid wheat species resulted in large genomes, varying from
12 Gigabases (Gb) in the allotetraploid durum wheat to 17 Gb in the allohexaploid bread wheat
(Borrill et al., 2015), with a repetitive DNA content of over 80% (Paux et al., 2006). These
large, highly repetitive genomes represent a challenge for molecular studies and efficient
genetic improvement in wheat.
Despite its challenges from a research perspective, polyploidy can provide the
advantage of an increase in vigor and adaptation and gene redundancy. Indeed, the presence of
homoeologous genes promotes a ‘buffering’ effect against aneuploidy and deleterious
mutations, since the majority of wheat genes are present as two or three copies in the A, B and
D genomes (Brenchley et al., 2012; IWGSC, 2014). Duplicated genes often undergo functional
divergence; either subfunctionalization whereby the ancestral function of the gene is
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partitioned between the duplicates, or neofunctionalization in which a duplicated gene mutates
and acquires a novel function (Comai, 2005; Salse, 2016; Sattler et al., 2016). Nonetheless,
domesticated allopolyploids usually experience major losses of genetic diversity compared to
their wild progenitors, a phenomenon known as domestication bottleneck (Dubcovsky and
Dvorak, 2007; Haudry et al., 2007).
2.3. The green revolution
The greatest milestone in the history of global wheat productivity since domestication,
occurred during the second half of the 20th century; a period referred to as the “Green
Revolution” (Evenson and Gollin, 2003; Grassini et al., 2013). In the 1960s, the Rockefeller
foundation and the “father of the green revolution” Norman Borlaug, initiated a new program
at the International Maize and Wheat Improvement Center (CIMMYT) in Mexico, aiming to
address wheat production problems, ensure free exchange of seeds and information, and train
young researchers (Dowswell, 2009). Many changes contributed to the green revolution
including improved irrigation infrastructure and the introduction of chemical fertilizers,
synthetic herbicides and pesticides. However, the major factor that enabled the spectacular
wheat yield increases was the incorporation of the dwarfing genes (Gale and Youssefian, 1985;
Hedden, 2003). The development of semi-dwarf wheat varieties with higher tillering capacity,
more grain-filled heads and stems that are both shorter and stronger, enabled the plant to resist
lodging under higher levels of fertilization and irrigation (Borlaug, 1983). The reduced plant
height is conferred by the reduced height (Rht) genes that encode growth repressors, which are
normally suppressed by the plant growth hormone gibberellin (GA) (Peng et al., 1999; Hedden,
2003). However, the semi-dwarf wheat varieties carry mutant gibberellin-insensitive dwarfing
alleles, which cause a significant height reduction without affecting the ears (Peng et al., 1999),
and thus, result in a higher harvest index (Borlaug, 1983). The wheat dwarfing genes of the
green revolution were initially introduced by Orville Vogel at Washington State University, in
1946, and then by Norman Borlaug in Mexico, from the Japanese variety Norin_10 (Gale and
Youssefian, 1985). The Norin_10 dwarfing genes are currently present in the majority of
commercial wheat cultivars worldwide (Hedden, 2003). The first semi-dwarf winter wheat
variety “Gaines” was released in Washington state in 1961, followed by the semi-dwarf
Mexican spring wheat varieties Pitic_62 and Penjamo_62 in 1962, and Sonora_64 and
Lerma_Rojo_64 in 1964 (Borlaug, 1983). The first semi-dwarf durum wheat variety bred by
CIMMYT was Oviachic_65 in 1965, followed by varieties such as Jori_69, Cocorit_76 and
Mexicali_75 (Gale and Youssefian, 1985). In addition to the dwarfing genes, the Mexican
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program involved a shuttle breeding strategy with two growing seasons annually, at two diverse
environments, which were different by 10o in latitude and 2,627 metres in altitude (Borlaug,
1983). This approach resulted in photoperiod insensitive wheat varieties, adapted to a broad
range of agricultural environments (Borlaug, 1983; Beales et al., 2007). The distribution of
these semi-dwarf, high yielding, photoperiod insensitive varieties to Latin America, South Asia
and North Africa allowed for spectacular increases in wheat yields and improved food security
(Gale and Youssefian, 1985; Hedden, 2003; Shiferaw et al., 2013).
2.4. Durum wheat production in Canada
With about 17 million hectares under cultivation and over 40 million tonnes produced
during 2016, durum wheat accounts for approximately 6% of the global wheat production
(Maccaferri et al., 2015; International Grains Council (IGC), 2016). Durum grain is used for
the preparation of diverse food products, including bread, couscous, bulgur, tortillas, and most
importantly, pasta. Durum is widely cultivated in the Mediterranean Basin, where over half of
the world’s production is concentrated (Maccaferri et al., 2010). Canada is the world’s largest
producer and exporter of durum wheat (IGC, 2016), with significant quantities (> 6.8 million
tonnes) (Statistics Canada, 2016) of Canada Western Amber Durum wheat (CWAD) being
produced annually, mainly in the dry production areas of the southern prairie provinces where
summers are hot and arid. In 2016, there were approximately 2.5 million hectares seeded with
CWAD wheat, representing about 25% of the total wheat area (Statistics Canada, 2016). The
province of Saskatchewan has the largest durum wheat seeded area and accounts for 80% of
Canadian production, while the remaining 20% are contributed by Alberta (Statistics Canada,
2016). Most of Canadian durum production (> 80%) is exported, with top markets being Italy,
United States, Algeria, Morocco and Venezuela (Canadian Grain Commission, 2015).
2.5. The pathogen: general aspects of Puccinia triticina Eriks.
Wheat rust pathogens are among the most devastating species attacking higher plants.
Stem rust, caused by P. graminis f. sp. tritici, is considered to be the most damaging of the
wheat rusts since it attacks all parts of the plant above the ground (Knott, 1989; Eversmeyer
and Kramer, 2000). Disease spread is favored by humid conditions and warmer temperatures
of 15 to 35°C, and can result in considerable amounts of kernel shriveling and yield loss (Roelfs
et al., 1992). Stripe or yellow rust, caused by the fungal pathogen P. striiformis f. sp. tritici, is
adapted to cooler climates (2-15°C) and can be as destructive as stem rust under epidemic
conditions. Yield losses of up to 50% may occur due to shriveled grain and damaged tillers
(Roelfs et al., 1992). Randhawa et al. (2012) reported that the incidence and severity of stripe
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rust increased dramatically in North America during 1999, due to the occurrence of new P.
striiformis isolates that showed enhanced aggressiveness and significant adaptation to warmer
temperatures.
Leaf rust caused by P. triticina Eriks. (formerly P. recondita f. sp. tritici), is the most
common of the three rusts found on wheat. This disease poses a major threat to wheat
production over large geographical areas (Kolmer, 1996; Kolmer, 2013). Total crop losses due
to leaf rust are rare but yield reductions up to 70% have been reported under conditions
favorable for disease build-up (Sayre et al., 1998; Herrera-Foessel et al., 2006). The primary
damage results from premature defoliation of the plant, which leads to decreased numbers of
kernels per head and the shriveling of kernels. McCallum et al. (2007) reported that Canadian
durum wheat cultivars, produced under dry areas, were traditionally resistant to leaf rust;
however, bread wheat cultivars were generally susceptible, with yield losses up to 20% and the
worst outbreaks occurring in the eastern prairies (Saskatchewan and Manitoba) and southern
Ontario.
2.5.1. Taxonomic history of the leaf rust pathogen of wheat
The wheat leaf rust fungus P. triticina Eriks. belongs to the genus Puccinia, family
Pucciniaceae, order Pucciniales and class Pucciniomycetes within the Basidiomycota phylum
(Zhao et al., 2016). The wheat leaf rust pathogen underwent several name changes since its
first designation as Uredo rubigo-vera (DC) by de Candolle in 1815 (Roelfs et al., 1992;
Anikster et al., 1997; Bolton et al., 2008). In 1899, Eriksson described wheat leaf rust as a
single species, P. triticina, specific to wheat. Later, in 1956, Cummins and Caldwell included
wheat leaf rust in the species complex of P. recondita that attacks several species of grasses,
including wild wheat and rye. However, based on sexual incompatibility, spore morphology,
molecular analyses, and infection structure, the causal agent of wheat leaf rust is currently
considered a distinct species that is different from leaf rust on rye and other wheat relatives,
and is designated as P. triticina Eriks. (Bolton et al., 2008).
2.5.2. Life cycle of P. triticina
The rust fungi are obligate biotrophs, which require a living host to infect, grow and
reproduce (Kolmer, 2013; Zhao et al., 2016). P. triticina is a macrocyclic and heteroecious
fungus that requires botanically unrelated host species to complete its full life cycle. Five
distinct spore stages are implicated in the fungus’ life cycle, with the asexual uredinial, telial,
and basidial stages occurring on the primary host and the sexual pycnial and aecial stages
occurring on the alternate host (Bolton et al., 2008; Kolmer, 2013; Zhao et al., 2016). The major
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primary host of P. triticina is hexaploid or bread wheat (T. aestivum L). The fungus also infects
tetraploid durum (T. turgidum L. ssp. durum), wild emmer (T. dicoccoides), domesticated
emmer (T. dicoccon) and the manmade crop triticale (X Triticosecale Wittmack) (Roelfs et al.,
1992). P. triticina was also reported on the diploid species Ae. speltoides and the common
goatgrass Ae. Cylindrica (Bolton et al., 2008; Liu et al., 2014). Thalictrum speciosissimum,
native to southern Europe and southwest Asia, was P. triticina’s first reported alternate host.
This species does not occur naturally in North America (Bolton et al., 2008; Kolmer, 2013).
Several other species were later reported as alternate hosts of P. triticina, including Isopyrum
fumarioides, Anchusa spp. and Clematis spp. (Roelfs et al., 1992; Anikster et al., 1997). In
some areas of the Mediterranean, an additional species of leaf rust, P. recondita, occurs on
durum wheat T. turgidum L. ssp. durum, with An. italica as an alternate host. This pathosystem
has been reported in both Morocco and Portugal (Ezzahiri et al., 1992; Anikster et al., 1997).
Sexual recombination of the pathogen on the alternate host may lead to higher diversity and
faster virulence evolution in the pathogen population. The alternate hosts may also serve as a
source of inoculum for the wheat crop, before exogenous urediniospores arrive from
neighboring wheat fields (Roelfs et al., 1992). However, previous studies suggested that in
North America, and in most other parts of the world, sexual reproduction of P. triticina is not
epidemiologically important (Kolmer and Liu, 2000; Kolmer and Hughes, 2015).
The fertile Crescent region of the Middle East is believed to be the center of origin of
P. triticina, since a natural range of the primary and alternate hosts coexist there (Bolton et al.,
2008; Kolmer et al., 2011; Liu et al., 2014). However, North American species of Thalictrum
and Isopyrum are resistant to basidiospore infection. Thus, the lack of suitable alternate hosts
prevents P. triticina from completing the sexual stage of the pathogen life-cycle (Bolton et al.,
2008; Kolmer, 2013). In North America, leaf rust is introduced annually in the northern springsown wheat areas (Great Plains and Canada) from exogenous urediniospores that were
produced in the southern autumn-sown wheat areas (Northern Mexico and southern Texas),
where it is warmer and the wheat matures earlier. During the fall, urediniospores from northern
areas move back to the south, giving rise to a concept known as the “Puccinia pathway”
(Eversmeyer and Kramer, 2000).
On primary hosts, such as wheat, P. triticina produces dikaryotic urediniospores that
are able to re-infect the telial host under favorable moisture and temperature conditions.
Uredinial infection and development will produce uredinia, which bear dikaryotik, two-celled
teliospores. Teliospores are resistant to weather extremes and are the overwintering stage of
the rust in cold climates (Knott, 1989). Similarily, in warmer climates, such as the
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Mediterranean, teliospores allow the rust to survive the hot and dry summers and infect the
alternate hosts during the autumn months. Early in teliospore development, the two haploid
nuclei in the teliospore undergo karyogamy resulting in a diploid nucleus (Bolton et al., 2008).
Knott (1989) reports that the two nuclei become appressed and fuse, as they mature. When
conditions are suitable, each cell of a teliospore may germinate to produce a basidium. The
diploid nuclei then undergo meiosis to produce four haploid cells (Knott, 1989). These cells
germinate to produce a spike like structure called sterigma, on the apices of which the
basidiospores are expanding (Bolton et al., 2008). The newly formed mature basidiospores are
forcibly discharged from sterigmata and carried from the telial host by air currents to the
alternate host (Knott, 1989; Bolton et al., 2008). Basidiospores infection is initiated by the
direct penetration of host epidermal cells which results in the development of flask-shaped
pycnia that appear as yellow orange pustules on the upper leaf surface (Bolton et al., 2008;
Zhao et al., 2016). To complete the sexual stage of the P. triticina life-cycle, each pycnium
produces haploid pycniospores and flexuous (receptive) hyphae that function as male and
female gametes, respectively. P. triticina is heterothallic, therefore, pycniospores have to be
disseminated to different pycnia by insects, rain, or leaves rubbing together in the wind, to
fertilize receptive hyphae, resulting in the production of dikaryotic aeciospores. In the presence
of favorable conditions, the aeciospores germinate and penetrate stomata of the telial/uredinial
host, leading to asexual urediniospores production and the completion of the P. triticina life
cycle (Bolton et al., 2008).
2.5.3. Uredinial infection process of P. triticina
Urediniospores are wind-borne and germinate in the presence of free water and
adequate temperature, on the wheat leaf surface (Bolton et al., 2008; Kolmer, 2013). The
environmental conditions required for the different stages of the uredinial infection process of
P. triticina are summarized in Table 2.1. The germ tube grows along the leaf surface until a
stoma is encountered; an appressorium is then formed. The formation of appressoria occurs
within 24h after inoculation and causes stomatal closure (Bolton et al., 2008). A penetration
peg originating from the appressorium pushes through the closed stoma to gain entry into the
intercellular space, where a primary hyphum begins to grow inward from a substomatal vesicle
towards the mesophyll cells (Roelfs et al., 1992). Subsequently, a haustorial mother cell
develops against the mesophyll cell and a penetration peg is formed. The haustorium, a feeding
structure for the fungus, is then formed inside the living host cell, but remains separated from
the host cytoplasm by the extrahaustorial membrane (Bolton et al., 2008). In a compatible host12

pathogen interaction, secondary hyphae develop, resulting in additional haustorial mother cells
and haustoria and the formation of a branching network of fungal mycelium (Roelfs et al.,
1992; Bolton et al., 2008). Sporulation can occur within 7 to 10 days post inoculation; when
the epidermis of the uredinia ruptures and orange-red urediniospores are released, leading to
the “rusty” appearance of wheat leaves (Bolton et al., 2008). Maximum sporulation is reached
about 4 days following initial sporulation (Roelfs et al., 1992). P. triticina is able to cycle
indefinitely as uredinial infections on telial hosts such as wheat (Bolton et al., 2008; Kolmer,
2013). Rapid multiplication of inoculums leads to severe rust epidemics on the cereal crop
(Evesmeyer and Krammer, 2000).
Table 2.1. Environmental conditions for P. triticina Eriks. infection (Roelfs et al., 1992).
Temperature (°C)
Stage

Minimum

Optimum

Maximum

Light

Free water

Germination

2

20

30

Low

Essential

Germling

5

15-20

30

Low

Essential

Appressorium

-

15-20

-

None

Essential

Penetration

10

20

30

No effect

Essential

Growth

2

25

35

High

None

Sporulation

10

25

35

High

None

2.5.4. Population biology of P. triticina
Extensive population studies have been conducted on P. triticina worldwide, with
annual virulence surveys being conducted since 1920 in Australia, 1926 in the United States
and 1931 in Canada (Kolmer, 2001; Bolton et al., 2008). The main purpose of these surveys is
to track changes in virulence that affect commercial cultivars and breeding programs. The
development of near-isogenic single Lr gene lines in the ‘Thatcher’ wheat background, at the
Cereal Research Centre, Agriculture and Agri-Food Canada (CRC-AAFC), was a great
contribution to leaf rust research globally (McCallum et al., 2016). The widespread use of the
Thatcher differential set allowed for the direct comparison of virulence in P. triticina
populations from across the world.
The population biology of P. triticina has been studied using both virulence to wheat
differential sets (Goyeau et al., 2006; Ordonez and Kolmer, 2007; Kolmer and Hughes, 2015)
and by using various types of molecular markers, mainly Random Amplified Polymorphic
DNA (RAPD) and Simple Sequence Repeat (SSR) markers (Kolmer and Liu, 2000; Kolmer,
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2001; Mantovani et al., 2010; Kolmer et al., 2011; Kolmer et al., 2013; Kolmer and Acevedo,
2016). Results from these various studies indicated that P. triticina populations are highly
diverse, with differences in race and virulence phenotype. Very high correlations exist between
virulence phenotypes and molecular backgrounds. Molecular markers and virulence
characterization have also been used to investigate the genetic relationships between worldwide
P. triticina populations to track eventual intercontinental migration events (Kolmer, 2013).
Several studies reported that different P. triticina populations occur on bread and durum
wheat (Anikster, 1997; Goyeau et al., 2006; Ordoñez and Kolmer, 2007; Goyeau et al., 2012;
Liu et al., 2014; Kolmer and Acevedo, 2016). Ordoñez and Kolmer (2007) analyzed a
worldwide collection of P. triticina isolates. They concluded that leaf rust isolates collected
from durum wheat were distinct from the isolates found on bread wheat in their virulence
pattern, based on 35 near-isogenic lines of Thatcher. Similarly, Goyeau et al. (2012) used SSR
markers and an adapted differential set, including durum commercial cultivars and Thatcher
isogenic lines, to study the diversity of a population of P. triticina infecting durum wheat in
France. The results from this study confirmed the phenotypic and genotypic divergence of P.
triticina populations sampled from durum and bread wheat.
2.6. The host-pathogen interaction
Deployment of genetic resistance in commercial wheat cultivars is widely considered
as the most efficient, cost-effective and environment-friendly approach to prevent yield losses
caused by rust epidemics (Knott, 1989; Kolmer, 1996; McCallum et al., 2016; Singh et al.,
2016). Chemical control by the use of fungicides such as Tilt (active ingredient =
propiconazole; Syngenta AG, Basel, Switzerland) and Folicur (active ingredient =
tebuconazole; Bayer AG, Leverkusen, Germany) is also assumed to be effective in controlling
rust diseases in Canada, as reported by McCallum et al. (2007). However, fungicide application
represents an added input cost, that can be unaffordable especially for small-scale farmers in
many developing countries.
Host resistance to the wheat rusts can be classified into two categories based on the
mode of inheritance and/or how resistance is expressed. The first class of resistance is often
simply inherited and controlled by single or few genes of large effects, whereas the alternate
type is often controlled by minor effect additive resistance genes (Knott, 1989; Kolmer, 2013;
Singh et al., 2016). Simply inherited resistance often follows the complementary gene-for-gene
interaction described by Flor in 1956 and is characterized by host hypersensitivity involving
chlorosis or necrosis that indicates race-specific resistance (Rosewarne et al., 2008; Lowe et
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al., 2011; Ellis et al., 2014,). This kind of interaction imposes a strong selection pressure on the
pathogens to overcome resistance and can result in the natural evolution of new races through
mechanisms such as mutation, genetic drift, gene flow, and sexual and asexual recombination
(Mondal et al., 2016). The vulnerability of wheat to leaf rust epidemics has increased with the
tendency to grow large areas of genetically homogeneous cultivars with resistance based on
single race-specific genes (Ellis et al., 2014; Soleiman et al., 2014). The alternate resistance
type generally shows complex inheritance and is often described as race nonspecific, polygenic
or horizontal resistance. This type of resistance does not confer complete resistance, but instead
is characterized by a slow-rusting phenotype, showing longer latent periods and reduced levels
of disease severity, by developing fewer and smaller uredinia (Knott, 1989; Herrera-Foessel et
al., 2008a; Lowe et al., 2011; Soleiman et al., 2014). The multi-gene and incomplete nature of
alternate resistance makes it more durable and difficult for the pathogen to overcome through
evolutionary processes.
2.7. Mechanisms of host resistance in plants
Plant defense mechanisms fall into two main categories: passive or constitutive defense
and active or inducible defense (Guest and Brown, 1997; Van Loon et al., 2006). Preformed
physical barriers such as cell walls, waxy epidermal cuticles, stomatal apertures as well as plant
anti-microbial compounds, constitute the plants passive protection against pathogens (Dangl
and Jones, 2001; Van Loon et al., 2006; Niks et al., 2015). In addition to these barriers, plants
have the ability to detect invading pathogens upon recognition of pathogen-associated
molecular patterns (PAMPs) such as bacterial flagellins and fungal cell wall chitin, through
pattern recognition receptors (PRRs). This basal immune system is known as PAMP-triggered
immunity (PTI) (Bent and Mackey, 2007). A second plant inducible defense mechanism is
activated by a surveillance system that perceives specific effector proteins that pathogens
secrete into host cells to promote virulence. Plant resistance (R) genes are the surveillance
receptors responsible for this effector-triggered immunity (ETI) (McDowell and Simon, 2008).
The gene-for-gene model, introduced by Flor in the 1950s, is a well characterized perception
mechanism based on the direct interaction of the plant R gene product with a cognate avirulence
(Avr) protein in the pathogen (Jones and Dangl, 2006; Ellis et al., 2007a; McDowell and Simon,
2008). This ligand-receptor model of direct perception was supported by the fact that some Avr
gene products are small and colocalize with R gene products, and was later confirmed as the
basis of gene-for-gene specificity in the flax-flax rust system (Ellis et al., 2007a). This
interaction triggers strong defense responses leading to programmed cell death or
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hypersensitive response (HR) and the end of pathogen growth (Dangl and Jones, 2001). An
indirect perception mechanism, referred to as the “guard model”, predicts that the plant R
proteins acts by monitoring other host proteins targeted by pathogen Avr proteins. Modification
of these guarded effector targets leads to activation of plant defense responses (Jones and
Dangl, 2006; McDowell and Simon, 2008). An alternative indirect perception model suggests
that the plant R proteins guard a host decoy protein that mimics the true target of the pathogen
effector (Van der Hoorn and Kamoun, 2008). The majority of plant R genes cloned to date,
encode nucleotide-binding site leucine-rich repeat (NBS-LRR) proteins, characterized by
variable amino- and carboxy-terminal domains (Dangl and Jones, 2001; McHale et al., 2006;
Bent and Mackey, 2007). Based on the N-terminal structural features, the large NB-LRR family
can be subdivided into Toll-interleukin-domain-containing (TIR-NB-LRR), with homology to
the Drosophila melanogaster Toll protein and mammalian interleukin-1 receptor, and coiledcoil-domain-containing (CC-NB-LRR) subfamilies (Dangl and Jones, 2001; McHale et al.,
2006). Several plant genome studies reported that NB-LRR genes are frequently organized in
close physical proximity as gene clusters, resulting from either segmental or tandem
duplications (McHale et al., 2006; McDowell and Simon, 2008). R gene-mediated resistance
is race specific and results in host cell death and pathogen growth inhibition. Nonetheless,
successful pathogens evolve by either altering their effectors or acquiring novel ones to escape
R protein monitoring. This coevolutionary arms race between the host plant and the pathogen
is further illustrated by the fact that both R and Avr genes are under diversifying selection (Ellis
et al., 2007a; Gohre and Robatzek, 2008; Krattinger and Keller, 2016).
2.8. Leaf rust resistance (Lr) genes in wheat
The first worldwide investigation of leaf rust resistance in wheat took place about a
century ago, and led to the conclusion that the leaf rust resistance in wheat cultivars Malakoff
and Webster was conditioned by two genes later designated as Lr1 and Lr2, respectively
(Bolton et al., 2008; Todorovska et al., 2009). Currently, over 76 Lr genes have been identified
and catalogued (McIntosh et al., 2015). Most of these genes originated from hexaploid T.
aestivum cultivars, however, some other genes have been found and characterized in tetraploid
durum wheat and many relative wild species.
Rust resistance genes in wheat are often classified as seedling or adult plant resistance
(APR). Seedling resistance genes are effective for the whole life cycle of the plant, and are
mainly race-specific, whereas APR is commonly detected at the post-seedling stage and often
as race non-specific field resistance (Bolton et al., 2008; Lagudah, 2011; Kolmer, 2013; Ellis
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et al., 2014). The majority of the characterized Lr genes confer seedling race-specific leaf rust
resistance. Genes Lr1 (Cloutier et al., 2007), Lr10 (Feuillet et al., 2003; Loutre et al., 2009)
and Lr21 (Huang et al., 2003), are three seedling R genes cloned in wheat. All three genes have
conserved motifs that code for nucleotide binding site (NBS) and leucine rich repeat (LRR)
proteins, typical of other plant disease resistance genes (Krattinger and Keller, 2016). Race
specific seedling resistance genes are very vulnerable to selection and mutations toward
virulence in the rust populations (Kolmer, 2013; Ellis et al., 2014; Poland and Rutkoski, 2016).
APR genes have been shown to be an important part of durable leaf rust resistance
(Singh et al., 2005; Herrera-Foessel et al., 2011a; Lagudah, 2011). Although individual APR
genes do not confer adequate resistance, it has been reported that ‘near immunity’ can be
achieved through combination of 4 or 5 minor APR genes (Singh et al., 2014). The majority of
APR genes identified in wheat are race non-specific, providing resistance against all races of
P. triticina. Nonetheless, some exceptions apply to genes such as Lr12, Lr13, Lr22a, Lr37,
Lr48 and Lr49 that provide race-specific, hypersensitive resistance, optimally expressed at the
adult plant stage (Saini et al., 2002, Bansal et al., 2008; Kolmer, 2013).
To date, six slow-rusting, non-hypersensitive leaf rust APR genes have been
characterized and designated (Table 2.2); Lr34 ((1)Suenaga et al., 2003;
2005;
(6)

(3)

Krattinger et al., 2009), Lr46 ((4)Singh et al., 1998b;

(2)

Spielmeyer et al.,

(5)

Rosewarne et al., 2006;

Lillemo et al., 2008, (7)R.P. Singh et al., 2013), Lr67 ((8)Hiebert et al., 2010, (9)Herrera-Foessel

et al., 2011a; (10)Herrera-Foessel et al., 2014b; (11)Moore et al., 2015), Lr68 ((12)Herrera-Foessel
et al., 2012), Lr74 ((13)McIntosh et al., 2015) and Lr75 ((14)Singla et al., 2016). These APR
genes are tightly linked, or pleiotropic with leaf tip necrosis genes (Ltn) as well as other
diseases resistance such as stripe rust (P. striiformis f. sp. tritici; Yr genes), stem rust (P.
graminis f. sp. tritici; Sr genes) and powdery mildew (Blumeria graminis f. sp. tritici; Pm
genes). This pleiotropic action makes APR genes additionally valuable for breeding for broadspectrum resistance.
The best known and characterized of these APR genes is Lr34, which is present in wheat
germplasm worldwide (Kolmer et al., 2008). Lr34 has maintained its effectiveness since the
green revolution, and was found to encode an ATP-binding cassette (ABC) transporter of the
ABCG (formerly pleiotropic drug resistance, PDR) subfamily (Krattinger et al., 2009;
Krattinger et al., 2011). Likewise, Lr67 has been cloned recently and encodes for a hexose
transporter (Moore et al., 2015). Though knowledge of the mechanisms underpinning APR is
limited, these studies revealed the differences between the molecular mechanisms involved in
non-hypersensitive adult plant resistance, compared to race specific resistance.
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Table 2.2. Wheat slow-rusting loci and their linked or pleiotropic genes.
APR gene

Chromosome

Sr gene

Yr gene

Pm gene

Ltn gene

Lr34 (1, 2, 3)

7DS

Sr57

Yr18

Pm38

Ltn1

Lr46 (4, 5, 6, 7)

1BL

Sr58

Yr29

Pm39

Ltn2

Lr67 (8, 9, 10, 11)

4DL

Sr55

Yr46

Pm46

Ltn3

Lr68 (12)

7BL

Unknown

Unknown

Unknown

Unknown

Lr74 (13)

3BS

Unknown

Unknown

Unknown

Unknown

Lr75 (14)

1BS

Unknown

Unknown

Unknown

Unknown

Genetic studies, conducted by Singh et al. (2005), showed that at least 10 different APR
genes are involved in conferring slow-rusting resistance in CIMMYT bread wheat germplasm.
These APR genes are believed to confer an enhanced resistance effect when combined together
or with other seedling resistance genes (German and Kolmer, 1992; Shnurbusch et al., 2004,
Singh et al., 2014). Information on slow-rusting resistance in durum wheat is limited. HerreraFoessel et al. (2008a) investigated the genetic basis of slow-rusting resistance in eight
CIMMYT durum wheat lines and found that in the three durum lines ‘Playero’, ‘Planeta’ and
‘Trile’, slow-rusting was controlled by at least three independently inherited genes, whereas
the resistance in the five other lines; ‘Piquero’, ‘Amic’, ‘Bergand’, ‘Tagua’, and ‘Knipa’, was
determined by at least two slow-rusting genes, with additive effects. Hussein et al. (2005) used
the Langdon durum D-genome disomic substitution lines to map Lrac104 and Lrac124, two
uncharacterized APR genes from cultivated emmer (T. turgidum ssp. dicoccum) and durum
wheat that are effective against South African P. triticina races. The slow-rusting gene Lr46
has also been reported in CIMMYT durum wheat line ‘Quetru’ (Herrera-Foessel et al., 2011b).
While several studies have investigated the genetic basis of leaf rust resistance in bread
wheat, only a few have been reported from durum wheat. The seedling resistance genes Lr14a,
derived from the emmer (T. turgidum ssp. dicoccum) accession ‘Yaroslav’, and Lr23, derived
from the Middle Eastern durum landrace ‘Gaza’, are the only known Lr genes that originate
from tetraploid germplasm (Herrera-Foessel et al., 2008c; Terracciano et al., 2013). Other Lr
genes have been postulated in durum wheat such as Lr1, Lr3ka, Lr19, Lr25 (Shynbolat and
Aralbek, 2010) Lr10, Lr13, Lr16, Lr17a and Lr33 (Herrera-Foessel et al., 2008c). Gene
postulation is the most frequent method used to hypothesize the resistance genes present in a
host genotype, based on gene-for-gene specificity between host resistance genes and different
avirulence genes (Knott, 1989). This approach was widely used to postulate Lr genes in wheat
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(Kolmer, 1996; Singh et al., 2001; Shynbolat and Aralbek, 2010; Vanzetti et al., 2011). In this
procedure, differential lines with known Lr genes are used as standards to characterize
candidate novel Lr genes, which are evaluated against a collection of P. triticina Eriks. isolates
that carry different avirulence/virulence gene combinations (Knott, 1989; Vanzetti et al., 2011).
Several sets of near-isogenic lines (NILs) carrying single Lr genes have been developed and
are used worldwide for gene postulation in hexaploid wheat. Near-isogenic Thatcher lines for
almost all the designated leaf rust resistance genes were developed by Dyck and Anderson of
the Agriculture and Agri-Food Canada Cereal Research Centre in Winnipeg (Kolmer, 1996).
However, gene postulation can be obscured if there is interaction between different resistance
genes in the host or if the pathogen collection is missing critical combinations of virulence
phenotypes. Also, this method is best suited for seedling resistance genes that display genefor-gene interactions (Kolmer, 1996). These restrictions can be overcome by using molecular
markers to conclusively identify resistance genes.
Singh et al. (1993) studied the genetic basis of resistance to the Mexican race BBB/BN
of P. triticina in nine CIMMYT-derived durum wheat lines. Rust evaluations conducted on
seedlings and adult plants have shown that the leaf rust resistance in these lines is conferred by
a partially dominant seedling gene and two APR genes. Later, in 2005, Herrera-Foessel et al.
investigated the genetic basis and diversity of resistance in nine CIMMYT durum genotypes
that are highly resistant to the new race BBG/BN of P. triticina. Five diverse sources of
resistance were identified and temporarily designated as LrJup1+ LrJup2, LrLlar, LrGuay,
LrCam and LrStor. Further studies conducted by Herrera-Foessel et al. (2008b) indicated that
the resistance gene in durum wheat Guayacan INIA (LrGuay) is a new leaf rust resistance gene,
which was designated as Lr61 and mapped on the short arm of chromosome 6B. The leaf rust
resistance gene in Storlom (LrStor) was identified to be Lr3a and was also mapped to
chromosome 6BL (Herrera-Foessel et al., 2007). The first report of the presence of Lr14a in
durum wheat was claimed by Herrera-Foessel et al. (2008c). This dominant leaf rust resistance
gene in the Chilean durum cv. Llareta INIA was mapped to chromosome arm 7BL through
bulked segregant analysis. Genes Lr3 and Lr14a are effective against P. triticina race BBG/BN,
as well as against races with similar avirulence and virulence patterns that prevail in several
other durum wheat producing countries. However, virulence to Lr10 and Lr23 is frequent
among P. triticina races collected from durum wheat (Herrera-Foessel et al., 2008c). Genetic
analysis of leaf rust resistance in the Australian durum wheat cultivar Wollaroi led to the
identification of a seedling resistance gene temporarily designated as LrWo (Singh et al., 2010).
LrWo was mapped to chromosome arm 5BS, which is known to carry the previously
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characterized gene Lr52 (Hiebert et al., 2005). Marone et al. (2009) identified a major leaf rust
resistance gene on 7BL in the Italian durum cultivar Creso, and named it Lr14c, as a new allele
of Lr14. Later in 2010, Maccaferri et al. used association mapping approach on a collection of
164 elite durum wheat accessions for the discovery and validation of major genes/QTL
implicated in leaf rust resistance. This association mapping analysis revealed that the major
gene/gene cluster present in the Lr14/QLr.ubo-7B.2 region is the most important source of leaf
rust resistance currently exploited by durum wheat breeders. Recently, Aoun et al. (2016)
conducted a genome wide association study (GWAS) on a worldwide collection of durum
wheat and identified 14 previously uncharacterized loci associated with leaf rust resistance, on
chromosomes 1A, 2A, 2B, 3A, 4A, 5A, 6B and 7A.
Lr14a was one of the first leaf rust resistance genes deployed in commercial wheat
cultivars in Western Canada (McCallum et al., 2016). Other commonly occurring resistance
genes in Canadian cultivars include Lrl, Lr10, Lr13, Lr16 and Lr34 (Xue et al., 2012;
McCallum et al., 2016). The alien Ae. tauschii genes Lr21 and Lr22a were also incorporated
into Canada Western Red Spring (CWRS) wheat in the 1970s, and are still found in modern
cultivars, usually in combination with other Lr genes. The cultivar Pasqua was registered in
1991 and has effective leaf rust resistance, achieved through the pyramiding of five Lr genes
(Lrll, Lr13, Lr14b, Lr30, and Lr34) (Xue et al., 2012; McCallum et al., 2016). Previous studies
conducted by Zhang and Knott (1990) revealed that ‘Stewart 63’, the first registered Canadian
durum cultivar (J.M. Clarke et al., 2010), may be carrying Lr16, while ‘Quilafen’ is possibly
carrying Lr17. Some durum cultivars such as Lloyd and Pelissier were shown to carry APR
genes (Zhang and Knott, 1993). A. Singh et al. (2013) identified a significant QTL on
chromosome 2BS in the cultivar Strongfield, which is effective against the Mexican races
BBG/BN and BBG/BP of P. triticina. Together, several studies indicate that Canadian durum
wheat cultivars have traditionally been resistant to the P. triticina races present in Canada to
date (McCallum et al., 2007).
2.9. Alien introgression breeding for leaf rust resistance in wheat
Wild relatives of cultivated wheat maintain a rich genetic diversity and serve as an
excellent source for wheat improvement. Wheat relatives are usually divided into three major
gene pools: primary, secondary and tertiary (Reynolds et al., 2009). The primary gene pool
consists of species that can be crossed through simple breeding strategies involving direct
hybridization and homologous recombination (Qi et al., 2007). The cultivated and landraces
forms of hexaploid bread wheat and tetraploid durum wheat as well as the diploid A genome
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donor (T. monococcum var. urartu) and the diploid D genome donor (Ae. tauschii) belong to
the primary gene pool of wheat (Friebe et al., 1996; William et al., 2008). The secondary gene
pool is represented by polyploid species belonging to the genus Triticum and Aegilops that
have at least one genome in common with wheat (William et al., 2008). The tertiary gene pool
includes species in the Triticeae tribe, with genomes that are not homologous to those of
cultivated wheat (A, B and D), from which transfer of genes requires special techniques such
as the generation of amphiploids (Qi et al., 2007; Reynold et al., 2009; Tiwari et al., 2014).
Various procedures for chromosome engineering were used to enable introgressions into wheat
from the tertiary gene pool, including use of the ph1 mutant to enable homoeologous
chromosome pairing and recombination, radiation treatment, tissue culture and embryo rescue
(Qi et al., 2007; Ceoloni et al., 2014). The development and use of aneuploids, such as addition
and substitution lines, facilitated alien introgression and enabled wheat breeders to transfer
desirable traits from wild species of Triticeae to cultivated wheat (Ceoloni et al., 2014). Several
cytogenetic approaches have been used to identify alien chromatin in the wheat genome,
including C-banding, N-banding, fluorescence in situ hybridization (FISH) and genomic in situ
hybridization (GISH) (Jiang and Gill, 1993, Ceoloni et al., 2005b). The recent advances in
sequencing technologies and the availability of high-throughput genotyping platforms are
promoting the discovery of SNP markers and their use for monitoring alien introgressions in
wheat (Tiwari et al., 2014; Xiao et al., 2016; Winfield et al., 2016).
Wild Triticeae species have been used extensively for rust resistance breeding and
account for approximately half of the designated Lr resistance genes in cultivated wheat (Brevis
et al., 2008; Bansal et al., 2016; Mondal et al., 2016). Rye (Secale cereale L., 2n = 2x = 14,
genome RR), is one of the most valuable sources of biotic and abiotic resistance in the wheat
tertiary gene pool (Mago et al., 2002; Ceoloni et al., 2014). The 1BL/1RS wheat-rye
translocation, carrying multiple disease resistance genes for leaf rust (Lr26), stem rust (Sr31),
stripe rust (Yr9), powdery mildew (Pm8) and green bug (Gb2 and Gb6), has been widely
deployed in wheat germplasm worldwide (Friebe et al., 1996; Mondal et al., 2016). However,
flour from breeding lines and cultivars carrying 1RS have been found to produce sticky dough
with weak gluten (Mago et al., 2002; Ceoloni et al., 2005b). Several other rust resistance genes
were introgressed into cultivated wheat from both progenitor and non-progenitor wild species,
such as Lr9 and Lr76/Yr70 from Ae. umbellulata; Lr19/Sr25, Lr24/Sr24 and Lr29 from L.
ponticum; Lr37/Yr17/Sr38 from Ae. ventricosa; Lr38 from Th. intermedium; Lr28, Lr35/Sr39,
Lr36, Lr51 and Lr66 from Ae. speltoides; Lr21, Lr22a, Lr32, Lr39, Lr40, Lr41, Lr42, Lr43 and
Yr28 from Ae. tauschii; Lr44, Lr47 and Lr71 from T. speltoides; Lr57/Yr40 from Ae.
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geniculata; Lr58 from Ae. triuncialis; Lr59 from Ae. peregrina; Lr62 from Ae. neglecta; Lr63
from T. monococcum and Lr53, Lr64, Yr15, Yr35 and Yr36 from T. dicoccoides (Friebe et al.,
1996; Kolmer et al., 2010; McIntosh et al., 2015; Bansal et al., 2016; Mondal et al., 2016).
Yield and/or quality penalties due to linkage drag constitute a major problem when
introgressing alien chromatin into cultivated wheat (Brevis et al., 2008). Such detrimental
effects may restrict the incorporation of effective alien resistance genes into commercial wheat
cultivars. Thus, minimizing the size of the translocated segment to the absolute minimum
required to express resistance, is a critical requirement for the exploitation of alien
introgressions in wheat breeding, particularly for tetraploid durum wheat, which is considered
less tolerant to genome alterations than hexaploid bread wheat (Ceoloni et al., 2005a; Ceoloni
et al., 2014).
2.10. Molecular mapping of leaf rust resistance genes in wheat
Identifying the chromosome location of resistance genes is critical to establish the
allelic relationships between various genes (McIntosh et al., 1995). Early success in rust
resistance gene mapping involved the use of different types of aneuploid stocks, including the
most commonly used set of 21 monosomics (a plant with 20 homologous bivalents and one
univalent for a complete chromosome: 2n - 1) of the bread wheat cultivar Chinese spring,
developed by Sears in 1954 (McIntosh et al., 1965; McIntosh et al., 1995; Knott, 1989; Endo
and Gill, 1996), and the Langdon durum wheat D-genome disomic-substitution lines,
developed by Joppa and Williams (1988). Other types of aneuploids used for gene mapping
consisted of nullisomic (a plant deficient for one chromosome pair: 2n - 2); trisomic (a plant
with one complete chromosome represented three times: 2n + 1); tetrasomic (a plant with one
complete chromosome represented four times: 2n + 2) and ditelosomic (a plant with one
chromosome represented by a homologous pair of telocentric chromosomes with terminal
centromere) lines (Knott, 1989; Endo and Gill, 1996; Gupta et al., 2008). In tetraploid wheat,
aneuploidy is less tolerated compared to hexaploid wheat; therefore, the development and use
of aneuploids had limited success in durum wheat compared to bread wheat (Ceoloni et al.,
2005b).
During the last few decades, molecular mapping has emerged as a powerful technique
to establish chromosomal locations of genes that determine simply or quantitatively inherited
traits. International efforts to coordinate the development of molecular maps of the wheat
genome started in 1990 through the International Triticeae Mapping Initiative (ITMI). Since
then, several genetic and physical maps were constructed for chromosomes within each of the
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seven different homoeologous groups in wheat, and genes of important agronomic and quality
traits have been mapped (Gupta et al., 2008). The most commonly used molecular techniques
for the initial mapping of leaf rust resistance genes were Restriction Fragment Length
Polymorphism (RFLP) markers (Helguera et al., 2000). However, these hybridization-based
markers are technically demanding and not suitable for high-throughput screening (Cherukuri
et al., 2003; Zhou et al., 2015). The development of polymerase chain reaction (PCR) by Mullis
et al. (1986) enabled the use of PCR-based markers such as Amplified Fragment Length
Polymorphism (AFLP), Random Amplified Polymorphic DNA (RAPD), Sequence
Characterized Amplified Region (SCAR), Sequence Tagged Sites (STS) and microsatellite or
Simple Sequence Repeat (SSR) (Vida et al., 2009). The recent advances in next generation
sequencing technologies have led to a shift towards sequence-based markers, such as
insertion/deletions (InDels) and SNPs (Bernardo et al., 2015).
The development of DNA markers tightly linked to disease resistance genes, such as
resistance to wheat rusts, has been an active area of research. One approach to develop DNA
markers for single gene-controlled traits, like race-specific leaf rust resistance, is the use of
bulked segregrant analysis (BSA). The BSA approach was first reported by Michelmore et al.
(1991) as a tool for identifying markers linked to traits controlled by single genes. The
procedure involves comparing two pooled DNA samples of individuals from a segregating
population originating from a single cross, that are contrasting in respect to the trait of interest
(e.g., resistant and susceptible to a particular disease). By grouping plants according to either
high or low expression of a particular trait and extracting DNA from these two bulks, the
process of genotyping the plants is reduced to only two DNA samples instead of having to
analyze DNA separately from each plant (Quarrie et al., 1999). Polymorphic markers that
distinguish the two samples are searched for and then used to genotype the full population to
determine the linkage status of the markers with the targeted trait. Coupling BSA with highthroughput genome sequencing methodologies has been proposed as a tool to tag large effect,
single genes, efficiently, and in a relatively inexpensive manner. This approach has been
effective in identifying single genes associated with mutant phenotypes in Arabidopsis (Austin
et al., 2011; Mokry et al., 2011). BSA has also successfully identified SSR markers linked to
genes that confer resistance to stem rust (Ghazvini et al., 2013); stripe rust (Lan et al., 2010)
and fusarium head blight (Shen et al., 2003) in wheat. However, few BSA studies have used
SNP markers, and the methodologies (i.e. number of lines in each bulk), and the bioinformatic
platform for BSA-derived SNP detection are lacking, particularly for polyploid species like
wheat. In hexaploid wheat, leaf rust resistance genes are widely distributed across the genome
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and PCR-based markers are already available for most of the designated Lr genes (Vida et al.,
2009; McIntosh et al., 2015). However, only few DNA markers are available for Lr genes in
durum wheat (Table 2.3).
Table 2.3. Leaf rust resistance genes reported in durum wheat and their associated markers.
Lr gene

Chromosome

Marker

Reference

Lr3a

6BL

Xmwg798

Herrera-Foessel et al., 2007

Lr10

1AS

T10Rga1

Feuillet et al., 2003

Lr14a

7BL

Xgwm344; Xgwm146

Herrera-Foessel et al., 2008c

ubw14/ ubw18

Terracciano et al., 2013

Lr19

7AL

PSY1_EF2/ PSY1_ER4

Zhang and Dubkovsky, 2008

Lr23

2BS

Xksu904(Per2)-2B

Faris et al., 1999

Lr27

3BS

Xgwm533/ csSr2

Mago et al., 2011

Lr31

4BS

Xgwm251/ Xgwm149

Singh and Bowden, 2011

Lr46

1BL

Xwmc44/ Xgwm259

Rosewarne et al., 2006

Lr47

7AS

PS10R/ PS10L

Helguera et al., 2000

Lr61

6BS

P81/M70269/ P87/M75131

Herrera-Foessel et al., 2008b

Lr64

6AL

Xbarc104/ Xgwm427

McIntosh et al., 2009

Lr72

7BS

Xwmc606

Herrera-Foessel et al., 2014a

LrWo

5BS

Xgwm234

Singh et al., 2010

Herrera-Foessel et al. (2008b) used BSA to identify three AFLP markers associated
with the leaf rust resistance gene Lr61 present in the Atil C2000 x Guayacan INIA population.
The AFLP markers located nearest to the gene were P81/M70269 and P87/M75131 at a distance
of 2.2 centimorgans (cM). The third AFLP marker, P87/M76149, was associated with the leaf
rust resistance gene at a distance of 6.8 cM. Using the same approach, Herrera-Foessel et al.
(2007) confirmed that the RFLP marker Xmwg798 co-segregates with Lr3a in durum wheat.
Likewise, several SSR markers, including Xgwm344-7B and Xgwm146-7B, were associated
with the leaf rust resistance gene Lr14a in CIMMYT durum wheat (Herrera-Foessel et al.,
2008c). In 2013, Terracciano et al. exploited the genetic resources available from the conserved
ortholog set (COS) of genes and from sequenced Diversity Array Technology (DArT) markers
to identify ten new COS-SNP and five high-resolution melting (HRM) markers that were
within an 8.0 cM interval spanning Lr14a, in the durum recombinant inbred lines population
from the cross of the Italian cultivar Colosseo and the North American cultivar Lloyd. Herrera24

Foessel et al. (2014a) used a BSA approach to map Lr72 to chromosome 7BS, in the CIMMYT
durum cultivar Atil_C2000, and identified the linked SSR marker wmc606 at 5.5 cM proximal
to Lr72. Recently, Aoun et al. (2016) used a genome-wide association study (GWAS) to
identify SNP markers associated with leaf rust response in a worldwide durum wheat
collection. This study revealed 14 previously uncharacterized loci for leaf rust resistance in
durum wheat, and 88 SNPs were significantly associated with the resistance.
2.11. Advances in genomic tools and molecular breeding in wheat
With the need to speed up the breeding process to ensure food security for the world’s
growing population, conventional breeding is no longer sufficient. Plant breeders are seeking
improved phenotyping methods and new molecular techniques to assist and accelerate the
development of high yielding crops (Tester and Langridge, 2011). The need for more efficient
methods of crop improvement particularly applies to wheat, as it is one of the most important staple
crops worldwide (Shiferaw et al., 2013).

2.11.1. Marker-assisted breeding
Since the 1980s, the development and use of molecular markers has led to a better
understanding of the wheat genetics and genome structure (Bagge et al., 2007; Paux et al.,
2012). Identification of molecular markers such as RFLP, AFLP, RAPD, SSR and DArT linked
to disease resistance genes and important agronomic and quality traits, improved the efficiency
of conventional plant breeding and laid the foundation for marker-assisted selection (MAS)
(Bagge and Lubberstedt, 2008). Molecular markers have been used at different stages of the
breeding process, such as assessment of genetic diversity within the breeding material, parent
selection, early and off-season selection, quality and purity control, and for marker-assisted
backcrossing (Collard and Mackill, 2008; Paux et al., 2012; Berkman et al., 2012).
Nonetheless, only a limited number of these markers proved to be reliable for MAS, mainly
because they do not meet the requirements for efficient use in MAS, such as reliability (tight
linkage of the marker to the target locus), efficiency with limited quantity and quality DNA,
adaptability to high-throughput genotyping techniques, cost effectiveness, and high level of
polymorphism within breeding material (Collard and Mackill, 2008; Bagge et al., 2007; Bagge
and Lubberstedt, 2008; Gupta et al., 2010; Liu et al., 2012). Furthermore, the complexity of the
polyploid wheat genome and the major role played by alien introgressions in wheat breeding,
add extra challenges for marker development (Gupta et al., 2010). However, diagnostic or
functional markers (FM), developed from polymorphic sites within gene sequences, are more
reliable for MAS (Bagge et al., 2007; Bagge and Lubberstedt, 2008; Liu et al., 2012).
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Several agronomically important wheat genes have been cloned so far, and as of 2012,
97 functional markers associated with disease resistance, plant morphology and grain quality
have been developed and implemented in breeding programs. These include the powdery
mildew resistance gene Pm3, the Lr34/Yr18/Pm38 locus for resistance to leaf rust, stripe rust
and powdery mildew, the semi-dwarfing genes Rht1 and Rht2, genes affecting the vernalization
requirement, thousand kernel weight (TKW), kernel hardness, yellow pigment content,
glutenin quality and polyphenol oxidase (PPO) activity (Liu et al., 2012). Details of markers
linked to genes in wheat are available at http://maswheat.ucdavis.edu.
2.11.2. Advances in NGS technologies and SNP discovery
A SNP describes a one-nucleotide variation in a DNA sequence, giving rise to different
alleles among individuals of a population (Brookes, 1999). SNPs are the most abundant
polymorphism in most organisms, and are well distributed throughout plant genomes (Cho et
al., 1999). Berkman et al. (2012) classified SNPs into two forms: transitions (C/T or G/A) and
transversions (C/G, A/T, C/A, or T/G). In polyploid species such as wheat, SNPs can also be
categorized as homoeologous; referring to polymorphisms between the three sub-genomes AA,
BB and DD, or varietal which represent sequence variants between homologous genomes from
different varieties (Barker and Edwards, 2009; Berkman et al., 2012). Distinguishing intervarietal SNPs from intergenomic polymorphisms is a complicated task prone to error (Akunov
et al., 2010; Allen et al., 2011). Nonetheless, for breeding purposes, only varietal SNPs are
valuable (Berkman et al., 2012). In order to examine the occurrence and distribution of SNPs
in the wheat genome, Barker and Edwards (2009) used a bioinformatics approach to
electronically mine SNPs from several wheat EST databases. They estimated the frequency of
homoeologous SNPs to be one SNP every 61 base pairs (bp) while varietal SNPs were
estimated to occur every 233 bp.
Various approaches were used for SNP discovery in plants, including resequencing of
PCR amplicons and data mining from shotgun genomic libraries and expressed sequence tag
(EST) libraries (Rafalski, 2002; Somers et al., 2003; Chao et al., 2009). The recent advent of
high-throughput next generation sequencing (NGS) platforms such as 454 Life Sciences
(Roche Applied Science, Indianapolis, IN), Hiseq (Illumina, San Diego, CA), SOLiD, Ion
Torrent (Life Technologies Corporation, Carlsbad, CA), and more recently the Single Molecule
Real Time (SMRT) technology from Pacific Biosciences (Pacific Biosciences of California,
Inc, Menlo Park, CA) have significantly reduced the cost of parallel sequencing and
revolutionized plant molecular breeding and SNP markers development (Deschamps and
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Campbell, 2010; Metzker, 2010; Berkman et al 2012; Edwards et al., 2013). However, efficient
application of these NGS technologies in the complex wheat genome is hampered by its large
size, highly repetitive nature and the presence of homoeologous and paralogous sequences
(Allen et al., 2011; Allen et al., 2012; Bernardo et al., 2015). Thus, genome complexity
reduction techniques are an important prerequisite to ensure adequate sequencing depth to
effectively identify sequence variation in wheat (Allen et al., 2011; Allen et al., 2012; Paux et
al., 2012; Winfield et al., 2012; Trick et al., 2012; Saintenac et al., 2013a).
Trick et al. (2012) combined the use of NGS with bulked segregant analysis (BSA) for
SNP detection in the transcriptome of tetraploid wheat, and fine-mapped the previously cloned
grain protein content (GPC) gene GPC-B1. In this study, Illumina paired end technology for
transcriptome sequencing (RNAseq) was used as an effective strategy for complexity reduction
in tetraploid wheat. However, a limitation of using the transcriptome is that only genes that are
expressed during tissue sampling will be characterized. Therefore, some a priori knowledge
on genetic control and gene regulation (e.g. treatments required to ensure gene expression)
maybe required for this approach to be effective. Other complexity reduction strategies rely on
selecting the low copy fraction of a genome based on the difference of methylation between
coding and repetitive sequences (Paux et al., 2012). Methylation is a common DNA
modification that appears to be ubiquitous in plants, with a preferential methylation of repeats
(Deschamps and Campbell, 2010). Hence, the use of a methylation sensitive endonuclease
reduces the representation of methylated repeated fraction and generates a sample enriched in
hypo-methylated low copy DNA (Deschamps and Campbell, 2010; Paux et al., 2012). Baird et
al. (2008) described the sequencing of restriction-site associated DNA (RAD) tags, by creating
a reduced representation of the genome through restriction enzymes digestion, allowing oversequencing of the nucleotides next to restriction sites and detection of SNPs. The authors
showed that their technique is amenable to genotyping pooled populations for BSA and also
multiplexed genotyping of individuals. RAD sequencing, as a form of genotyping by
sequencing, has been applied to genetic mapping and quantitative trait loci (QTL) analyses in
a range of organisms, including non-model organisms with a high level of genetic
heterogeneity (Rowe et al., 2011). To date, this approach has not been optimized for wheat, but
preliminary results in durum wheat suggest that this approach, when coupled with BSA, can
be effective in identifying markers for fine mapping and molecular-assisted breeding (C.
Pozniak, personal communication).
Elshire et al. (2011) described the genotyping-by-sequencing (GBS) procedure; an even
more cost-effective genotyping approach based on NGS technology and methyl-filtration. GBS
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uses restriction enzymes for targeted complexity reduction followed by multiplex sequencing,
allowing for the production of high-quality polymorphism data at a relatively low per sample
cost in large complex genomes. Poland et al. (2012) extended the GBS protocol to a twoenzyme GBS system including one restriction endonuclease with rare binding sites (PstI) and
one restriction endonuclease with common binding sites (MspI) with a Y-adapter to generate
uniform GBS libraries where Adapter 1 and Adapter 2 are on opposite ends of every fragment.
Using this novel GBS approach on bi-parental double haploid populations of barley and wheat,
the authors identified and genetically mapped 34,000 SNPs in barley and 20,000 SNPs in
wheat. Van Poecke et al. (2013) used a sequence-based genotyping (SBG) approach, which
couples AFLP-based complexity reduction with high-throughput short-read sequencing, for
SNP marker discovery and genotyping, in a biparental durum wheat population. This SBG
technique identified 2606 SNP markers in durum wheat.
Target-enrichment strategies, using oligonucleotides designed to capture specific
sequences of interest in the genome, have been successfully used for complexity reduction in
both tetraploid (Saintenac et al., 2011) and hexaploid (Winfield et al., 2012; Allen et al., 2012)
wheat. Sequence capture can be conducted with either a solid-phase substrate, where specific
probes designed to target genomic regions of interest are immobilized on a glass microarray,
or by hybridization of the target sequences to bait probes in solution (Mamanova et al., 2010;
Winfield et al., 2012). Saintenac et al. (2011) developed a liquid-phase sequence capture assay
to compare exonic sequences of allotetraploid wheat accessions. Similarly, Winfield et al.
(2012) and Allen et al. (2012) used the NimbleGen capture array (Roche NimbleGen, Madison,
WI, USA) to develop exome-based SNP markers in hexaploid wheat. Recently, the The
Canadian Triticum Advancement Through Genomics (CTAG) project led by Dr. Pozniak has
developed a liquid-phase exome capture technique that is believed to represent 85-95% of the
gene space of hexaploid wheat. The capture technology is currently proprietary to “CTAG”,
but has already been used to identify candidate genes and to develop DNA markers for
resistance to the orange blossom wheat midge in hexaploid wheat. Currently, no known studies
have been conducted that evaluate exome capture coupled with BSA to identify genes of
interest or DNA markers in wheat.
The revolution in NGS technologies during the past decade, has provided a wealth of
SNP markers and high-throughput genotyping platforms, and enabled powerful genomic
approaches in wheat such as genome wide association studies (GWAS) and genomic selection
(Wang et al., 2014a; Poland and Rutkoski, 2016; Aoun et al., 2016; Gao et al., 2016).
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2.11.3. SNP genotyping platforms
The spectacular progress in NGS technologies and SNP marker development during the
past decade has led to the development of a wide range of SNP genotyping systems adapted to
different needs; these methods are based on four main mechanisms: 1) allele specific
hybridization, 2) primer extension, 3) allele specific oligonucleotide ligation, and 4) allele
specific invasive cleavage (Bagge and Lubberstedt, 2008). These SNP genotyping technologies
range from flexible PCR-based assays on single samples to multiplexed high-throughput fixed
arrays (Thomson, 2014; Bernardo et al., 2015; Allen et al., 2016).
2.11.3.1. Flexible SNP platforms
Deployment of SNP markers for marker-assisted breeding requires flexible, low-cost
genotyping systems, which allow for trait-specific SNP markers to be examined across large
breeding populations (Wang et al., 2009; Thomson, 2014; Bernardo et al., 2015). PCR-based
assays that use florescent labels as reporters, such as the Kompetitive Allele Specific PCR
(KASP) (LGC, Herts, UK) and the TaqMan® (Applied Biosystems™, Foster City, CA, USA)
assays, rely on allele-specific hybridization mechanisms to genotype single markers that are
detected by real-time PCR machines or fluorescent plate readers (Bagge and Lubberstedt, 2008;
Thomson, 2014; Bernardo et al., 2015). KASP assays have been used extensively for SNP
genotyping in wheat (Allen et al., 2011) and KASP markers have been developed for several
traits, such as the leaf rust resistance gene Lr21 (Neelam et al., 2013) and preharvest sprouting
resistance (Lin et al., 2015). TaqMan assays have also been developed for the leaf rust
resistance genes Lr34 (Lagudah et al., 2009) and Lr37 (Helguera et al., 2003). SNaPshot®
(Applied Biosystems™, Foster City, USA) is another flexible SNP genotyping platform that is
based on single-base extension using fluorescent labelled dideoxy nucleotides (ddNTPs). An
advantage of this assay is that it can be multiplexed for up to 10 markers (Bagge and
Lubberstedt, 2008; Bernardo et al., 2015). SNaPshot® assays have been reported in wheat, for
the fusarium head blight (Fusarium graminearum) resistance gene Fhb1 (Bernardo et al., 2012)
and for preharvest sprouting resistance (TaPHS1) (Liu et al., 2013). Other flexible genotyping
systems with higher levels of multiplexing include the OpenArray® platform (Thermo Fisher
Scientific, Waltham, MA, USA), where up to 24 TaqMan® OpenArray® genotyping plates,
with different combinations of samples and assays, can be run on the OpenArray® real-time
PCR system, and generate up to 70,000 data points per day (https://www.thermofisher.com).
The Sequenom MassArray System (Sequenom, Inc., San Diego, CA, USA) is also a scalable
genotyping platform that can multiplex up to 40 markers per sample run (Bradić et al., 2011).
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This genotyping method relies on mass spectrometry of primer extension products to
distinguish between alternative alleles. The Fluidigm Dynamic Array Integrated Fluidic Circuit
(IFC) (Fluidigm Corporation, South San Francisco, CA, USA) is another effective option for
flexible, medium-throughput genotyping platforms. This system is chip-based, with the option
to run TaqMan, KASP, or Fluidigm SNP Type assays on various formats of Dynamic Array
IFCs, such as 96 samples x 96 assays or 192 samples x 24 SNPs (Wang et al., 2009).
2.11.3.2. Fixed array SNP platforms
A wide range of high-throughput fixed SNP genotyping platforms are currently
available to wheat breeders and geneticists. Akunov et al. (2009) used the Illumina GoldenGate
array (Illumina, San Diego, CA, USA) to genotype 53 tetraploid and 38 hexaploid wheat lines
with 96 SNP markers. Several formats of the GoldenGate assay are available, offering a 96,
384, 768 or 1,536 plex custom selected SNP assay, to be simultaneously run on 96 samples
(Bagge and Lubberstedt, 2008). In 2013, a higher density array from Illumina; the Infinium 9K
iSelect Beadchip array, was successfully used to detect genomic regions under selection, in a
worldwide collection of hexaploid landraces and modern wheat cultivars (Cavanagh et al.,
2013). The Illumina BeadArray technology was further extended to a higher density 90K
iSelect array, which Wang et al. (2014a) used to characterize genetic variation in allohexaploid
and allotetraploid wheat populations, and to develop a consensus map of approximately 47,000
SNPs, from 6 mapping populations. Recently, Winfield et al. (2016) developed the Affymetrix
Axiom 820K HD wheat array (Affymetrix Inc., Santa Clara, CA, USA), which was used to
genotype a wide variety of wheat accessions from different gene pools, and to create a
consensus map of over 56,000 SNP markers from three mapping populations. Allen et al.
(2016) used the Affymetrix Axiom 820K array to genotype a range of diverse hexaploid wheat
accessions and identified a set of 35,143 informative, evenly spaced SNPs across the genome
that are useful for marker-assisted breeding. These selected markers were used to develop the
Wheat Breeder’s Array; a 384-microplate format Axiom® array.
2.11.4. Towards a wheat genome reference sequence
Several plant genomes have been sequenced over the past decade, including rice (Oryza
sativa L.) (Matsumoto et al., 2005), sorghum (Sorghum bicolor) (Paterson et al., 2009), and maize
(Zea mays ssp. mays L) (Schnable et al., 2009). The availability of genome sequence in these crops
has allowed for detailed studies on genome structure and evolution, the construction of an inventory
of genes, and the development of DNA markers for marker-trait association studies. The

allohexaploid wheat genome presents unique challenges for NGS platforms due to its repetitive
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nature and paralogy. Ploidy is another substantial challenge in de novo sequencing and
assembly (Hamilton and Buell, 2012). Sequencing the wheat genome is a mammoth task,
considering its large size of 17 Gb (Paux et al., 2006), which is about 43 times larger than the
rice genome, estimated at 389 Megabases (Mb) (Matsumoto et al., 2005). Attempts to sequence
the wheat genome have relied on either a reduction in ploidy by using the diploid progenitors
(Jia et al., 2013; Ling et al., 2013) or physical separation of the chromosomes (International
Wheat Genome Sequencing Consortium (IWGSC), 2014). Brenchley et al. (2012) conducted
a whole-genome shotgun sequence analysis of bread wheat (T. aestivum) and its diploid
relatives (T. monococcum (A genome); Ae. speltoides (B genome); and Ae. tauschii (D
genome)), and were able to assign 66% of the identified genes to either the A, B or D genomes,
with more than 70% confidence. In this analysis, between 94,000 and 96,000 genes were
identified using Brachypodium, rice, sorghum and barley as syteny-based references. In 2013,
draft genome sequences of the A genome progenitor T. urartu (Ling et al., 2013) and the D
genome progenitor Ae. tauschii (Jia et al., 2013) were published. Since 2005, the IWGSC
consisting of over 1,400 members from 59 countries, is leading an international effort to
generate a high-quality reference genome sequence for all 21 hexaploid wheat chromosomes.
Since its conception, the IWGSC has released an ordered draft sequence of the bread wheat
genome, based on flow sorted chromosomes of “Chinese Spring” (IWGSC, 2014). Choulet et
al. (2014) produced a full pseudomolecule assembly of the 1Gb chromosome 3B of hexaploid
wheat. Chapman et al. (2015) undertook a whole-genome shotgun (WGS) approach, using
large-insert sequencing libraries, to produce genetically anchored assemblies of each of the
three homoeologous genomes in the synthetic hexaploid wheat ‘Synthetic W7984’. According
to the authors, this shotgun assembly captures more than three-quarters of known wheat genes.
More recently, a 10.1-Gigabase genome assembly of the allotetraploid wild emmer wheat (T.
turgidum ssp. dicoccoides) accession “Zavitan”, was completed and used to identify mutations
linked to key domestication traits (Avni et al., 2017, submitted manuscript). The publication of
the CSS (IWGSC, 2014) and W7984 assemblies (Chapman et al., 2015) as well as the
chromosome 3B pseudomolecule (Choulet et al., 2014) provide a foundation for the functional
characterization of wheat genes (Borrill et al., 2015). Furthermore, the emergence of new
genome editing technologies based on sequence-specific nucleases, such as transcription
activator-like effector nuclease (TALEN) (Boch et al., 2009; Moscou and Bogdanove, 2009)
and clustered, regularly interspaced, short palindromic repeats (CRISPR-Cas9) (Cong et al.,
2013; Shan et al., 2013), is offering powerful tools to engineer targeted modifications in the
polyploid wheat genome (Shan et al., 2014; Wang et al., 2014b).
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3. Combining selective genotyping and bulked segregant analysis to map
resistance to Mexican races of P. triticina in four durum wheat cultivars
Abstract
Improving leaf rust resistance is becoming a primary objective of durum wheat breeding
programs in North America, especially after the emergence of highly virulent races of P.
triticina such as BBG/BP and BBB/QD in Mexico and the United States, respectively. This
study was conducted to characterize and map uncharacterized major genes for leaf rust
resistance in durum wheat and to develop molecular markers readily usable in marker-assisted
breeding and gene pyramiding. The sources of resistance to Mexican races of P. triticina were
identified by CIMMYT’s durum wheat breeding program, following seedling and adult plant
evaluations at multiple locations worldwide. Four mapping populations involving the
resistance sources Geromtel_3 (ICARDA), Tunsyr_2 (ICARDA), Amria (Morocco) and
Byblos (France), each crossed to the susceptible line Atil*2/Local_Red, were evaluated for
their field reaction to the Mexican race BBG/BP of P. triticina. Genetic analyses in F3 and F6
generations indicated that resistance in these genotypes were based on single seedling
resistance genes. Allelism tests among resistant parents support that Amria and Byblos carry
allelic or closely linked genes. The resistance in Geromtel_3 and Tunsyr_2 also appear to be
allelic. Selective genotyping coupled with bulked segregant analysis using the Infinium iSelect
90K SNP array identified two candidate locations for the leaf rust resistance genes;
chromosome 6BS for Geromtel_3 and Tunsyr_2 and chromosome 7BL for Amria and Byblos.
Polymorphic SNPs identified within the candidate regions were converted to KASP assays and
used to genotype the complete RIL populations. KASP markers usw215 and usw218 mapped
within 1 cM from the resistance in Geromtel_3 and Tunsyr_2 while usw255 and usw260 were
closely linked to the resistance in Amria and Byblos. DNA sequences associated with these
SNP markers were physically mapped on the “Zavitan” reference sequence of tetraploid wheat,
which identified several putative genes coding for proteins involved in disease resistance, such
as NBS-LRR, RGA2, RPM1 and RPP13-like proteins. The molecular markers reported here
will be useful for pyramiding these resistance genes into adapted, elite durum wheat cultivars,
particularly those carrying additional previously characterized and molecularly marked genes.
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3.1. Introduction and objectives
Durum wheat (T. turgidum L. ssp. durum) is an important crop that is widely cultivated
across the globe, mainly for use in pasta (Maccaferri et al., 2015). Canada is among the world’s
largest producers and exporters of durum wheat, and Saskatchewan is the main Canadian
durum producing province, where 80% of Canada Western Amber Durum wheat (CWAD) is
grown (Statistics Canada, 2016). Several fungal diseases affect durum wheat production in
north America, including rusts (A. Singh et al., 2013), leaf spotting diseases (Fernandez et al.,
2010) and fusarium head blight (Oliver et al., 2008). Leaf rust, caused by the fungus P. triticina
Eriks., is capable of causing considerable grain yield losses and quality downgrades. During
the leaf rust epidemics in northwestern Mexico, occurring between 2001 and 2003, up to 70%
of the durum wheat crop was affected by the new P. triticina virulent race BBG/BN that
overcame the widely-deployed leaf rust resistance (Lr) gene at the time, Lr72 (Singh et al.,
2004; Huerta-Espino et al., 2011; Loladze et al., 2014). Since then, new virulent variants of P.
triticina, such as BBG/BP and CBG/BP, have emerged in Mexico, defeating additional Lr
genes (Huerta-Espino et al., 2011; Loladze et al., 2014). These new races are broadly virulent
on the majority of the durum wheat varieties grown globally (Singh et al., 2004; Huerta-Espino
et al., 2011). Similar new races of P. triticina with high virulence to the North American durum
wheat varieties have been recently reported in the Great Plains region of the United States
(Kolmer, 2015a). Resistant Canadian durum cultivars have effectively controlled leaf rust for
several decades; however, the spread of these virulent races is a major threat to the durumproducing areas of North Dakota and Saskatchewan.
The breakdown of disease resistance in Mexico in 2001 resulted in an increased interest
and investment in understanding the genetics of leaf rust resistance in durum wheat.
Investigations conducted at CIMMYT revealed a global genetic vulnerability to leaf rust in the
durum germplasm, since molecular marker analyses indicated the presence of the race-specific
resistance gene Lr14a in the majority of commercial resistant cultivars as well as breeding
materials from various germplasm groups worldwide (Loladze et al., 2014). This vulnerability
is alarming, especially after the breakdown of the Lr14a resistance in several countries around
the Mediterranean basin (Goyeau et al., 2010; Gharbi et al., 2013; Soleiman et al., 2016).
Diversification of the genetic basis for leaf rust resistance in durum wheat, and breeding for
durable resistance, are both critical for the sustainability of its production. The recent revolution
in next generation sequencing technologies (Zhou et al., 2010; Deschamps and Campbell,
2010; Edwards et al., 2013) and the development of low-cost marker systems, such as SNPs
with various high-throughput genotyping platforms (Thomson, 2014; Bernardo et al., 2015;
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Allen et al., 2016), have promoted marker-assisted breeding in wheat and offered a great tool
for resistance genes mapping and subsequent stacking.
An important step in characterizing putative new resistance genes in wheat is
determining which chromosome carries the gene of interest (McIntosh et al., 1995).
Cytogenetics-based methods using aneuploid stocks, such as monosomic analysis and
telocentric mapping, have been widely used to locate genes in the wheat genome (Knott, 1989;
Joppa and Williams, 1988; Endo and Gill, 1996; Ceoloni et al., 2005b). However, advances in
molecular genetics and DNA marker development have led to easier molecular mapping
techniques. Selective genotyping (Darvasi and Soller, 1992; Xu et al., 2008) and pooled DNA
analysis, or bulked segregant analysis (BSA) (Michelmore et al., 1991; Darvasi and Soller,
1994), are two cost-saving, yet effective approaches to rapidly identify candidate regions for
genes of interest. This is accomplished by genotyping select individuals or pooled DNA
samples from the high and low tails of the phenotypic distribution of a population. Marker-trait
association is then inferred by analyzing marker allele frequencies between the groups of
individuals or bulks with contrasting phenotypes. Both approaches have been successfully used
to map rust resistance genes in wheat (Herrera-Foessel et al., 2008b; Basnet et al., 2015;
Qureshi et al., 2016). Basnet et al. (2015) coupled selective genotyping with BSA in order to
identify the chromosomal location of SrND643, a new stem rust resistance gene in wheat.
Diversity Arrays Technology (DArT) markers, SNPs, and SSRswere used to genotype the
selected RILs and bulks. Similarly, Qureshi et al. (2016) performed selective genotyping using
the iSelect 90K Infinium wheat SNP array, to identify SNP markers associated with the stripe
rust resistance gene Yr47 and the leaf rust resistance gene Lr52, in common wheat.
The objective of this study is to characterize the genetic basis of leaf rust resistance in
four durum genotypes; Amria, Byblos, Geromtel_3 and Tunsyr_2, which express resistance to
the emerging races of P. triticina in Mexico, and to develop tightly linked molecular markers
that are useful for marker-assisted breeding and gene pyramiding.
3.2. Material and methods
3.2.1. Plant material and field phenotyping
Four segregating populations were developed by crossing each of the sources of
resistance Amria (Morocco), Byblos (France), Geromtel_3 (ICARDA) and Tunsyr_2
(ICARDA) to the universal susceptible Atil*2/Local_Red. These sources of resistance were
selected by CIMMYT’s durum wheat breeding team, for their low seedling and adult plant
infection types at multiple locations in Mexico and worldwide. Two different environments in
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Mexico were used for field experiments: El Batan and Ciudad Obregon. The El Batan research
station, located at CIMMYT headquarters, is northeast of Mexico City (latitude 19.53,
longitude -98.84, altitude 2250 masl) and has a wheat crop season from mid-May to midOctober. Ciudad Obregon is situated in the State of Sonora (latitude 27.33, longitude -109.93,
altitude 35 masl) in north-western Mexico (main durum wheat production area), with a wheat
crop season from mid-November to late April. Crosses were made at CIMMYT’s Centro
Experimental de Norman E. Borlaug (CENEB) station in Ciudad Obregon, during spring 2010.
The resulting F1 plants were evaluated for their field reaction to P. triticina at CIMMYT’s El
Batan experimental station during summer 2010. The F2 plants were then evaluated for rust
resistance at the CENEB experimental station. During the summer of 2011, the F2-derived F3
families from each cross were space planted in double 1.2-meter-long rows in the CIMMYT
field leaf rust nurseries in El Batan. Likewise, in 2013, the F2:6 RILs were grown in replicated
rows at the CENEB station in Ciudad Obregon. The F8 RILs were phenotyped during the
summer of 2014 at the CIMMYT field leaf rust nurseries in El Batan. The parental genotypes
were included in all field evaluations. At tillering stage, all plant material and the spreader rows
that consisted of a mixture of the susceptible cultivars Banamichi C2004 and Jupare C2001
were inoculated by spraying them with BBG/BP urediniospores suspended in light mineral oil
(Soltrol 170) at a concentration of 5 to 10 mg of urediniospores per 5 ml of oil (Loladze et al.,
2014). The race BBG/BP of P. triticina is the predominant durum-specific race in Mexico, with
the following avirulence/virulence formula: Lr1, 2a, 2b, 2c, 3, 3ka, 3bg, 9, 13, 14a, 15, 16, 17,
18, 19, 21, 22a, 24, 25, 26, 28, 29, 30, 32, 35, 37/Lr10, 11, 12, 14b, 20, 23, 27 + 31, 33, 72
(Huerta-Espino et al., 2011; Loladze et al., 2014).
All of the genetic materials evaluated were scored visually for reaction to leaf rust. The
percentage of pustule-infected leaf area (disease severity) was estimated according to the
modified Cobb scale (Peterson et al., 1948). Host reaction was also recorded using four
categories: “R” to indicate resistance or miniature uredinia; “MR” to indicate moderate
resistance with small uredinia, “MS” to indicate moderately susceptible expressed as moderate
sized uredinia and “S” to indicate full susceptibility (Roelfs et al., 1992). The scoring was
performed at least twice during each growing season. Three leaf rust severity score surveys
were recorded for the field trials carried out in Obregon in 2013. The first rating was taken 14
to 16 days after inoculation. The second and the third ratings were taken at weekly intervals.
The coefficient of infection (CI) was calculated according to the procedures outlined in Roelfs
et al. (1992), by multiplying the percent disease severity by the corresponding coefficient of
host response; where R = 0.2, MR = 0.4, M = 0.6, MS = 0.8 and S = 1.0.
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Depending on the disease responses of plants within a family, each F3 and each F6
family was categorized as homozygous resistant (all plants resistant), homozygous susceptible
(all plants susceptible) and segregating (plants originating from a heterozygous plant). The F8
RILs were scored as R or S. The chi-square (χ2) test was applied to determine the goodness of
fit of the observed phenotypic distributions of the segregating populations to the expected
genetic ratio for a monogenic inherited resistance. Yates correction for continuity was applied
to adjust the chi-square value when only a single degree of freedom was used in the analysis
(Yates, 1934).
3.2.2. Seedling stage evaluation
A greenhouse experiment was established at CIMMYT in order to investigate whether
the resistance carried by Amria, Byblos, Geromtel_3 and Tunsyr_2 belonged to the seedling or
adult plant types. Crosses between these four sources of resistance and the susceptible parental
line Atil*2/Local_Red were made and approximately 30 seedlings from each F3 were grown in
pots and inoculated at the two-leaf stage by spraying urediniospores of the race BBG/BP
suspended in a light-mineral oil (Soltrol 170), as described by Loladze et al. (2014). After 20
hours of dew exposure, the plants were transferred to a greenhouse at a temperature of 20°C to
26°C, under natural light conditions. At 10 to 12 days post inoculation, F3 families were again
classified as homozygous resistant, homozygous susceptible, and segregating. The 0 to 4 scale
was used for scoring the infection types (IT) of the parental lines with “0” indicating immunity;
“1” indicating presence of small uredinia with necrosis; “2” for medium sized uredinia
surrounded by necrosis or chlorosis; “3” indicating medium sized uredinia without chlorosis;
and “4” representing complete susceptibility with large uredinia and no chlorosis (McIntosh et
al., 1995). The χ2 test was used to compare the observed distributions of the F2:3 families from
each cross with the distribution expected for segregation of a single gene.
3.2.3. Allelism tests
The four sources of resistance Amria, Byblos, Geromtel_3, and Tunsyr_2 are
hypothesized to carry novel Lr genes, but there is no knowledge on their allelism. For this
purpose, allelism tests were conducted as described by Loladze et al. (2014), by evaluating the
F2 populations from crosses between all the resistant parental lines. In the summer of 2012, the
resulting F2 populations from the crosses that involved Amria, Geromtel_3 and Tunsyr_2 were
evaluated for resistance to race BBG/BP at the El Batan leaf rust nurseries. A minimum of 181
and up to 326 F2 plants per cross were evaluated in this experiment. In April 2013, 200 F2
plants generated from the cross Amria x Byblos were evaluated for their reaction to BBG/BP
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at CIMMYT’s greenhouse. In addition, allelism to known resistance genes present in
CIMMYT durum germplasm, LrCamayo carried by the Mexican cultivar Cirno_C2008 and Lr61
carried by the line Sooty_9/Rascon_37//Guayacan INIA, was also studied for the four sources
of resistance. The F2 plants were scored as resistant (R) or susceptible (S) and tested for
goodness of fit to various segregation ratios using chi-square tests. Yates correction for
continuity was applied for analyses with a single degree of freedom (Yates, 1934).
3.2.4. Selective genotyping and candidate regions identification
A combined selective genotyping and bulked segregant analysis (BSA) approach was
carried out on 15 most resistant and 15 most susceptible F3 families from each population,
using the Illumina iSelect 90K Inﬁnium SNP genotyping array (Wang et al., 2014a). Genomic
DNA was extracted from the parental lines and the selected families using a modified CTAB
method (Hoisington et al., 1994). The quality of DNA was assessed on 2% agarose gel. DNA
quantification was performed using PicoGreen fluorescence detection, and all DNA samples
were diluted to 50 ng/μl. For Picogreen analysis, a standard curve was generated using Lamda
DNA of known concentrations. One resistant and one susceptible bulk DNA samples were
created for each population by pooling equal quantities of genomic DNA from the previously
selected families. The parental lines, the selected families, and the bulks from each population
were genotyped with the wheat 90K Infinium iSelect assay, using BeadStation and iScan,
according to the manufacturer’s protocol from Illumina. SNP clustering and data analysis were
performed using GenomeStudio software (Illumina, San Diego, USA). Polymorphic SNPs that
distinguished the parental lines were identified and compared to polymorphisms among the
selected lines, as well as the bulks from each population.
3.2.5. KASP genotyping
The RIL populations were advanced to the F8 generation and genomic DNA was
extracted from the F8 RILs as well as the parental lines, according to the CIMMYT automated
DNA extraction protocol using a BIOMEK FXp liquid handling station and the Sbeadex® mini
plant kit (LGC Genomics). After DNA quantification and quality checks, all samples were
diluted to approximately 50 ng/μl.
Based on the results from the selective genotyping analysis and the source sequence
from which the 90K iSelect probes were originally developed, polymorphic SNPs identified
within the candidate regions for leaf rust resistance were converted into Kompetitive allelespecific primers (KASP). For each SNP, two allele-specific forward primers and one common
reverse primer were designed. Seven additional publicly available KASP primers that were
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designed at the University of Bristol (http://www.cerealsdb.uk.net) were also used for
genotyping. Primer sets of all KASP markers used in the mapping of leaf rust resistance in
Amria and Byblos are listed in Appendix 1, and KASP primers used in the mapping of the
resistance in Geromtel_3 and Tunsyr_2 are listed in Appendix 2. KASP genotyping was
performed for the Amria x Atil*2/Local_Red and Byblos x Atil*2/Local_Red RIL populations,
according to the guidelines in the KBIOscience KASP version 4.0 SNP genotyping manual
(http://www.kbioscience.co.uk/). Reactions were performed in 384 well plates, with a final
reaction volume of 8 µl, which contained 2.5 μl of KASP 2X reaction mix (LGC Genomics),
50 ng of template DNA, 0.165 μM Hex forward primer, 0.165 μM FAM forward primer and
0.412 μM universal reverse primer. The following cycling conditions were used: 15 min at
94°C followed by 10 touchdown cycles of 20 s at 94°C and 60 s at 61°C (dropping 0.8 °C per
cycle); after the final annealing temperature of 57 °C was achieved, there were 26 cycles of 20
s at 94 °C and 60 s at 57 °C, with a final fluorescence plate reading taken at 10ºC.
Thermocycling and plate reading were performed on a Bio-Rad C1000 thermocycler (Bio-Rad
Laboratories Ltd, USA) and the data were analyzed using Bio-Rad CFX Manager software.
3.2.6. SNP genotyping on the Fluidigm 192.24 Dynamic Array IFC
Given the large number of markers to be genotyped for the populations derived from
the crosses Geromtel_3 x Atil*2/Local_Red and Tunsyr_2 x Atil*2/Local_Red (55 and 35
markers for Geromtel_3 and Tunsyr_2, respectively), we opted for a high-throughput SNP
genotyping platform. The Fluidigm 192.24 Dynamic Array IFC (Integrated Fluidic Circuit)
provides a solution for targeted high sample throughput SNP genotyping. It is designed to
genotype 192 samples against 24 assays in a single run.
Genotyping was carried out on the parental lines Geromtel_3, Tunsyr_2,
Atil*2/Local_Red and the F8 RILs from both populations, following the procedures detailed in
the manufacturer’s SNP Genotyping analysis user guide (https://www.fluidigm.com). Specific
Target Amplification (STA) primers were designed for each SNP, and STA was performed for
all genomic DNA samples. A 1:100 dilution of the STA products was then used for sample
mix preparation, as described in the user guide. The assay mix and sample mix were then loaded
onto a 192.24 dynamic array chip, then mixed and thermal cycled using an IFC Controller HX
and FC1 thermal cycler (Fluidigm Corp., South San Francisco, CA) according to the
manufacture’s protocols. End-point fluorescent images of the chip were acquired on an EP-1
imager (Fluidigm Corp., South San Francisco, CA), and the data was analyzed with the
Fluidigm SNP genotyping Analysis software.
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3.2.7. Linkage mapping
Only SNP markers that showed a good quality of allele calling, based on the clusters of
the scatter plots, were used for linkage analysis. Linkage maps of chromosome arms that
carried the Lr genes were constructed using MapDisto 1.7.7 software (Lorieux, 2012), at a
minimum logarithm of odds (LOD) score of 3 and maximum recombination fraction of 0.3.
The Kosambi function was used to convert the recombination fractions to centimorgans (cM).
The final linkage maps were prepared using MapChart software (Voorrips, 2002).
3.2.8. SSR markers genotyping
To further investigate the presence of Lr14a in Amria and Byblos, the two SSR markers
Xgwm344-7B and Xgwm146-7B were used to screen the two resistant parents as well as the
susceptible parent Atil*2/Local_Red. The French cultivar Sachem, reported to carry Lr14a (A.
Singh et al., 2013), was also included as a positive check. The same lines were also tested using
four combinations of NBS-LRR primers (4406F/4840R; 4406F/4852R; 4407F/4840R and
4407F/4852R) linked to Lr14a (C. Pozniak, personal communication) and a CAPS marker
linked to the Psy1-1, a gene controlling endosperm yellow colour in durum wheat and mapped
to chromosome 7BL (Pozniak et al., 2007; Herrera-Foessel et al., 2012). The SSR marker
Xwmc487, reported to be linked to Lr61 on chromosome arm 6BS (Herrera-Foessel et al.,
2008b), was also used to genotype Geromtel_3 and Tunsyr_2. The durum wheat cultivar
Guayacan INIA was used as a positive control. The primer sequences of SSR markers were
obtained from the GrainGenes database (http://wheat.pw.usda.gov/GG3). PCR reactions were
performed in 96 well plates with total reaction volumes of 25 μl, according to the protocols
described by Herrera-Foessel et al. (2008b) and Pozniak et al. (2007). Dye-labeled M13 primer
was added to the PCR mix for Xgwm344-7B and Xgwm146-7B to allow for the resolution of
polymorphisms using capillary electrophoresis on an ABI3130 (Applied Biosystems, Foster
City, California). The PCR program was adjusted based on the optimum annealing temperature
for each marker. Amplification products by Psy1 primers Psy103F/695R were digested with
MscI endonuclease. Polymorphisms were scored on 2% agarose gels. A 1Kb+ DNA ladder was
included to estimate the size of the amplified fragments.
3.2.9. Identification of candidate genes
Wild emmer wheat (WEW) T. turgidum ssp. dicoccoides (2n = 4x = 28, AABB
genome), is the wild relative of T. turgidum, the progenitor of all domesticated wheat (Avni et
al., 2014). In order to identify candidate genes for leaf rust resistance, the sequences of all the
SNP markers used in the final mapping of the Lr genes in Amria, Byblos, Geromtel_3 and
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Tunsyr_2 were physically mapped against the reference sequence of WEW accession ‘Zavitan’
(Avni et al., 2017, submitted manuscript) using GMAP program (Wu and Watanabe, 2005).
Corresponding physical interval for each SNP were identified under stringent parameters of
coverage > 90% and identity > 95%. The annotated wheat transcripts from the MIPS PlantsDB
(http://mips.helmholtz-muenchen.de/plant/genomes.jsp) were also mapped against the WEW
reference sequence using GMAP program, and used to identify candidate genes for the leaf
rust resistance in Amria, Byblos, Geromtel_3 and Tunsyr_2.
3.3. Results
3.3.1. Characterization of leaf rust resistance inheritance
In both field evaluation and seedling tests, the four genotypes Amria, Byblos,
Geromtel_3 and Tunsyr_2 were resistant to race BBG/BP, whereas Atil*2/Local_Red was
highly susceptible. The high infection types (IT) of the F1 plants from the crosses involving
Amria (30M) and Byblos (50M) with the susceptible parent Atil*2/Local_Red suggested that
both lines carry a recessive gene for leaf rust resistance. This was further supported by the F2
segregation that fit a 1R:3S ratio (p-value = 0.12 and 0.68 for Amria and Byblos, respectively).
However, the low IT of F1 plants from the crosses involving Geromtel_3 (5M) and Tunsyr_2
(5M) indicated a dominant mode of inheritance of resistance in both genotypes. Field-based
segregation ratios in the F2 generation for these genotypes fit the 3R:1S ratio (p-value = 0.84
for Geromtel_3 and 0.14 for Tunsyr_2) (Loladze et al., 2014). The observed phenotypic
distributions of host reactions at the F3, F6 and F8 generations supported segregation of a single
dominant gene for resistance in Amria, Geromtel_3 and Tunsyr_2 (Table 3.1). However, the
F8 RILs from the cross Byblos x Atil*2/Local_Red did not fit the 1:1 ratio expected for
segregation of a single gene, as indicated by the significant p-value of 0.046. This may be
explained by the misclassification of some of the F8 RILs in this population. The frequency
distributions of the CI for the four F6 populations are represented in Figure 3.1. Correlation
analysis showed that the final disease severity (DS) score was highly correlated with the CI
(r=0.99) for all four populations. The four resistant parents: Amria, Byblos, Geromtel_3 and
Tunsyr_2, showed the lowest DS scores (0-5 %); however, the highest scores (90-100%) were
observed for the susceptible parent Atil*2/Local_Red. Histograms of the CI recorded for
Tunsyr_2 x Atil*2/Local_Red and Byblos x Atil*2/Local_Red F6 populations revealed
bimodal distributions, which is typical of traits under control of a major genetic factor. The CI
data from Amria x Atil*2/Local_Red and Geromtel_3 x Atil*2/Local_Red, however, showed
a skewed distribution towards increased resistance.
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Table 3.1. Summary of chi-square (χ2) tests for the F3, F6 and F8 families evaluated under artificially inoculated conditions with race BBG/BP of
P. triticina.
Seedlings

Adult plants

F3 Families
Source

of

# of

ratio

p-

# of

ratio

genes

Families

R:Seg:S

value

Families

R:Seg:S

Amria

1

219

1:2:1

0.18

219

1:2:1

Geromtel_3

1

184

1:2:1

0.12

191

Tunsyr_2

1

199

1:2:1

0.72

Byblos

1

232

1:2:1

0.14

resistance

#

of

F3 Families

F6 Families
χ2

p-

χ2

F8 RILs
Ratio Yates’

Yates’

p-

# of

value

value

RILs

R:S

χ2

3.33

0.19

5.47 0.065

213

1:1

0.676

0.411

1:2:1

2.96

0.23

5.91 0.052

189

1:1

1.037

0.309

207

1:2:1

1.63

0.44

4.96 0.083

204

1:1

0.005

0.944

231

1:2:1

1.05

0.59

0.96 0.618

221

1:1

4.00

0.046*
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R: Resistant; Seg: Segregating; S: Susceptible
1:2:1 ratio indicates segregation of a single gene at the F3 generation
1:1 ratio indicates segregation of a single gene at the F8 generation
* p-value < 0.05 indicating that the observed values are significantly different from the expected values for a 1:1 ratio
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Figure 3.1. Frequency distributions of the coefficient of infection at the F6 generation.
3.3.2. Allelism tests
The frequencies of resistant and susceptible F2 plants from the intercrosses of the
sources of leaf rust resistance are summarized in table 3.2. The absence of susceptible F2 plants
from the cross involving Amria and Byblos suggests that these two genotypes may be carrying
allelic or closely linked genes for leaf rust resistance. However, the presence of susceptible
plants in all the other crosses involving Amria indicates that the resistance in this genotype is
different from those in Geromtel_3 and Tunsyr_2, and is not allelic nor linked to Lr61, carried
by Guayacan INIA. This is further supported by the goodness of fit test that supports a 13:3
ratio in the cross Amria x Tunsyr_2 and a 12:4 ratio in the cross Amria x Guayacan INIA,
indicating the involvement of one dominant and one recessive gene. However, the F2
population from the cross Amria x Geromtel_3 segregated at 220:30 for resistant/susceptible
plants, a good fit to a 3-gene model with either independent segregation of one dominant and
two recessive genes (ratio 55:9) or one dominant plus two complementary genes (ratio 57:7).
These results are in agreement with the observations of the F1 plants from the crosses Amria x
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Atil*2/Local_Red, Tunsyr_2 x Atil*2/Local_Red and Geromtel_3 x Atil*2/Local_Red that
suggested a dominant mode of inheritance for the leaf rust resistance in Tunsyr_2 and
Geromtel_3 and a recessive mode of leaf rust resistance inheritance in Amria. The 9:7 ratio
observed in the F2 population from the cross Byblos x Guayacan INIA indicates the
involvement of two complementary genes for leaf rust resistance in this population. No
susceptible plants were identified in all the crosses involving Geromtel_3, Tunsyr_2 and the
Lr61-carrying Guayacan INIA, which suggested that the leaf rust resistance genes present in
these three genotypes are either allelic or closely linked to each other.
Table 3.2. Frequencies of resistant and susceptible F2 plants for allelism testing.
Cross
Total
Amria x Byblos
Amria x Geromtel_3
Amria x Geromtel_3
Amria x Tunsyr_2
Geromtel_3 x Tunsyr_2
Amria x Guayacan INIA (Lr61)
Byblos x Guayacan INIA (Lr61)
Geromtel_3 x Guayacan INIA (Lr61)
Tunsyr_2 x Guayacan INIA (Lr61)
R: Resistant; S: Susceptible

200
250
250
304
275
310
280
301
276

R

S

200 0
220 30
220 30
250 54
275 0
223 87
173 107
301 0
276 0

F2 plants
Ratio
Yates’ χ2
55:9
57:7
13:3
12:4
9:7
-

0.718
0.191
0.135
1.394
3.265
-

Yates’
p-value
0.397
0.662
0.713
0.238
0.071
-

3.3.3. Selective genotyping and Lr gene mapping
3.3.3.1. Leaf rust resistance in Amria and Byblos
Selective genotyping and BSA identified 28 SNPs that were genetically linked with the
leaf rust resistance in Amria and 24 SNPs linked to the resistance in Byblos; 22 of them were
common between the two populations, supporting the allelism test’s suggestion that Amria and
Byblos may carry the same gene, alleles, or closely linked genes for leaf rust resistance. Based
on the high density consensus map of tetraploid wheat (Maccaferri et al., 2015), a candidate
region for leaf rust resistance in both genotypes was identified on the long arm of chromosome
7B. A list of all the SNP markers linked to the resistance in Amria and Byblos and their position
on the consensus map is presented in Appendix 3. Corresponding sequences from the Inﬁnium
assay were used to develop allele-speciﬁc KASP primers for 19 SNPs on chromosome 7BL,
which were tested on the parental lines. Only the markers that produced clear clusters for
accurate genotype assignment were assayed on the entire RIL populations (Appendix 1).
Among the nineteen KASP markers developed, only 14 were considered reliable for mapping
in Amria x Atil*2/Local_Red population and 10 in Byblos x Atil*2/Local_Red. All 14 markers
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were closely linked to the leaf rust resistance gene in Amria (referred to as Lr_Amria), and
mapped within an interval of 1.2 cM from the gene (Figure 3.2 a). The KASP marker usw260
was the closest to Lr_Amria and mapped at 0.9 cM proximal to the gene. Twelve other KASP
markers, including usw264, usw255 and usw262 mapped at 1 cM proximal to Lr_Amria.
Likewise, ten KASP markers mapped within 0.5 cM of the resistance gene in Byblos (Figure
3.2 b). Lr_Byblos was located at 0.2 cM from the co-segregating markers usw259, usw262,
usw255, usw260 and BS00004171. All of these markers mapped within an interval of 3 cM on
the SNP based consensus map (Figure 3.2 c). These results confirm that the genes in Amria
and Byblos are either allelic or tightly linked.

Figure 3.2. Linkage groups of KASP markers associated with the leaf rust resistance genes
Lr_Amria (a) and Lr_Byblos (b) and their position on the consensus map (c) (Maccaferri et al.,
2015). Markers highlighted in blue are linked to the resistance in both Amria and Byblos.
Markers positions are displayed in cM.
The distal region of chromosome 7B is known to carry the major leaf rust resistance
gene Lr14a. Several markers reported to be linked to Lr14a (Herrera-Foessel et al., 2012;
Pozniak et al., 2007) were used to genotype the parental lines Amria, Byblos,
Atil*2/Local_Red, as well as resistant (R) and susceptible (S) RILs from the two RIL
populations Amria x Atil*2/Local_Red and Byblos x Atil*2/Local_Red. The Lr14a carrier
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“Sachem” was used as a positive control (A. Singh et al., 2013). Figures 3.3 and 3.4 represent
the amplification products for Xgwm344 and Xgwm146 primers, respectively. All the tested
lines, including the parents, showed polymorphism for both markers, when compared to the
Lr14a carrier Sachem. Furthermore, capillary electrophoresis (CE) analysis revealed different
amplicon sizes for Amria, Byblos and Sachem for the two SSR markers. However, for the
Xgwm146 primer, two different amplicons were consistently amplified for Sachem and all the
tested lines except for Byblos, a single 179 bp fragment was amplified (Figure 3.4).

Figure 3.3. An agarose gel showing PCR amplicons for the SSR marker Xgwm344.

Figure 3.4. An agarose gel showing PCR amplicons for the SSR marker Xgwm146.
Different combinations of NBS-LRR primers were used to screen the parental lines and
the Lr14a carrier Sachem, which were able to show either presence or absence of the NBSLRR associated with Lr14a (Figure 3.5). Only a single fragment from Sachem was amplified
(green arrows), indicating the presence of Lr14a in this cultivar; however, no PCR products
were observed for any of the other lines that were tested. The Psy1-B1 locus (Pozniak et al.,
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2007) was shown to be linked to Lr14a in previous studies (A. Singh et al., 2013). Following
digestion with MscI endonuclease, fragments amplified with the Psy1 primers were separated
on a 2% agarose gel (Figure 3.6). All the tested lines showed polymorphism compared to
Sachem at the Psy1 locus; however, no amplicons were observed for Byblos.

Figure 3.5. Banding pattern of the PCR products for the NBS-LRR primers.
(a. 4406F/4840R; b. 4406F/4852R; c. 4407F/4840R; d. 4407F/4852R)

Figure 3.6. Psy primers (Psy103F/695R) PCR products after MscI digestion.
The results from all of the molecular markers that were tested showed polymorphism
between the Lr14a carrier Sachem and the two sources of resistance Amria and Byblos.
Together, this supported the hypothesis that the major Lr gene present in Amria and Byblos is
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different from Lr14a, and is likely a new leaf rust resistance gene or a new allele of Lr14, thus
making these two genotypes useful sources for breeding leaf rust resistance.
3.3.3.2. Leaf rust resistance in Geromtel_3 and Tunsyr_2
Selective genotyping and BSA revealed that 115 SNPs were linked to the resistance in
Geromtel_3 and 67 SNPs were associated with the leaf rust resistance in Tunsyr_2, including
52 common SNPs between the two sources of resistance. Based on the tetraploid wheat
consensus map, a candidate region for the leaf rust resistance carried by Geromtel_3 and
Tunsyr_2 was identified on the short arm of chromosome 6B, (Maccaferri et al., 2015). A
summary of all the SNP markers associated with the leaf rust resistance in Geromtel_3 and
Tunsyr_2, and their position on the consensus map are presented in Appendix 4. Allele-specific
KASP primers were developed for 56 SNPs on chromosome 6BS, which were used to genotype
the parental lines as well as selected resistant and susceptible lines from each population. A
total of 40 KASP markers that produced clear clusters were assayed on the Geromtel_3 x
Atil*2/Local_Red F8 RILs, whereas, only 28 markers were retained to genotype the Tunsyr_2
Atil*2/Local_Red RIL population. Primer sets of all KASP markers linked to leaf rust
resistance in Geromtel_3 and Tunsyr_2 are listed in Appendix 2.
The genetic map for the leaf rust resistance gene in Geromtel_3 spanned an interval of
5 cM approximately (Figure 3.7 a), with markers usw215 and usw218 mapping 0.3 cM from
the gene. Markers usw222, usw245, usw213 and usw246 mapped 0.8 cM from the Lr gene in
Geromtel_3. Fifteen other SNP markers mapped at approximately 1 cM from the resistance
locus. However, another set of 17 KASP markers (highlighted in red in Figure 3.7) were linked
to the resistance in Geromtel_3, but mapped between 2.5 to 4.8 cM distal to the gene. None of
these seventeen markers were linked to the resistance in Tunsyr_2, and their position on the
consensus map was 10 to 20 cM away from usw215, the closest marker to the Lr gene in
Geromtel_3 (Figure 3.7 c). A total of 28 markers were used to construct the genetic map for
the leaf rust resistance locus in Tunsyr_2, which spanned a 2 cM interval (Figure 3.7 b). The
two KASP markers usw215 and usw218 were the closest markers to the resistance gene, and
mapped 1 cM distal. Markers usw210, usw211, usw219 and usw220 mapped about 1.5 cM
distal to the resistance locus and usw254 was the most distal marker, located at 2 cM from the
leaf rust resistance in Tunsyr_2. Markers usw215 and usw218 were the closest to the resistance
genes in both Geromtel_3 and Tunsyr_2. However, only 16 markers were linked to the
resistance gene in both populations (markers highlighted in blue in Figure 3.7). Twenty-four
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markers were exclusively associated to the resistance in Geromtel_3 and 12 markers were only
linked to the resistance in Tunsyr_2.

Figure 3.7. Linkage groups of KASP markers associated with leaf rust resistance in
Geromtel_3 (a) and Tunsyr_2 (b) and their position on the consensus map (c) (Maccaferri et
al., 2015). Markers highlighted in blue are linked to the resistance in both Geromtel_3 and
Tunsyr_2. Markers highlighted in red are linked only to the resistance in Geromtel_3. Markers
positions are displayed in cM.
PCR amplicons for the SSR marker Xwmc487, reported to be linked to the designated
gene Lr61, were generated for the parental lines and several controls (Figure 3.8). HerreraFoessel et al. (2008b) identified Lr61 in the Chilean durum wheat cultivar Guayacan INIA, and
mapped it to the short arm of chromosome 6B at about 28 cM from Xwmc487. The agarose gel
revealed polymorphism between the Lr61 carrier Guayacan INIA (G. INIA) and the durum
lines Geromtel_3, Atil*2/Local_Red (L. RED) and Gaza, which suggested that Lr61 is absent
in these genotypes. However, the PCR product amplified for Tunsyr_2 was the same size as
that amplified for the Lr61 carrier G. INIA, supporting the results from the allelism tests and
suggesting that the leaf rust resistance genes in these two genotypes may be either allelic or
closely linked.
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Figure 3.8. PCR amplicons for the SSR marker Xwmc487 linked to Lr61. Guyacan INIA (G.
INIA) is a positive control carrying Lr61.
3.3.4. Candidate gene identification
DNA sequences associated with 10 SNP markers linked to the resistance in Amria and
Byblos were positioned on the “Zavitan” reference sequence of tetraploid wheat (Table 3.3).
Except for the marker Ku_c6566_3086, all SNP markers spanned a physical interval of about
6.7 Mb (746,587,151 - 753,310,876 bp). Five markers (i.e. Tdurum_contig62213_423,
tplb0045c05_154, BS00023069_51, BS00064933_51 and Kukri_c20875_997) were linked to
the resistance in both Amria and Byblos and mapped within a 42,778 bp region (747,105,190
- 747,147,968 bp). Likewise, sequences of 27 SNPs associated with the resistance in
Geromtel_3 and/or Tunsyr_2 were physically mapped on the WEW pseudomolecules (Table
3.4). All of the SNP markers linked to the resistance in Tunsyr_2 mapped within a four Mb
interval (5,812,642 - 9,797,172 bp). However, SNP markers linked to the resistance in
Geromtel_3 spanned a genetic interval of about 17.3 Mb (5,812,642 - 23,093,553 bp).
Annotation of the wheat transcripts identified within these genetic intervals revealed several
proteins involved in disease resistance. The region in chromosome 7BL contained transcripts
coding for putative NBS-LRR proteins, resistance gene analogues (RGA2), RPM1 and RPP13like disease resistance proteins, as well as proteases and an ABC transporter (Table 3.5).
Several NBS-LRR-encoding sequences have also been identified in the region on chromosome
6BS (Table 3.6). Putative candidate genes for the leaf rust resistance in Geromtel_3 and
Tunsyr_2 also include HR-like lesion-inducing protein as well as a zinc finger peptidase and a
sugar transporter. Several markers linked to the leaf rust resistance in Amria, and Byblos
mapped within these candidate genes, such as usw260 and usw255, which mapped within a
CC-NBS-LRR disease resistance gene and BS00010355, which mapped within a protease
(Table 3.5). Likewise, the marker usw224 that was linked to the resistance in Tunsyr_2 mapped
within an RPP13-like disease resistance gene (Table 3.6).
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Table 3.3. Map location of the SNP markers linked to leaf rust resistance in Amria and Byblos and their corresponding candidate regions on
the WEW pseudomolecules.
Emmer_v2_pseudomolecules
SNP marker

KASP assay

Map position

Start

End

Coverage (%)

Identity (%)

Chr. 7BL

50

Ku_c6566_3086

usw260

NA

653,676,250

653,676,350

100

99

Tdurum_contig30909_76

usw258

211.5

746,587,151

746,587,250

99

99

Tdurum_contig62213_423

usw264

NA

747,105,190

747,105,374

100

97

tplb0045c05_154

usw265

211.5

747,108,023

747,108,127

100

96.2

BS00023069_51

BS00023069

210.6

747,110,507

747,110,607

100

99

BS00064933_51

usw255

211.5

747,145,702

747,145,802

100

99

Kukri_c20875_997

usw262

211.5

747,147,870

747,147,968

98

96

RAC875_c525_1372

usw257

209.0

751,585,860

751,585,960

100

99

BS00010355_51

BS00010355

208.7

751,588,580

751,588,677

97

98

Kukri_c17115_372

usw261

NA

753,310,785

753,310,876

91.1

98.9

NA: SNP not mapped on the consensus map

Table 3.4. Map location of the SNP markers linked to leaf rust resistance in Geromtel_3 and Tunsyr_2 and their corresponding candidate regions
on the WEW pseudomolecules.
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SNP markers

KASP markers

Tdurum_contig43538_1687
Tdurum_contig43538_1582
Excalibur_c96134_182
CAP7_rep_c6852_87
BobWhite_c39821_195
BS00093063_51
RAC875_c31381_820
RAC875_c31381_883
Excalibur_c31801_48
IACX9205
Tdurum_contig52819_287
RAC875_c33407_350
RAC875_c1305_120
Wsnp_CD453605B_Ta_2_1
Tdurum_contig42655_1727
RAC875_c18689_1950
BS00010443_51
BobWhite_c34318_375
Kukri_c24795_267
RAC875_c38592_187
Excalibur_rep_c114123_366
Excalibur_c64989_556
RAC875_rep_c105906_124
Wsnp_Ex_c702_1383612
wsnp_Ex_c702_1382859
Wsnp_Ex_c4728_8444212
BS00107306_51

usw246
usw245
usw222
usw216; usw217
usw213
BS00093063
usw237
usw238
usw219; usw220
usw224
usw247
usw239
usw254
usw248
usw244
usw235
BS00010443
usw212
usw230
usw240; usw241
usw223
usw221
usw242
usw252
usw251
usw249; usw250
BS00107306

NA: SNP not mapped on the consensus map

Map position
Chr. 6BS
4.8
4.8
4.8
4.8
NA
7.2
7.2
NA
7.2
8
NA
NA
8
13.1
13.1
15.2
18.3
NA
NA
20.4
20.4
20.4
20.4
22.1
22.1
22.1
NA

Emmer_v2_pseudomolecules
Start
5,812,642
5,812,747
5,812,813
5,814,978
5,821,656
8,254,653
8,438,520
8,438,666
9,232,277
9,506,064
9,546,765
9,546,765
9,797,072
12,461,455
12,470,253
15,305,559
18,454,200
19,978,536
19,978,605
19,983,498
19,983,705
19,983,996
19,984,203
21,730,858
21,733,535
21,736,168
23,093,453

End
5,812,742
5,812,847
5,812,913
5,815,069
5,821,746
8,254,747
8,438,703
8,439,098
9,232,367
9,506,264
9,546,865
9,546,865
9,797,172
12,461,575
12,470,353
15,305,659
18,454,300
19,978,636
19,978,705
19,983,598
19,983,805
19,984,096
19,984,303
21,731,162
21,733,735
21,736,368
23,093,553

Coverage (%)
100
100
100
91.1
90.1
94.1
100
100
92.9
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Identity (%)
99
100
99
98.9
100
98.9
99
98
98.9
100
99
99
100
100
100
100
98
99
99
96
99
97
97
100
99.5
99.5
97

Table 3.5. List of candidate genes for the leaf rust resistance in Amria and Byblos and the SNP markers mapping within these genes.
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Transcript
Traes_7BL_F0BF4D8D4.1
Traes_7BL_6AD8EB261.1
Traes_7BL_677946F0D.1
Traes_7BL_9E8525BCC.1
Traes_7BL_9EC5EE4F6.1
Traes_7BL_BEA2D6E37.1
Traes_7BL_1C6415BB2.1
Traes_7BL_F4969F922.1
Traes_7BL_AAEAECDF1.1
Traes_7BL_6D5EA3AF9.1
Traes_7BL_B668E552D.1
Traes_7BL_9EC5EE4F6.1
Traes_7BL_4F39EBC82.1
Traes_7BL_5995A6BDE.1
Traes_7BL_7B46B106C.1
Traes_7BL_80CFBAFB9.1
Traes_7BL_7B46B106C.1
Traes_7BL_847A22B0A.1
Traes_7BL_A56B28FE7.1
Traes_7BL_C13C898F4.1
Traes_7BL_65150649F.1
Traes_7BL_1C18C43B2.1
Traes_7BL_BAFAE0AE2.1
Traes_7BL_FB212B9AE.1
Traes_7BL_96F7FCE87.1
Traes_7BL_4B9D0A8CF.1

Start
653,675,978
746,426,295
746,589,872
747,104,995
747,113,607
747,134,796
747,145,621
747,146,819
747,244,993
747,448,453
747,496,158
747,522,093
747,524,031
747,554,042
748,282,637
748,314,850
748,485,382
748,552,884
749,179,285
749,419,171
751,089,216
751,397,390
751,584,291
751,587,241
753,077,119
753,157,669

End
653,677,019
746,427,795
746,590,142
747,105,477
747,136,917
747,135,271
747,146,552
747,147,887
747,245,245
747,449,559
747,496,496
747,554,252
747,525,751
747,554,599
748,282,755
748,317,500
748,485,505
748,553,222
749,179,890
749,422,703
751,143,943
751,398,961
751,586,617
751,589,769
753,078,906
753,158,953

Description
Disease resistance protein (CC-NBS-LRR class) family
ABC transporter G family member 28
Acyl-CoA N-acyltransferase with zinc finger domain
Signal peptide peptidase-like 2
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein RGA2
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance RPP13-like protein 4
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein RGA2
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein RGA2
Disease resistance RPP13-like protein 4
Disease resistance protein RPM1
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein RPM1
Cysteine proteinases superfamily protein
Leucine-rich repeat receptor-like protein kinase family protein
Disease resistance protein RPM1
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein (CC-NBS-LRR class) family
Prolyl oligopeptidase family protein
Protease 2
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein RPM1

Markers
usw260

usw264

usw255

usw257
BS00010355

Table 3.6. List of candidate genes for the leaf rust resistance in Geromtel_3 and Tunsyr_2 and the SNP makers mapping within these genes.
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Transcript
Traes_6BS_F744E4C9F.1
Traes_6BS_3D0FE96AC.1
Traes_6BS_881DA479E.1
Traes_6BL_598C2A47C.1
Traes_6BS_5E8ED5A54.1
Traes_6BS_F47E1B8D6.1
Traes_6BS_6C812D341.1
Traes_6BS_5DFA1C941.1
Traes_6BS_AA1E9D2FB.1
Traes_6BS_BBD5CBCE8.1
Traes_6BS_35E3E1FC4.1
Traes_6BS_21C42C224.1
Traes_6BS_C1F6EE7F5.1
Traes_6BS_2848AC23A.1
Traes_6BS_A91A1171B.1
Traes_6BS_32AE3B31C.1
Traes_6BS_59D647C2C.1
Traes_6BS_E0E44D3D8.1
Traes_6BS_E0E44D3D8.1
Traes_6BS_14A73BF5A.1
Traes_6BS_757777328.1
Traes_6BS_E98E40714.1
Traes_6BS_6B3D7315B.1
Traes_6BS_8837AC45F.1
Traes_6BS_14A73BF5A.1
Traes_6BS_DC3A58192.1
Traes_6BS_E98E40714.1
Traes_6BS_AABC595C0.1
Traes_6BS_8EC4D2443.1
Traes_6BS_8837AC45F.1

Start
5,580,284
5,585,843
8,253,544
8,300,917
8,437,060
9,503,779
9,504,921
9,941,857
10,282,664
10,282,862
12,350,746
12,465,960
14,866,632
18,453,631
18,763,938
19,978,184
19,988,835
19,990,064
20,532,450
20,533,916
20,536,682
20,626,387
20,632,454
21,043,965
21,283,194
21,335,819
21,335,819
21,376,204
21,732,794
23,179,480

End
5,580,307
5,586,316
8,254,853
8,303,105
8,439,385
9,507,894
9,507,573
9,942,044
10,283,748
10,283,163
12,351,643
12,472,454
14,868,458
18,454,679
18,766,683
19,978,623
19,989,914
19,990,092
20,627,532
20,628,547
20,726,681
20,626,610
20,632,478
21,378,208
21,337,978
21,378,208
21,336,042
21,377,799
21,736,648
23,358,349

Description
Disease resistance protein RPP13
Disease resistance protein (CC-NBS-LRR class) family
O-methyltransferase 1
HR-like lesion-inducing protein-related
60 kDa chaperonin 2
Disease resistance RPP13-like protein 4
Disease resistance RPP13-like protein 4
Bidirectional sugar transporter N3
Disease resistance RPP13-like protein 4
Disease resistance protein (CC-NBS-LRR class) family
Protein kinase family protein
Ubiquitin-like superfamily protein
Leucine-rich repeat receptor-like protein kinase family protein
Acid beta-fructofuranosidase
Zinc finger with UFM1-specific peptidase domain protein
U5 small nuclear ribonucleoprotein 200 kDa helicase
Disease resistance protein RPM1
Disease resistance protein RPM1
Disease resistance protein RPM1
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein
Disease resistance protein RPM1
Disease resistance protein
Disease resistance protein RPM1
Disease resistance protein (CC-NBS-LRR class) family
Disease resistance protein RPM1
Disease resistance protein RPM1
NB-ARC domain-containing disease resistance protein
Lysine-specific demethylase 3B
Disease resistance protein RPM1

Markers

BS00093063
usw237; usw238
usw224
usw224

usw244
BS00010443
usw212

usw251

3.4. Discussion
Identification and deployment of new sources of resistance to leaf rust in durum wheat
is necessary to sustain the economic viability of its production and to mitigate the threat of a
dynamic and rapidly evolving pathogen population. The four resistant genotypes characterized
in the present study (i.e. Amria, Byblos, Geromtel_3 and Tunsyr_2) were selected at CIMMYT
for their resistance to Mexican and Mediterranean pathotypes of P. triticina (Loladze et al.,
2014). Studies of the inheritance of the leaf rust resistance in these four genotypes suggested
that they all carry single resistance genes. Allelism testing results suggest that Amria and
Byblos may share the same or closely linked resistance genes. Likewise, the leaf rust resistance
genes in Geromtel_3 and Tunsyr_2 are either allelic or tightly linked to each other and to the
previously designated gene Lr61. This was supported by the absence of susceptible plants in
the F2 from intercrosses between the three sources of resistance Geromtel_3, Tunsyr_2 and
Guayacan INIA (Table 3.2). Furthermore, pedigree analysis showed that the two ICARDA
lines Geromtel_3 and Tunsyr_2 share a common parent, which may be the source of their leaf
rust resistance (Loladze et al., 2014). These hypotheses of allelic or linked genes were
confirmed by the results of the selective genotyping and BSA approaches that identified two
regions for leaf rust resistance in these genotypes; one on chromosome 7BL for the resistance
in Amria and Byblos, and another on chromosome 6BS for the resistance in Geromtel_3 and
Tunsyr_2.
3.4.1. Leaf rust resistance in Amria and Byblos
Several studies, including association mapping and QTL analyses, have reported the
importance of the distal region of chromosome arm 7BL in wheat resistance to leaf rust
(Maccaferri et al., 2010; A. Singh et al., 2013; Terracciano et al., 2013). Indeed, three
designated leaf rust resistance genes (i.e. Lr14a, Lr14b and Lr68) are currently localized on
chromosome 7BL (Herrera-Foessel et al., 2012). Lr68 is an APR gene that confers a slowrusting phenotype that was identified in the common wheat cultivar Parula, and is flanked by
markers Psy-1-1 and Xgwm146 (Herrera-Foessel et al., 2012). However, Lr68 cannot be a
candidate gene for the resistance in Amria and Byblos, as the latter is expressed as near
immunity, at the seedling stage as well as at the adult stage. The gene Lr14b is very closely
linked to Lr14a and is catalogued as an allele of the same locus (Dyck and Samborski, 1970).
Virulence against Lr14b is very common among P. triticina races that infect durum wheat,
including the Mexican race BBG/BP that was used in this study. Since Amria and Byblos were
resistant to these races, their Lr genes are different from Lr14b. The final candidate gene
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located on chromosome 7BL was Lr14a. Herrera-Foessel et al. (2008b) mapped Lr14a to the
chromosome arm 7BL in durum wheat and identified two linked SSR markers Xgwm344-7B
and Xgwm146-7B. Recently, the leaf rust resistance gene LrBi16 has been mapped on
chromosome 7BL of the Chinese wheat cultivar Bimai 16, and was reported to be allelic to
Lr14a (Zhang et al., 2015). Xing et al. (2014) identified LrFun on the long arm of chromosome
7B of the Romanian wheat line Fundulea 900 and mapped it at 4.4 cM from the SSR marker
Xgwm344-7B. According to studies conducted by CIMMYT on a wide range of germplasm
groups worldwide, Lr14a is present in the great majority of the resistant durum genotypes and
could represent the most common source of leaf rust resistance currently exploited, globally,
by durum wheat breeders. The over-reliance on this single gene is dangerous since it was
overcome in areas around the Mediterranean Basin (i.e. France, Tunisia and Spain) (Goyeau et
al., 2010; Gharbi et al., 2013; Soleiman et al., 2016). Comparisons made at the seedling stage
between the infection types observed on Amria and Byblos and those of durum wheat cultivars
carrying Lr14a, showed significant differences between the responses of these lines to infection
with virulent isolates of P. triticina (K. Ammar (CIMMYT), personal communication). In
addition, Goyeau et al. (2012) investigated the structure and evolution of the French durum P.
triticina population using a durum wheat differential set, including Byblos. The French
commercial cultivar Byblos was the only genotype displaying low infection types to all French
pathotypes, including the pathotype [14a], which is virulent on both alleles Lr14a and Lr14b.
Furthermore, the comparison of infection types between Byblos and Thatcher isolines, which
carry known resistance genes, led to the conclusion that the source of resistance present in
Byblos was unknown. Moreover, neither Amria nor Byblos carried the molecular markers
known to be linked to Lr14a: (gwm344, gwm146, the NBS-LRR primers 4406F/4840R;
4406F/4852R;

4407F/4840R;

4407F/4852R

and

the

Psy

primers

Psy007F/695R;

Psy103F/695R). Therefore, it can be concluded that the major Lr gene present in Amria and
Byblos is different from Lr14a and is likely to be a new leaf rust resistance gene or a new allele
of Lr14, making these two cultivars good candidates for exploring alternative sources of
resistance for durum rust breeding.
Linkage analysis positioned the leaf rust resistance locus in Amria and Byblos at the
distal end of chromosome 7BL. The KASP marker usw260 was the most tightly linked marker
to the resistance in both genotypes; however, the distance to the Lr gene varied from 0.2 cM in
Byblos to 0.9 cM in Amria. The variation in the length of the Lr_Amria-usw260 and Lr_Byblosusw260 intervals between mapping populations suggests that recombination rates in this region
of chromosome 7BL may vary between crosses. This variation was also observed for other
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SNP markers such as usw255, usw258, usw262, usw263, usw264, usw265, BS00023069 and
BS0004171.
3.4.2. Leaf rust resistance in Geromtel_3 and Tunsyr_2
Three leaf rust resistance genes have been reported to map to the chromosome arm 6BS
(i.e. Lr36, Lr53 and Lr61). Gene Lr36 was derived from T. speltoides and backcrossed into
hexaploid wheat (Dvorak and Knott, 1990). Marais et al. (2005) reported the introgression of
Lr53 from T. dicoccoides to the short arm of chromosome 6B in common wheat. However, no
reports are available to indicate that either Lr36 or Lr53 have been transferred to durum wheat.
Furthermore, pedigree information of Geromtel_3 and Tunsyr_2 does not indicate any
relationship to any of the wild relatives carrying these genes (Loladze et al., 2014). HerreraFoessel et al. (2008b) identified Lr61 on chromosome arm 6BS in the durum wheat cultivar
Guayacan INIA. The SSR marker Xwmc487 was associated with Lr61; however, it was located
at a rather large distance (28.5 cM) from the gene. Lr61 is a partially dominant gene, but
phenotypic analyses of the F1 plants from the crosses Geromtel_3 x Atil*2/Local_Red and
Tunsyr_2 x Atil*2/Local_Red suggested that these cultivars carry completely dominant genes
for leaf rust resistance. Also, genotyping with marker Xwmc487 revealed polymorphism
between the bands amplified for Geromtel_3 compared to Guayacan INIA but not in the case
of Tunsyr_2 when compared to the same check (Figure 3.8), which suggested that the
resistance in Tunsyr_2 may be allelic to Lr61, whereas Geromtel_3 is carrying a potentially
different but closely linked gene. Yet, these marker results cannot be conclusive given the large
distance between Xwmc487 and Lr61, and the unavailability of high density maps for the
original Lr61 mapping population. The distribution of the markers linked to the leaf rust
resistance in Geromtel_3 on both the consensus linkage map (Figure 3.7 c) and the emmer
pseudomolecules (Table 3.4) suggested that this line may be carrying two different but tightly
linked Lr genes. One of these genes is allelic to Lr61 and to Lr_Tunsyr and maps to the distal
end of chromosome 6BS, and the second is only present in Geromtel_3 and located at about 17
Mb from the first Lr gene. This hypothesis was further supported by the results from the
allelism tests that involved Amria and Geromtel_3, since the segregation of the F2 population
from the cross between these two genotypes fit a three-gene model.
3.4.3. Physical mapping and candidate gene identification
Physical mapping of the SNP markers linked to the resistance in Amria, Byblos,
Geromtel_3 and Tunsyr_2, to the wild emmer wheat pseudomolecules, enabled the
identification of candidate genes for leaf rust resistance. Markers usw260 and usw255, closely
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linked to both Lr_Amria and Lr_Byblos, mapped within transcripts coding for coiled–coil,
nucleotide binding site, leucine rich repeat (CC-NBS-LRR) disease resistance proteins (Table
3.5). Likewise, the marker usw224, which is associated with the leaf rust resistance in
Tunsyr_2, mapped within a gene encoding RPP13-like disease resistance protein 4, which is
also a CC-NB-LRR receptor-like protein in Arabidopsis thaliana (Bittner-Eddy et al., 2000).
NB-LRR proteins are the most abundant class of disease resistance genes in plants, including
two subfamilies with a distinct N-terminal structure: the Toll-Interleukin (TIR-NB-LRR) and
the coiled-coil (CC-NB-LRR) (Dangl and Jones, 2001; McHale et al., 2006; McDowell and
Simon, 2008). Leaf rust resistance genes Lr21 (Huang et al., 2003), Lr10 (Feuillet et al., 2003),
and Lr1 (Cloutier et al., 2007), stem rust resistance genes Sr33 (Periyannan et al., 2013) and
Sr35 (Saintenac et al., 2013b), and the powdery mildew resistance gene Pm3b (Yahiaoui et al.,
2004), are six R-genes in wheat that have been cloned. All six proteins contain CC, NBS and
LRR motifs. TIR-NB-LRR genes represent the majority of the R genes in Arabidopsis;
however, disease resistance proteins with a TIR N-terminal domain have not yet been reported
in cereals (Dangl and Jones, 2001). These abundant NB-LRR disease resistance proteins act as
immune receptors and are involved in the detection of diverse pathogens through direct or
indirect perception of pathogen Avr proteins (Bent and Mackey, 2007; Ellis et al., 2007a;
McDowell and Simon, 2008). Pathogens are able to evade recognition and overcome plant
resistance through Avr gene mutation. Hence, both pathogen and host plant undergo parallel
molecular diversification to secure their survival, leading to the concept of evolutionary race
between pathogen virulence and plant defense (McHale et al., 2006; Ellis et al., 2007; Gohre
and Robatzek, 2008; Krattinger and Keller, 2016). This plant-pathogen coevolution could
explain the rapid breakdown of leaf rust resistance conferred by most seedling, race specific Lr
genes in wheat, especially when the same genes are deployed in many cultivars grown over
large areas, allowing for the rapid adaptation and spread of new virulent races (Krattinger and
Keller, 2016). Several NB-LRR proteins were identified within the physical intervals
associated with the leaf rust resistance in Amria, Byblos, Geromtel_3 and Tunsyr_2 (Tables
3.5 and 3.6). Resistance gene clusters have been reported in several plant genome studies, and
are the result of either segmental duplications that involve many genes, or ectopic duplications
that move single genes or small gene clusters to unlinked loci (Dangl and Jones, 2001; Brooks
et al., 2006; McHale et al., 2006; McDowell and Simon, 2008). Plant R genes are subject to
several selective forces to cope with the rapidly evolving pathogen Avr genes. Alteration of the
R gene cluster composition and gene conversion result in increased variation and promote
generation of novel resistance specificity (Cloutier et al., 2007).
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3.5. Conclusions
Results of this study indicated that the durum wheat cultivars Amria and Byblos are
carrying major allelic or closely linked, putatively novel Lr genes, on the long arm of
chromosome 7B. Based on molecular marker analysis and previous genetic studies, it was
concluded that none of these cultivars carry Lr14a, a widely-deployed resistance gene in durum
wheat that is located on chromosome 7BL. Similarly, the leaf rust resistance in Geromtel_3
and Tunsyr_2 was mapped to chromosome 6BS. Allelism tests revealed that the genes in these
lines are either allelic or closely linked to each other and to Lr61. Linkage map analysis in the
genomic region responsible for this resistance suggested that Geromtel_3 may carry an
additional gene, different from the one carried by Tunsyr_2.
Physical mapping identified several candidate genes for the leaf rust resistance in these
lines that were mainly NB-LRR proteins, which commonly act as R genes in plants. The results
from the present study highlight the importance of chromosome arms 6BS and 7BL as regions
rich in leaf rust resistance genes, which can be valuable in breeding programs for pyramiding
multiple genes to achieve more durable resistance. KASP Markers tightly linked to these Lr
genes have been produced and tested, and are ready to be used in applied breeding programs
with high reliability and throughput.
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4. QTL mapping of oligogenic resistance to Mexican races of P. triticina in
three RIL populations of durum wheat
Abstract
Controlling wheat leaf rust through genetic resistance in the host plant is the most
economical and environmentally friendly strategy. However, monogenically inherited
resistance is prone to rapid breakdown. Therefore, the deployment of cultivars that carry
multiple Lr genes is one of the strategies adopted by wheat breeders to extend the effectiveness
of the resistance. The durum wheat cultivars Gaza (Middle East), Arnacoris (France) and
Saragolla (Italy) showed good levels of resistance to the Mexican races of P. triticina. Three
RIL populations, derived from the crosses of each of these sources of resistance to the
susceptible line Atil*2/Local_Red, were evaluated for leaf rust reactions at CIMMYT leaf rust
nurseries and under greenhouse conditions. Genetic analyses at the F3 and F6 generations
suggested that each of Arnacoris, Saragolla and Gaza carried two genes for leaf rust resistance,
with the latter carrying one seedling and one adult plant resistance genes. The F8 RILs from
each cross were genotyped using the Illumina iSelect 90K array and SNP-based genetic maps
were constructed for each population. Using composite interval mapping (CIM), two QTL were
identified on chromosome 6B in Gaza, QLr.usw-6BS and QLr.usw-6BL, that explained up to
78.5% and 23.3% of the total leaf rust variance, respectively. A major QTL designated as
QLr.usw-7BL was detected on the long arm of chromosome 7B in Arnacoris, which accounted
for up to 52.2% of phenotypic variation. Arnacoris also carried a minor QTL on chromosome
1BL, designated as QLr.usw-1BL.1 that explained up to 12.5% of the leaf rust variance. Two
QTL conferred leaf rust resistance in Saragolla, QLr.usw-2BS and QLr.usw-1BL.2, that
accounted for up to 43.1% and 10.8% of the phenotypic variation, respectively. SNP markers
flanking each QTL were physically mapped against the wild emmer wheat reference sequence
and several disease resistance genes were identified within the candidate regions. The QTL
identified in this study and their closely linked SNP markers are useful resources for gene
pyramiding and breeding for durable leaf rust resistance in durum wheat.
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4.1. Introduction and objectives
The importance of leaf rust as a threat to global durum wheat production has increased
dramatically during the last decade due to the emergence of highly virulent races of P. triticina
Eriks., the fungus responsible for this wheat foliar disease (Singh et al., 2004; Huerta-Espino
et al., 2011). Historically, tetraploid durum wheat (T. turgidum L. ssp. durum) has been more
resistant to leaf rust compared to hexaploid wheat (T. aestivum L.). However, new virulent
races of P. triticina are regularly overcoming the resistance genes that are deployed by different
breeding programs in several production areas (Herrera-Foessel et al., 2014a; Loladze et al.,
2014; Kolmer, 2015a).
Wheat rust diseases are controlled either chemically or through genetic resistance.
Genetic control offers a cost-effective and environmental-friendly alternative to minimize
wheat yield losses. Resistance to wheat leaf rust is usually categorized into two classes based
on their genetic control and phenotypic effect; seedling, race-specific resistance, which is
expressed as a hypersensitive response leading to host cell death, and adult plant resistance
(APR), which is usually expressed as a slow-rusting phenotype (Knott, 1989; Lagudah, 2011;
Kolmer, 2013; Singh et al., 2016). To date, over 76 designated leaf rust resistance genes have
been characterized and catalogued in wheat (McIntosh et al., 2015). Most Lr genes are major
genes conferring race-specific, complete all-stage resistance. However, this class of resistance
is prone to rapid breakdown as the pathogen population evolves, and new virulent races of P.
triticina emerge. The unintentional over-reliance on a single race-specific resistance gene has
led to leaf rust epidemics and considerable losses in the state of Sonora in Mexico, when the
new fungal race BBG/BN overcame Lr72 in 2001. Subsequently, loss of the resistance
conferred by the complementary genes Lr27+Lr31 occurred in 2008, with the emergence of
race BBG/BP of P. triticina (Singh et al., 2004; Huerta-Espino et al., 2011; Herrera-Foessel et
al., 2014a). In contrast to race-specific R genes, APR genes are only expressed at the adult
stage and only provide partial resistance that results in longer latent periods and smaller and
fewer uredinia (Knott, 1989; Herrera-Foessel et al., 2008a; Lowe et al., 2011; Lagudah, 2011).
APR genes have proven to confer durable, broad spectrum resistance compared to R genes
(Lagudah, 2011; Ellis et al., 2014; Niks et al., 2015). Currently, six genes conferring APR to
leaf rust have been characterized in hexaploid wheat, including Lr34 (Suenaga et al., 2003),
Lr46 (Singh et al., 1998b), Lr67 (Hiebert et al., 2010), Lr68 (Herrera-Foessel et al., 2012), Lr74
(McIntosh et al., 2015) and Lr75 (Singla et al., 2016). Nonetheless, only Lr46 has been
reported in durum wheat (T. turgidum L. ssp. durum) (Herrera-Foessel et al., 2011b). Several
rust APR genes in wheat are pleiotropic and confer resistance to multiple pathogens, such as
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Lr34, Lr46 and Lr67, which provide resistance against the three wheat rusts (leaf, stripe and
stem rusts) as well as resistance to powdery mildew (Spielmeyer et al., 2005; Lillemo et al.,
2008; Herrera-Foessel et al., 2014b). While all race-specific Lr genes, cloned to date, encode
NB-LRR type proteins (Huang et al. 2003; Feuillet et al. 2003; Cloutier et al., 2007), the two
cloned APR genes Lr34 and Lr67 encode for an ATP-binding cassette (ABC) transporter and
a hexose transporter, respectively (Krattinger et al., 2009; Moore et al., 2015). Several studies
suggested the combination of these two mechanistically distinct types of resistance as an
approach to enhance the durability of resistance to wheat rusts (Schnurbusch et al., 2004; Ayliff
et al., 2008; Lowe et al., 2011; Poland and Rutkoski, 2016).
Mapping quantitative trait loci (QTL) is a powerful way to elucidate the genetic
architecture of rust resistance in wheat. It enables the detection of both major and minor effect
genes and any linked molecular markers that could be used for gene stacking and breeding for
durable rust resistance (Soriano and Royo, 2015). The advent of next generation sequencing
technologies and high-throughput SNP genotyping platforms facilitated the development of
high density genetic maps in wheat (Wang et al., 2014a; Maccaferri et al., 2015; Winfield et
al., 2016) and enhanced our ability to dissect important agronomic traits, such as disease
resistance. In the past, QTL mapping has been used extensively to identify and tag genomic
regions involved in leaf rust resistance in hexaploid wheat (Schnurbushh et al., 2004;
Rosewarne et al., 2012; Buerstmayr et al., 2014; Kolmer, 2015b; Soriano and Royo, 2015),
however, only a few studies aimed to map QTL for leaf rust resistance in durum wheat
(Maccaferri et al., 2008; Marone et al., 2009; A. Singh et al., 2013; Lan et al., 2016). The
objective of this study was to characterize and map QTL for leaf rust resistance in the three
durum wheat lines: Gaza, Arnacoris and Saragolla, by using the iSelect 90K SNP array and to
identify linked SNP markers useful for marker-assisted breeding and gene pyramiding.
4.2. Material and methods
4.2.1. Plant material and field phenotyping
Three sources of leaf rust resistance, including the Middle Eastern landrace Gaza, the
Italian cultivar Saragolla, and the French line Arnacoris, were identified by CIMMYT’s durum
wheat breeding program, through multi-race multisite testing. Each source was crossed to the
universal susceptible line Atil*2/Local_Red and a shuttle breeding strategy was followed to
phenotype these RIL populations, at two different CIMMYT field rust nurseries; the CENEB
experimental station and El Batan experimental station. During the summer of 2010, the F1
plants were evaluated for leaf rust resistance at the El Batan station, whereas the F2 plants were
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evaluated at CENEB experimental station. The F2:3 families were space planted in double 1.2meter-long rows at the El Batan leaf rust nurseries during the summer of 2011. In 2013, the F6
families were grown in replicated rows at the CENEB station, while the F8 RILs were
phenotyped at the El Batan nurseries, during the summer of 2014. Mineral oil suspension of
urediniospores of race BBG/BP of P. triticina was used to inoculate all plant material and the
susceptible spreader rows, at tillering stage of plant development. The modified Cobb scale
was used to assess infected plants for disease symptoms, as previously described in Chapter 3
Section 3.2.1. The F2 plants were scored as R or S and the F3 families were categorized as
homozygous resistant, homozygous susceptible and segregating. The chi-square (χ2) test was
used to estimate the number of genes involved in the inheritance of leaf rust resistance in these
populations. For analyses with a single degree of freedom, the Chi-square values were adjusted
with the Yates’s correction for continuity (Yates, 1934).
Three leaf rust severity scores were recorded at weekly intervals, starting at 14 days
post inoculation, for the three F6 RIL populations Gaza x Atil*2/Local_Red, Arnacoris x
Atil*2/Local_Red and Saragolla x Atil*2/Local_Red. The Area Under the Disease Progress
Curve (AUDPC) was calculated according to the formula described by Maccaferri et al. (2010):

where n indicates the number of scores, LRS indicates the leaf rust severity score and t the
time in days from the previous scoring.
The AUDPC was also calculated for the F8 RILs from the cross Gaza x
Atil*2/Local_Red, whereas the F8 RILs from the crosses Arnacoris x Atil*2/Local_Red and
Saragolla x Atil*2/Local_Red were scored as R or S.
4.2.2. Seedling stage evaluation for the genotype Gaza
Seedlings of F3 families from the cross Gaza x Atil*2/Local_Red were evaluated for
resistance to race BBG/BP of P. triticina under controlled conditions, in CIMMYT’s
greenhouses. Approximately 25 to 35 seedlings from each F3 family were grown in 7-by-7-by10 cm pots and inoculated with a suspension of urediniospores in light mineral oil Soltrol 170,
as described by Loladze et al. (2014). Based on their infection type (IT) at 10 to 12 days after
inoculation, the F3 families were classified as homozygous resistant, homozygous susceptible,
or segregating.
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4.2.3. Allelism tests involving the genotype Gaza
Allelism effects were investigated in F2 populations from the crosses between Gaza and
the three durum genotypes Amria, Geromtel_3 and Tunsyr_2, as described in Loladze et al.
(2014). Allelism to the known leaf rust resistance genes LrCamayo and Lr61 were also
investigated in F2 populations from the crosses Gaza x Cirno_C2008 and Gaza x
Sooty_9/Rascon_37//Guayacan INIA, respectively. A minimum of 181 F2 plants from each
cross were tested for their field reaction to race BBG/BP of P. triticina in the El Batan leaf rust
nursery. The resulting resistant/susceptible ratios were tested for goodness of fit to various gene
models, using chi-square analysis.
4.2.4. DNA extraction and 90K SNP genotyping
Genomic DNA was extracted from the parents and the F8 RILs according to CIMMYT
automated DNA extraction protocol, as described in Chapter 3 Section 3.2.5. After DNA
quantification, all samples were diluted to approximately 50 ng/μl. The wheat 90K iSelect SNP
assay was used for genotyping of the RILs and the parental lines. Genotype calling was
performed using GenomeStudio software (Illumina, San Diego, USA). Prior to mapping, data
filtering was carried out and markers that showed significant segregation distortion, more than
10% missing values or a minor allele frequency (MAF) of 5% or less, were excluded.
4.2.5. Linkage maps construction and QTL mapping
Filtered genotypic data were used to develop linkage maps for each of the three
populations. Initial linkage groups (LG) were obtained using the MSTmap software (Wu et al.,
2008). Assignment of LG to individual wheat chromosomes was carried out by checking the
position of SNPs in the SNP-based consensus map of tetraploid wheat (Maccaferri et al., 2015).
Once groups were attributed to chromosomes, their genotypic data were pooled on a
chromosome-by-chromosome basis and final genetic maps were constructed using the
MapDisto 1.7.7 software (Lorieux, 2012) at threshold values of recombination frequency = 0.3
and LOD = 3. The order of the markers was determined using the Order, Ripple, and Check
inversions commands. The Kosambi function was used to convert the recombination fractions
to centimorgans (cM). QTL detection was performed using the composite interval mapping
(CIM) method implemented in the QGene 4.3.10 software (Joehanes and Nelson, 2008). QTL
were identified at a scan interval of 1 cM. The stepwise regression method was used to select
cofactors and the LOD thresholds for determining statistically significant QTL were calculated
by 1000 permutations for p < 0.05. The additive effect and percentage of phenotypic variation
explained by each QTL were obtained from the final CIM results. Phenotypic traits analyzed
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included disease severity (DS), coefficient of infection (CI) and the area under the disease
progress curve (AUDPC). The identified QTL were named according to the recommended
rules for gene symbolization in wheat (McIntosh et al., 2013), where QTL were designated as
usw (designator for Dr. Pozniak’s laboratory, Crop Development Centre, University of
Saskatchewan).
4.2.6. Assessing the combined effects of rust resistance loci in each population
A single marker with the highest LOD score was selected from each QTL to estimate
its phenotypic effect. The mean phenotypic data for all the RILs from each population were
grouped based on their genotype combinations at these selected loci and mean separation was
performed using Fisher’s protected least significant difference (LSD) test in SAS® 9.4 software
(SAS Institute Inc., Cary, NC, USA).
4.2.7. Physical mapping and candidate gene identification
The program GMAP (Wu and Watanabe, 2005) was used to align the sequences of the
SNP markers mapping within each QTL LOD plot area, to the WEW reference sequence of the
accession “Zavitan” (Avni et al., 2017, submitted manuscript). Putative physical intervals for
each QTL were identified using a cut-off value of 95% sequence identity and 90% sequence
coverage. Annotated wheat transcripts from the MIPS PlantsDB (http://mips.helmholtzmuenchen.de/plant/genomes.jsp) that mapped within these physical intervals, were identified
using GMAP program and used as reference for candidate gene identification.
4.3. Results
4.3.1. Phenotypic data analysis
Leaf rust developed adequately, for all the field evaluation trials at the CENEB and El
Batan experimental stations. The RILs from the three mapping populations expressed a wide
range in disease severity, while the resistant parents Gaza, Arnacoris and Saragolla showed the
lowest scores for leaf rust severity (0-5 %); the highest scores (90-100%) were observed for
the susceptible parent Atil*2/Local_Red. No transgressive segregation was observed among
the RILs from the three crosses, which confirmed that the susceptible parent Atil*2/Local_Red
does not carry genes for leaf rust resistance that could be detected under the present conditions
of phenotyping. The ITs of the F1 plants from the cross Gaza x Atil*2/Local_Red were similar
to that of Gaza, indicating a dominant mode of inheritance for the leaf rust resistance in this
genotype. The ITs of the F1 plants from the crosses Arnacoris x Atil*2/Local_Red and
Saragolla x Atil*2/Local_Red were higher than those of the resistant parents Saragolla and
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Arnacoris but lower than those of the susceptible parent Atil*2/Local_Red, which suggested a
recessive mode of inheritance for the leaf rust resistance in these populations.
The distribution of host reactions at the F3 and F8 generations suggested the involvement
of two genes for resistance to leaf rust in each of the three populations (Table 4.1). Field-based
segregation ratios of 9R:7S in the F2 generation suggested the presence of two complementary
genes in Gaza (Table 4.1). However, the segregation ratio of 7:8:1 observed in the F3 families
suggested a combination of one dominant and one recessive resistance genes. Seedling
evaluations were also conducted in the greenhouse for the F3 families from the cross Gaza x
Atil*2/Local_Red, and the observed segregation ratio of 1:2:1 (p-value = 0.18) suggested the
presence of only one seedling resistance gene in Gaza (Table 4.1). This discrepancy between
seedling and adult plant evaluation results led to the conclusion that Gaza could carry one APR
gene and one seedling resistance gene. The involvement of an APR gene was further
investigated by selecting 10 F3 families that were uniformly resistant in the field at the adult
stage and uniformly susceptible at the seedling stage, and testing them again at the adult stage
(flag leaf stage) under greenhouse conditions. The results from these tests confirmed that the
10 selected families were indeed resistant at the adult stage (Loladze et al., 2014). The F2 plants
from the crosses Arnacoris x Atil*2/Local_Red and Saragolla x Atil*2/Local_Red segregated
in the ratio of 1:3 for resistant to susceptible, indicating that leaf rust resistance in each of these
cultivars is conditioned by single recessive genes. However, the proportion of resistant,
segregating, and susceptible plants in the F3 populations agreed with the ratio of 1:8:7, expected
for segregation of 2 recessive genes. These results were further supported by the segregation
of the F8 RILs from the cross Saragolla x Atil*2/Local_Red in the ratio of 7:9 for resistant to
susceptible, which is the expected ratio for the independent segregation of 2 recessive genes.
In contrast, the segregation of the F8 RILs from the cross Arnacoris x Atil*2/Local_Red fit a
ratio of 9R:7S, which is the expected segregation ratio for two complementary genes.
The frequency distributions of the CI and the AUDPC were determined for the three
populations (Figure 4.1). For the cross Gaza x Atil*2/Local_Red, the CI and AUDPC data were
calculated for both the F6 and the F8 generations. The RILs expressed a wide range in DS.
Correlation analysis showed that the final DS scores were highly correlated with the CI (r =
0.99) as well as the AUDPC (r = 0.98). Although both CI and AUDPC data of the three RIL
populations showed continuous distributions, there was an obvious tendency of skewness
towards resistance, which suggested that, although leaf rust resistance in Gaza, Arnacoris and
Saragolla was not monogenically inherited, there may be major gene effects in these
populations.
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Table 4.1. Summary of chi-square (χ2) tests for the F2 plants, F3 families and F8 RILs of each population.
Adult plants
F2 Plants (Obregon 2011)
Cross

Total

R

S

Ratio

F3 Families (El Batan 2011)
Total

R

Seg

S

Ratio

244

91 135

18

F8 RILs (El Batan 2014)

Gaza x Atil*2/Local_Red

116

61 55

9:7

pvalue
0.426

Arnacoris x Atil*2/Local_Red

115

32 83

1:3

0.484

235

11 133

91

1:8:7

0.115

219

120

99

9:7

0.714

Saragolla x Atil*2/Local_Red

118

31 87

1:3

0.749

208

9

104

1:8:7

0.145

204

82

122

7:9

0.341

95

Total

7:8:1

pvalue
0.120

238

123 115

9:7

pvalue
0.175

F3 Seedlings (Greenhouse)

66

Gaza x Atil*2/Local_Red

Total

R Seg

207 63

94

S Ratio p-value
50

R: Resistant; Seg: Segregating; S: Susceptible
1:3 ratio indicates segregation of two recessive genes at the F2 generation
9:7 ratio indicates segregation of two complementary genes at the F2 and F8 generations
1:8:7 ratio indicates segregation of two recessive genes at the F3 generation
7:8:1 ratio indicates segregation of one dominant and one recessive genes at the F3 generation
1:2:1 indicates segregation of a single gene at the F3 generation
7:9 ratio indicates segregation of two recessive genes at the F8 generation

1:2:1

0.18

R

S
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Figure 4.1. Proportional histograms displaying CI and AUDPC for the three RIL populations.
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4.3.2. Allelism tests involving the genotype Gaza
The distributions of resistant and susceptible F2 plants from the crosses of Gaza with
five resistant durum genotypes for allelism testing were determined (Table 4.2). The F2 progeny
from the cross Gaza x Geromtel_3 did not segregate, indicating that these two genotypes may
carry the same gene, alleles of the same gene, or closely linked genes for leaf rust resistance.
Two dominant genes and one recessive gene were inherited independently in the F2 progenies
from the crosses Gaza x Amria, Gaza x Tunsyr_2, and Gaza x Cirno C2008, as indicated by
the ratio 61:3 resistant to susceptible. Likewise, F2 progeny from the cross Gaza x Guayacan
INIA segregated and fit a 55:9 ratio, which indicated segregation of one dominant and two
recessive genes for leaf rust resistance. These results indicated that the genes in Amria,
Tunsyr_2, Guayacan INIA and Cirno C2008 are neither allelic nor linked to the resistance in
Gaza. Although the gene from Gaza was not allelic nor linked to Lr61 or to the gene in
Tunsyr_2, the results from the previous chapter (see section 3.3.2) indicated that the genes from
Geromtel_3 and Tunsyr_2 appeared to be allelic or tightly linked to each other and to Lr61.
Table 4.2. Frequencies of resistant and susceptible F2 plants for allelism testing involving
Gaza.
Cross
Gaza x Amria
Gaza x Geromtel_3
Gaza x Tunsyr_2
Gaza x Guayacan INIA (Lr61)
Gaza x Cirno C2008 (LrCamayo)

Number of F2 plants
Total
R
S Ratio Yates’ χ2 p-value
229
214
15 61:3
1.386
0.239
326
181
177
273

326
177
153
257

0
4
24
16

61:3
55:9
61:3

1.963
0.007
0.599

0.161
0.933
0.439

4.3.3. Linkage maps
Polymorphic SNP markers with call frequencies ≥ 90% that fit the expected segregation
ratio of 1:1, were considered reliable for mapping and thus used to construct linkage groups
(LG) (Table 4.3). Despite the high density of polymorphic markers, none of the three
populations produced maps with a number of linkage groups equal to the nominal chromosome
pair number of durum wheat (14). Rather, linkage groups ranged from 16 to 23, with all 14
durum chromosomes represented by at least one linkage group (Table 4.3). Comparison across
genomes indicated that the maximum number of markers mapped to the B genome, except for
Gaza where 50.84% of the SNPs mapped to the A genome. The high proportion of redundant
SNP markers reduced the final number of unique marker loci in the three maps. Density of
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markers was greatest for the Arnacoris x Atil*2/Local_Red population, with an average
intermarker interval of 0.64 cM. However, the Gaza x Atil*2/Local_Red population produced
the longest map with a total length of 1339.7 cM and the lowest marker density. The Saragolla
x Atil*2/Local_Red population produced the shortest map with a total length of 900 cM. Final
linkage maps were prepared using WinQTLcart V2.5 (Wang et al., 2012) (Appendices 5, 6 and
7).
Table 4.3. Statistics of the three linkage maps from the three RIL populations Gaza x
Atil*2/Local_Red, Arnacoris x Atil*2/Local_Red and Saragolla x Atil*2/Local_Red.
Resistant

Filtered

Mapped

A

B

parent

SNPs

SNPs

(%)

(%)

# LG

Map

Unique

Inter-

length

loci

marker

(cM)

(cM)

Gaza

8594

6400

50.84

49.16

16

1339.7

1560

0.86

Arnacoris

8388

6660

40.75

59.25

23

1027.2

1612

0.64

Saragolla
6958
5351
#LG: number of linkage groups

35.6

64.4

20

900

1384

0.65

4.3.4. QTL mapping results
4.3.4.1. Gaza x Atil*2/Local_Red
QTL were detected at a LOD significance threshold of 3.5, based on 1000 permutation
tests at a type I error rate of α < 0.05. Two regions on chromosome 6B were associated with
leaf rust resistance in the Gaza x Atil*2/Local_Red population, both were derived from the
resistant parent Gaza (Table 4.4). The first QTL, QLr.usw-6BS, peaked at the locus
CAP7_c10772_156 and was detected in both F6 and F8 RILs, which were evaluated at the
CIMMYT leaf rust nurseries in Ciudad Obregon in 2013 and at the El Batan nursery in 2014,
respectively (Figure 4.2). This QTL was detected for all the traits analyzed (i.e. final disease
severity “DS3”, final coefficient of infection “CI3” and the AUDPC) at both locations, and
explained up to 35.5% of the total phenotypic variance in the AUDPC results from Ciudad
Obregon (LOD 21.7) and up to 78.5% in the results from El Batan (LOD 79.4) (Table 4.4).
The second QTL detected in the Gaza x Atil*2/Local_Red progeny was designated as QLr.usw6BL and peaked at the SNP marker wsnp_Ex_c45713_51429315. QLr.usw-6BL was also
detected in both environments for all the traits analyzed, and accounted for 19.6% (LOD 10.9)
and 18.6% (LOD 10.6) of the final leaf rust severity variance in the results from Ciudad
Obregon (2013) and from El Batan (2014), respectively.
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Table 4.4. Summary of results from composite interval mapping (CIM) of QTL for leaf rust
resistance in the Gaza x Atil*2/Local_Red population, using QGene 4.3.10 software.
QTL

Flanking markers

Peak

Trait

LOD

position (cM)
QLr.usw-6BS

CAP7_c10772_156-

0.01

CAP7_rep_c6852_87

QLr.usw-6BL

wsnp_Ex_c45713_51429315

86

-RAC875_c86296_278

R2

Additive

(%)

effect

F6-DS3

15.7

27

-6.9

F6-CI3

15.6

26.8

-7.1

F6-AUDPC

21.7

35.3

-93.5

F8-DS3

72.2

75.3

-19.9

F8-CI3

67.7

73

-20.5

F8-AUDPC

79.4

78.5

-187.9

F6-DS3

10.9

19.6

-5.8

F6-CI3

13.3

23.3

-6.8

F6-AUDPC

10.2

18.5

-63.5

F8-DS3

10.6

18.6

-5.7

F8-CI3

11.5

20

-6.6

F8-AUDPC

11.8

20.4

-52.3

Figure 4.2. QTL likelihood curves of (A) LOD score and (B) additive effect of the leaf rust
resistance QTL QLr.usw-6BS and QLr.usw-6BL in the Gaza x Atil*2/Local_Red population.
The negative-signed effect indicates that Gaza contributed the resistant alleles. Blue triangles
indicate positions of the QTL.
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The recombinant inbred lines from the cross Gaza x Atil*2/Local_Red were grouped
into four categories based on the allelic state of SNP markers CAP7_c10772_156 and
wsnp_Ex_c45713_51429315. Mean separation was performed using Fisher’s LSD test in SAS®
9.4 software. As expected, RILs that carried no resistance alleles scored the highest DS, CI and
AUDPC of the allelic combinations (Figure 4.3, gray). QLr.usw-6BS had the strongest effect,
since the mean DS, CI and AUDPC expressed by carriers of this QTL did not exceed 5.8%,
1.7% and 49.4, respectively. QLr.usw-6BL was also able to reduce the disease symptoms, and
though the reduction was not as strong as with QLr.usw-6BS, it was statistically significant
(Figure 4.3, orange). In general, the presence of QLr.usw-6BS reduced leaf rust symptoms to
its lowest significant level, thereby masking the potential expression of QLr.usw-6BL (Figure
4.3, blue and green).

Figure 4.3. Mean values for DS, CI and AUDPC showing the two-way interaction between
QLr.usw-6BS and QLr.usw-6BL in the Gaza x Atil*2/Local_Red population. Standard errors
are indicated by the error bars. Means with the same letter are not signiﬁcantly different from
one another at p < 0.05.
4.3.4.2. Arnacoris x Atil*2/Local_Red
Composite interval mapping revealed two QTL associated with resistance to leaf rust
in the Arnacoris x Atil*2/Local_Red population (Table 4.5). A major QTL on the distal region
of chromosome 7BL, designated as QLr.usw-7BL, with a peak LOD value at marker
BS00073560_51, explained 52.2% of the final disease severity (LOD 33.8) and was highly
significant for all the traits analyzed in the present study (i.e. final disease severity DS3, final
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coefficient of infection CI3 and the AUDPC) (Figure 4.4 (B)). A less significant QTL
designated as QLr.usw-1BL.1, was detected on the long arm of chromosome 1B (Figure 4.4
(A)). It explained up to 12.5% of the phenotypic variation for AUDPC (LOD 6.1) and
BobWhite_c6664_386 was the most significant marker within the interval.
Table 4.5. Summary of results from CIM of QTL for leaf rust resistance in the Arnacoris x
Atil*2/Local_Red population using QGene 4.3.10 software.
QTL

Flanking markers

Peak

Trait

LOD

position (cM)
QLr.usw-1BL.1

BobWhite_c6664_386 -

57

Tdurum_contig8669_296

QLr.usw-7BL

Tdurum_contig97939_115

75.5

– BS00073560_51

R2

Additive

(%)

effect

F6-DS3

5.7

11.7

-13.9

F6-CI3

5.8

11.9

-14.5

F6-AUDPC

6.1

12.5

-128.9

F6-DS3

33.8

52.2

-27.1

F6-CI3

33

51.3

-27.9

31.5

49.7

-237.1

F6-AUDPC

Figure 4.4. QTL likelihood curves of (A, B) LOD score and (C, D) additive effect of the leaf
rust resistance QTL QLr.usw-1BL.1 and QLr.usw-7BL in the Arnacoris x Atil*2/Local_Red
population. The negative-signed effect indicates that Arnacoris contributed the resistant alleles.
Blue triangles indicate positions of the QTL.
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Based

on

the

allelic

state

of

the

SNP

markers

BS00073560_51

and

BobWhite_c6664_386, RILs from the cross Arnacoris x Atil*2/Local_Red were classified into
carriers and non-carriers of QLr.usw-7BL and QLr.usw-1BL.1, and mean separation for DS, CI
and AUDPC was performed using Fisher’s LSD test. Clearly, QLr.usw-7BL had the strongest
effect on all the traits and its presence alone conferred the highest level of resistance (Figure
4.5, blue and green). The results also showed that QLr.usw-1BL.1 was significant in reducing
leaf rust symptoms only in the absence of QLr.usw-7BL (Figure 4.5, orange).

Figure 4.5. Mean values for DS, CI and AUDPC showing the two-way interaction between
QLr.usw-7BL and QLr.usw-1BL.1 in the Arnacoris x Atil*2/Local_Red population. Standard
errors are indicated by the error bars. Means with the same letter are not signiﬁcantly different
from one another at p < 0.05.
4.3.4.3. Saragolla x Atil*2/Local_Red
Two quantitative trait loci controlled leaf rust resistance in the Saragolla x
Atil*2/Local_Red population, which were detected by composite interval mapping to be on
chromosomes 1BL and 2BS (Table 4.6). QLr.usw-2BS peaked at 7 cM on chromosome 2B
(Figure 4.6 (B)) and Excalibur_c19499_948 was the most significant marker linked to this
major QTL. QLr.usw-2BS explained up to 42.3% of the final disease severity (F6-DS3) and
43.1% the final coefficient of infection (F6-CI3) phenotypic variance. The minor QTL on the
long arm of chromosome 1B, designated as QLr.usw-1BL.2, was flanked by markers
wsnp_Ex_c4436_7981188 and BS00000010_51 and peaked at position 58 cM (Figure 4.6 (A)).
QLr.usw-1BL.2 accounted for up to 10.8% of the phenotypic variance of the AUDPC.
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Table 4.6. Summary of results from CIM of QTL for leaf rust resistance in the Saragolla x
Atil*2/Local_Red population using QGene 4.3.10 software.
QTL

Flanking markers

Peak

Trait

LOD

position (cM)
QLr.usw-1BL.2

wsnp_Ex_c4436_7981188 -

58

BS00000010_51

QLr.usw-2BS

Excalibur_c41959_546

-

7

Excalibur_c19499_948

R2

Additive

(%)

effect

F6-DS3

3.2

7.1

-15.8

F6-CI3

3.2

7.2

-16.7

F6-AUDPC

4.9

10.8

-189.8

F6-DS3

23.6

42.3

-11.8

F6-CI3

24.2

43.1

-12.6

F6-AUDPC

21.3

39.1

-106.5

Figure 4.6. QTL likelihood curves of (A, B) LOD score and (C, D) additive effect of the leaf
rust resistance QTL QLr.usw-1BL.2 and QLr.usw-2BS in the Saragolla x Atil*2/Local_Red
population. The negative-signed effect indicates that Saragolla contributed the resistant alleles.
Blue triangles indicate positions of the QTL.
Analysis of different combinations of QTL based on the allelic state of SNP markers
BS00000010_51 and Excalibur_c19499_948 showed that the RILs carrying both QLr.usw-2BS
and QLr.usw-1BL.2 had the lowest averages for disease severity scores, coefficient of
infections, as well as AUDPC (Figure 4.7, green). RILs with both QTL showed a mean DS of
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5.4% and an average AUDPC of 53.8. It is also clearly noticeable that the presence of QLr.usw2BS had the major effect on leaf rust symptoms (Figure 4.7, blue), and the effect was stronger
than that of QLr.usw-1BL.2 (Figure 4.7, orange). The mean final DS (F6-DS3) and AUDPC
for QLr.usw-2BS carriers were 6.7% and 68.7, respectively.

Figure 4.7. Mean values for DS, CI and AUDPC showing the two-way interaction between
QLr.usw-2BS and QLr.usw-1BL.2 in the Saragolla x Atil*2/Local_Red population. Standard
errors are indicated by the error bars. Means with the same letter are not signiﬁcantly different
from one another at p < 0.05.
4.3.5. Candidate genes for leaf rust resistance in Gaza, Arnacoris and Saragolla
The DNA sequences associated with the SNP markers flanking the various QTL for
leaf rust resistance identified in Gaza, Arnacoris and Saragolla, were physically mapped against
the WEW reference sequence in order to identify candidate genes for leaf rust resistance (Table
4.7). The SNP markers BobWhite_c6664_386 and Tdurum_contig8669_296, flanking
QLr.usw-1BL.1 in Arnacoris, spanned the physical interval 669,626,859 – 677,334,248 bp in
the WEW pseudomolecules. Another QTL identified on the long arm of chromosome 1B in
Saragolla and designated as QLr.usw-1BL.2, overlapped this interval between the positions
671,134,170 bp and 673,819,616 bp. Candidate genes for leaf rust resistance within this
interval included disease resistance protein RPM1, zinc finger CCCH domain-containing
protein, serine carboxypeptidase-like proteins, sugar transporter proteins as well as several
kinases including LRR receptor-like protein kinase, calcium-dependent protein kinase and
cysteine-rich receptor-like protein kinase.
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Table 4.7. Physical mapping of the SNP markers flanking the leaf rust QTL in Gaza, Arnacoris and Saragolla, to the WEW pseudomolecules.

Source of
resistance

Consensus map
QTL

QLr.usw-1BL.1

Saragolla

QLr.usw-1BL.2

Saragolla

QLr.usw-2BS

Gaza

QLr.usw-6BS

Gaza

QLr.usw-6BL

Arnacoris

QLr.usw-7BL
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Arnacoris

NA: marker was not mapped

Emmer_v2_pseudomolecules

position

Flanking markers

Start

End

Coverage

Identity

(%)

(%)

BobWhite_c6664_386

1B

144.3

669,626,859

669,626,953

94.1

96.8

Tdurum_contig8669_296

1B

152.5

677,334,048

677,334,248

100

99

wsnp_Ex_c4436_7981188

1B

145.4

671,134,170

671,134,370

100

100

BS00000010_51

NA

NA

673,819,516

673,819,616

100

100

Excalibur_c41959_546

2B

12.3

NA

NA

NA

NA

Excalibur_c19499_948

2B

12.4

NA

NA

NA

NA

CAP7_c10772_156

6B

3.1

NA

NA

NA

NA

CAP7_rep_c6852_87

6B

4.8

wsnp_Ex_c45713_51429315

6B

RAC875_c86296_278

5,814,978

5,815,069

91.1

98.9

152.2

696,051,266

696,052,107

100

99.5

6B

153.1

699,916,120

699,916,219

99

98

Tdurum_contig97939_115

7B

179.6

718,661,910

718,662,010

100

99

BS00073560_51

7B

209

751,220,962

751,221,062

100

99

DNA sequences associated with the SNP markers Excalibur_c41959_546 and
Excalibur_c19499_948, flanking QLr.usw-2BS in Saragolla, were not anchored to the Zavitan
pseudomolecules; however, sequences of several other SNP markers co-segregating with
Excalibur_c19499_948 spanned an interval between positions 10,712,402 and 17,831,845 bp.
Several transcripts identified within this interval encoded for CC-NBS-LRR class disease
resistance proteins, protein kinases, subtilisin-like serine proteases and HR-like lesioninducing proteins.
The genetic interval for QLr.usw-6BS included transcripts coding for disease resistance
proteins

RPP13

and

CC-NBS-LRR.

Markers

wsnp_Ex_c45713_51429315

and

RAC875_c86296_278, flanking QLr.usw-6BL, mapped within an ABC transporter ATPbinding protein ARB1 and a calcium-dependent lipid-binding (CaLB domain) protein,
respectively. Other proteins identified within this QTL interval include LRR protein, zinc
finger CCCH domain-containing protein 19, callose synthase 5 as well as several disease
resistance proteins RPM1.
The major QTL on chromosome 7B in Arnacoris, QLr.usw-7BL, was flanked by
markers Tdurum_contig97939_115 and BS00073560_51 and spanned an interval between
positions 718,661,910 bp and 751,221,062 bp on the WEW reference sequence. This region
contained several transcripts coding for CC-NBS-LRR proteins, LRR receptor-like protein
kinases, bidirectional sugar transporter N3, and numerous disease resistance proteins RGA2
and RPP13.
4.4. Discussion
Diversification of the genetic basis of leaf rust resistance and breeding for durable
resistance are both priorities in many durum wheat breeding programs worldwide, especially
after the recent emergence of highly virulent races of P. triticina. The present study was
conducted to characterize and map potential novel genes, for leaf rust resistance in the three
durum genotypes Gaza, Arnacoris and Saragolla. Inheritance studies of RILs derived from each
of these cultivars indicated the involvement of two loci that controlled leaf rust resistance in
each RIL population, including at least one APR gene in Gaza. These genotypes that possess
multiple-disease-resistance QTL are particularly valuable in breeding since they have extended
resistance that demonstrates the advantages of gene pyramiding. Composite interval mapping
identified genomic regions on chromosomes 1BL, 2BS, 6BS, 6BL and 7BL, that were
associated with leaf rust resistance in these three durum cultivars.
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4.4.1. QTL on chromosome 1B
The distal region of chromosome 1BL is known to carry the APR gene Lr46, identified
by Singh et al. (1998b) in the wheat cultivar Pavon76. This gene has likely contributed to the
durable leaf rust resistance in this cultivar since its release in 1976. Like other APR genes, the
Lr46 locus was later reported to be pleiotropic or tightly linked to additional genes providing
partial resistance to stripe rust (Yr29) (William et al., 2006) and to powdery mildew (Pm39)
(Lillemo et al., 2008). The flanking SNP markers for QLr.usw-1BL.1 in Arnacoris,
BobWhite_c6664_386 and Tdurum_contig8669_296, mapped at 144.3 cM and 152.5 cM,
respectively, on chromosome 1B in the SNP-based consensus map of tetraploid wheat
(Maccaferri et al., 2015). Likewise, the SNP marker wsnp_Ex_c4436_7981188, which flanks
QLr.usw-1BL.2 in Saragolla, mapped at 145.4 cM on 1BL. The two SSR markers linked to
Lr46, Xwmc44 and Xgwm259 (William et al., 2006), mapped at 140.6 cM and 150.6 cM,
respectively. The overlap among these marker intervals does not allow us to conclude whether
or not Arnacoris and Saragolla are carriers of the pleiotropic locus Lr46/Yr29/Pm39. Molecular
marker testing using Xwmc44 and Xgwm259 was not conclusive either. Marker Xwmc44
(Figure 4.8 a) was not diagnostic of Lr46, since both positive (Kofa) and negative (CDC
Verona) controls have products of similar sizes, whereas marker Xwmg259 had no product in
Arnacoris (Figure 4.8 b).

Figure 4.8. PCR amplicons for the SSR markers Xwmc44 (a) and Xgwm259 (b), which are
linked to the APR gene Lr46. Kofa is a positive control and CDC Verona is a negative control
for Lr46.
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A

KASP

marker

linked

to

Lr46,

identified

by

Gina

Brown-Guedira

(http://maswheat.ucdavis.edu/protocols/Lr46), was also used to genotype the parental lines
Arnacoris, Saragolla, Atil*2/Local_Red, and a subset of resistant and susceptible RILs from
both populations. Arnacoris, as well as the resistant (AR_LR46+) and susceptible (AR_LR46) RILs from the cross Arnacoris x Atil*2/Local_Red, clustered with the susceptible parent
(LRED) and the negative controls CDC Verona and Strongfield, suggesting that Arnacoris may
not be a carrier of Lr46 (Figure 4.9). This is supported by the observation that QLr.usw-1BL.1
has a higher phenotypic effect on disease symptoms reduction (Figure 4.5), as opposed to the
known, low effect of Lr46 in durum wheat (K. Ammar (CIMMYT), personal communication).
However, Saragolla and the resistant RILs (SR_LR46+) from the cross Saragolla x
Atil*2/Local_Red, clustered with the positive control Kofa, suggesting that Qlr.usw-1BL.2,
identified in Saragolla, may be the APR gene Lr46. This is consistent with the observation that
QLr.usw-1BL.2 has a very modest effect on disease reduction (Figure 4.7), in line with the very
weak expression of Lr46 in durum wheat (K. Ammar (CIMMYT), personal communication).

Figure 4.9. Scoring of the Lr46 KASP marker on the parental lines Arnacoris, Saragolla and
Atil*2/Local_Red (LRED) and a subset of resistant and susceptible RILs. Kofa is a positive
control carrying Lr46. CDC Verona and Strongfield are negative controls for Lr46. NTCs are
negative controls with no sample DNA.
Other genes that confer resistance to P. triticina that map to chromosome 1B include
Lr33 (Dyck et al., 1987), Lr44 (Dyck and Sykes 1994) and Lr71 (D. Singh et al., 2013). The
gene Lr33 was identified in hexaploid wheat (Dyck et al., 1987) and was also reported in T.
turgidum ssp. dicoccoides (Dyck, 1994) and in durum wheat (Herrera-Foessel et al., 2008b).
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However, virulence in durum specific races is common on Lr33, such as the Mexican race
BBG/BP that is used in the present study (Huerta-Espino et al., 2011; Lan et al., 2016). Lr44
and Lr71 were both identified in spelt wheat (T. spelta) and no reports indicate their presence
in durum wheat. Furthermore, D. Singh et al. (2013) identified two markers closely linked to
Lr71, Xgwm18 and Xbarc187, that map respectively at 35.6 and 35.7 cM on the tetraploid
consensus map (Maccaferri et al., 2015). Based on the position of the SNP markers flanking
QLr.usw-1BL.1 on the same consensus map at 144.3 and 152.5 cM, it is possible to conclude
that Arnacoris is not carrying Lr71. The short arm of chromosome 1R of rye (S. cereale) carries
the leaf rust resistance gene Lr26 and has been widely used in wheat breeding programs through
the 1BL.1RS (wheat-rye) translocation (Mago et al., 2002). However, there is no indication of
the presence of the 1BL.1RS translocation in Arnacoris. Hence, further allelism testing may be
required to conclusively determine the relationship between QLr.usw-1BL.1 and the previously
designated genes on chromosome 1B.
4.4.2. QTL on chromosome 2B
QLr.usw-2BS mapped to a chromosome region known to carry at least 6 designated leaf
rust resistance genes; Lr13 (Seyfarth et al., 2000), Lr16 (McCartney et al., 2005), Lr23
(McIntosh and Dyck 1975), Lr35 (Seyfarth et al., 1999), Lr48 (Saini et al., 2002) and Lr73
(Park et al., 2014), and at least two APR QTL for leaf rust: QLr.csiro-2BS (Rosewarne et al.,
2008) and QLr.cimmyt-2BS (Rosewarne et al., 2012). Lr13, Lr35 and Lr48 are reportedly APR
genes, whereas Saragolla likely carries a major seedling resistance gene, based on seedling
evaluations conducted at CIMMYT (K. Ammar (CIMMYT), personal communication). Also,
Lr35 is unlikely to be present in Saragolla since it was introgressed into hexaploid wheat from
Ae. speltoides and there is no evidence that Saragolla is carrying this introgression. Nsabiyera
et al. (2016) implemented a selective genotyping approach using the iSelect 90K Inﬁnium SNP
assay to identify closely linked SNP markers to the APR gene Lr48. The authors identified five
SNP markers co-segregating with Lr48 (IWB31002, IWB39832, IWB34324, IWB72894 and
IWB36920) and mapped a separate marker, IWB70147, at 0.3 cM from Lr48. However, none
of these SNP markers are located within the genetic interval of QLr.usw-2BS. Therefore, it can
be assumed that QLr.usw-2BS is different from Lr48. Lr23 cannot be a candidate for QLr.usw2BS since the race BBG/BP used in this study is virulent to Lr23 (Huerta-Espino et al., 2011).
Lr73 was identified in Australia in the common wheat genotype Morocco, which is widely
susceptible to isolates of P. triticina (Park et al., 2014). Hence, it is unlikely that Lr73 would
confer resistance to the highly virulent race BBG/BP.
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McCartney et al. (2005) tagged Lr16 with microsatellite markers on the distal end of
chromosome 2BS in three mapping populations. The authors identified seven SSR markers
within 10 cM of Lr16. Markers Xwmc764, Xgwm210 and Xwmc661 were the closest to the
Lr16 locus, and based on the tetraploid wheat consensus map (Maccaferri et al., 2015), all three
SSR markers mapped within 5 to 10 cM from the SNP markers Excalibur_c41959_546 and
Excalibur_c19499_948, which flank QLr.usw-2BS. Both parents and selected lines from the
Saragolla x Atil*2/Local_Red population were genotyped with these three SSR markers
(Figure 4.10). The results showed polymorphism between the amplicons from Saragolla and
AC Domain for the three SSR markers linked to Lr16, which suggested that QLr.usw-2BS is
different from Lr16. This hypothesis was further supported by the results from the KASP
markers kwm677 and kwm744 that are associated with Lr16 (Kassa et al., 2014), which also
showed polymorphism between Saragolla and the positive control AC Domain carrying Lr16
(Figure 4.11). Nonetheless, chromosome 2BS was shown to be an important region for leaf
rust resistance in wheat and carries several seedling genes, APR genes and QTL. Thus, further
comparative high density mapping coupled with multi race leaf rust testing is required in order
to conclusively determine the relationships between these resistance loci.

Figure 4.10. PCR amplicons for the SSR markers Xgwm210 (a), Xwmc764 (b) and Xwmc661
(c). AC Domain is a positive control that carries Lr16.
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Figure 4.11. Scoring of the KASP markers kwm677 and kwm747 linked to Lr16, on the
parental lines Saragolla and Atil*2/Local_Red and a subset of resistant (R) and susceptible (S)
RILs. AC Domain is a positive control that carries Lr16. NTCs are negative controls with no
sample DNA.
4.4.3. QTL on chromosome 6B
Previous studies have reported three leaf rust resistance genes that map to the short arm
of chromosome 6B. Genes Lr36 and Lr53 were introgressed into chromosome 6BS of
hexaploid wheat from T. speltoides and T. dicoccoides, respectively (Dvorak and Knott, 1990;
Marais et al., 2005), but no reports of the transfer of either of these genes into durum wheat are
currently available. The third gene mapped to chromosome 6BS is Lr61, which was identified
in the durum wheat cultivar Guayacan INIA (Herrera-Foessel et al., 2008b). Chapter 3 showed
that the two durum ICARDA cultivars Geromtel_3 and Tunsyr_2 also carry Lr genes on
chromosome 6BS. Results from the allelism tests conducted at CIMMYT suggested that the
genes from Geromtel_3 and Tunsyr_2 are either allelic or closely linked to Lr61 and to each
other. No susceptible plants could be identified in the F2 progeny from the cross Gaza x
Geromtel_3, which suggested that the genes from these two genotypes may also be allelic or
closely linked. However, the gene from Gaza was not allelic or linked to Lr61, as indicated by
the presence of susceptible plants in the F2 population from the cross between Gaza and the
Lr61-carrier Sooty_9/Rascon_37//Guayacan INIA. Furthermore, Gaza showed polymorphism
with the SSR marker Xwmc487 compared to the Lr61 carrier Guayacan INIA and to Tunsyr_2
and Geromtel_3, which carry resistance genes linked to Lr61 (Figure 3.8) (Herrera-Foessel et
al., 2008b). Linkage and physical mapping of the SNP markers associated with the leaf rust
resistance in Geromtel_3 suggested that this genotype may be carrying two different but tightly
linked Lr genes on chromosome 6BS, one of them is allelic or closely linked to the resistance
gene in Gaza and the other is either allelic or closely linked to the resistance in Tunsyr_2 and
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to Lr61. However, the complex relationships between the Lr genes from these different durum
wheat cultivars require further investigation and fine mapping.
The Lr9 resistance gene, localized on the long arm of chromosome 6B, was translocated
into hexaploid wheat from Ae. umbellulata. However, no reports of transferring this gene into
durum wheat are available (Schachermayr et al., 1994). Thus, Lr9 cannot be a candidate gene
for QLr.usw-6BL. Lr3 is a known leaf rust resistance locus on the long arm of chromosome 6B
with three reported alleles; Lr3a, Lr3bg, and Lr3ka. Herrera-Foessel et al., (2007) identified
and mapped Lr3 and a closely linked gene LrCamayo in the two durum wheat lines Storlom and
Camayo, respectively. Although these two closely linked genes on chromosome 6BL confer
resistance to P. triticina races prevalent on durum wheat in Northwestern Mexico, allelism tests
between Gaza and Cirno C2008, a carrier of LrCamayo, suggested that the resistance to leaf rust
in Gaza is unrelated to LrCamayo (Loladze et al., 2014). Furthermore, analysis of seedling and
adult plant evaluation results confirmed the involvement of an APR gene for leaf rust resistance
in Gaza. Chu et al. (2009) identified QLr.fcu-6BL in a doubled haploid population of bread
wheat. Rosewarne et al. (2012) also identified a QTL on chromosome 6BL, designated as
QLr.cim‑6BL.1, that confers resistance to both leaf rust and stripe rust in the Avocet x Pastor
hexaploid wheat population. Recently, Lan et al. (2016) identified QLr.cim‑6BL in the
CIMMYT-derived durum wheat line Bairds that confers adult plant resistance to race BBG/BP
of P. triticina. Based on genetic map positions, Lan et al. (2016) concluded that QLr.cim-6BL
was distinct from Lr3a, QLr.fcu-6BL and QLr.cim‑6BL.1. QLr.cim-6BL was located in the
interval of DArT-array markers wPt-7443 and wPt-6116, and SSR markers Xbarc134 and
Xwmc621. Both of these marker intervals are overlapping the QLr.usw-6BL interval based on
the tetraploid wheat consensus map (Maccaferri et al., 2015). Therefore, QLr.usw-6BL and
QLr.cim-6BL could possibly harbor the same gene.
4.4.4. QTL on chromosome 7B
QLr.usw-7BL maps in a gene-dense region with several genes/QTL for resistance to
rusts and other fungal diseases including Lr14a (Herrera-Foessel et al., 2008b), Lr14b (Dyck
and Samborski, 1970), the slow-rusting gene Lr68 (Herrera-Foessel et al., 2012), a recently
identified gene LrBi16, which is allelic to Lr14a (Zhang et al., 2015), and LrFun, which is
closely linked to Lr14a (Xing et al., 2014). Lr14b could not be a candidate gene for QLr.usw7BL, since the prevalent Mexican races of P. triticina are highly virulent against this gene and
Arnacoris was previously reported as non-carrier of Lr14a (K. Ammar (CIMMYT), personal
communication). This was confirmed using a combination of several molecular markers
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previously reported to be linked to Lr14a, LrBi16 and Lr68. PCR amplicon using the NBSLRR primers 4406F/4840R, which are linked to Lr14a, show that only the positive controls
Somayoa and Sachem carry this marker, which confirms that none of the resistance sources
used in the present thesis carry Lr14a (Figure 4.12). Furthermore, the previous findings that
the durum cultivars Amria and Byblos also carry a major uncharacterized gene on chromosome
7BL, which is effective against the Mexican races of P. triticina (see section 3.3.3.1), led to
the hypothesis that Arnacoris, Amria and Byblos may carry the same Lr gene on chromosome
7BL. This is supported by the observation that Lr_Amria, Lr_Byblos and QLr.usw-7BL map to
the same marker intervals on the tetraploid wheat consensus map and share the same physical
interval on the WEW reference sequence (Table 3.3; Table 4.7). Additional allelism tests and
fine mapping are required to further investigate the relationship between these sources of
resistance.

Figure 4.12. PCR amplicons for the NBS-LRR primers 4406F/4840R linked to Lr14a.
Somayoa and Sachem are used as positive controls that carry Lr14a.
4.4.5. Physical mapping and candidate gene identification
Physical mapping of the SNP markers associated with the leaf rust resistance loci
identified in the present study allowed for the identification of putative proteins known to be
involved in disease resistance. Candidate genes for QLr.usw-2BS, QLr.usw-6BS and QLr.usw7BL included genes that encode for CC-NBS-LRR disease resistance proteins, which are
typical for R genes in plants (Dangl and Jones, 2001; McHale et al., 2006; McDowell and
Simon, 2008). So far, three leaf rust resistance genes: Lr1, Lr10 and Lr21, have been cloned in
wheat, and all three proteins contained CC-NBS-LRR motifs (Huang et al., 2003; Feuillet et
al., 2003; Cloutier et al., 2007).
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SNP markers wsnp_Ex_c45713_51429315 and RAC875_c86296_278 that flank
QLr.usw-6BL, mapped within genes that encode an ABC transporter ATP-binding protein and
a calcium-dependent lipid-binding (CaLB domain) protein, respectively. To date, two leaf rust
APR genes have been cloned and both encode for membrane-localized transporter proteins.
Krattinger et al. (2009) reported that the Lr34 protein is a full-size ATP-binding cassette (ABC)
transporter and Moore et al. (2015) found that Lr67 encodes a recently evolved hexose
transporter. Calcium ions (Ca2+) have long been recognized as an important second messenger
in plant signal transduction pathways, altering stress-induced gene expression (Tuteja and
Mahajan, 2007). Yang et al. (2006) and Yang et al. (2007) reported the involvement of the
Arabidopsis BAP1 proteins, which contain Ca2+-binding domains, in the negative control of
programmed cell death induced by biotic stress. It is possible that the transporter and calcium
associated genes identified in this study are involved in similar plant signalling and biotic stress
response pathways.
Candidate genes for QLr.usw-1BL.1 and QLr.usw-1BL.2 included several protein
kinases, such as leucine-rich receptor-like protein kinase, calcium-dependent protein kinase
and cysteine-rich receptor-like protein kinase. Receptor-like kinases are cell surface-localized
proteins involved in the innate immune system in plants (Krattinger and Keller, 2016). Fu et
al. (2009) reported the map-based cloning of Yr36, a gene that confers non-race-specific adult
plant resistance to stripe rust in wild emmer wheat (T. turgidum ssp. dicoccoides). Yr36 encodes
a protein with a predicted kinase domain followed by a predicted steroidogenic acute regulatory
protein-related lipid transfer (START) domain. The kinases identified in QLr.usw-1BL.1 and
QLr.usw-1BL.2 have structures typical of disease resistance proteins and are excellent gene
candidates for further studies.
Several proteins involved in the plant defense mechanisms were identified within these
QTL intervals. High-resolution genetic mapping combined with transcript profiling and
sequencing of the resistance loci could determine their involvement in leaf rust resistance in
durum wheat.
4.5. Conclusions
The present study identified five genomic regions involved in leaf rust resistance in
durum wheat. The resistance to race BBG/BP of P. triticina in the Middle Eastern landrace
Gaza, was controlled by two QTL on chromosome 6B. Qlr.usw-6BS accounted for most of the
phenotypic variation and is either allelic or closely linked to the Lr gene previously identified
in the ICARDA line Geromtel_3 (Section 3.3.3.). The second QTL, QLr.usw-6BL, is likely a
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new APR gene for leaf rust resistance in wheat. Likewise, the French cultivar Arnacoris carried
two QTL for leaf rust resistance. QLr.usw-1BL.1 mapped to the Lr46 region; however,
Arnacoris did not carry any of the Lr46 molecular markers. The major QTL on chromosome
7B in Arnacoris, QLr.usw-7BL, explained most of the leaf rust phenotypic variance and
mapped to the same chromosomal region for Lr_Byblos and Lr_Amria, identified in the
previous chapter (Section 3.3.3). The Italian durum variety Saragolla carried a major QTL on
chromosome 2BS, QLr.usw-2BS, and a minor QTL on chromosome 1BL, QLr.usw-1BL.2,
which was identified as Lr46 based on molecular marker analysis. Physical mapping of the
SNP markers associated with these QTL on the wild emmer wheat reference sequence, enabled
the identification of candidate genes associated with plant defense mechanisms.
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5. Molecular, agronomic and quality characterization of near isogenic lines
of durum wheat carrying the alien translocations Lr19 or Lr47
Abstract
Introgression of resistance genes from wild relatives offers a valuable alternative for
wheat breeders to cope with the constantly evolving rust pathogens. Advances in marker
technologies and high-throughput genotyping platforms are facilitating the introgression and
monitoring of alien DNA segments in wheat. The present study aimed to characterize series of
89 near-isogenic lines (NILs) that carry the alien leaf rust resistance genes Lr19 or Lr47. The
NILs were derived in four genetic backgrounds of durum wheat cultivars, including the two
Mexican cultivars Atil_C2000 and Rio_Colorado_C97, the Moroccan cultivar Nassira, and the
desert durum Kofa. Replicated field trials were conducted in three Western Canadian
environments in 2013 and 2014, to evaluate the agronomic and quality attributes of the
recombinant lines. The genomic composition of these NILs was investigated using the wheat
iSelect 90K SNP array. The L. ponticum translocation carries Lr19 and is also linked to the
endosperm yellow pigment gene Psy1; its presence significantly increased the abundance of
yellow pigment, an important target in durum wheat breeding. Lines with the T. speltoides
segment carrying Lr47 consistently showed higher grain protein concentration. Depending on
the genetic background, both alien segments had either positive or neutral effect on gluten
strength. However, grain yield penalties were associated with both translocations, likely a
consequence of reduced thousand kernel weights and a lower grain density. Molecular analysis
demonstrated that the locations and size of the introgressed segments were different for the
NILs of the different genetic backgrounds. Significant marker-trait associations were observed
on the carrier chromosome 7A, as well as other regions of the genome. The molecular markers
identified in this study may facilitate the selection of recombinants near Lr19/Lr47 that
minimize the negative linkage drag on agronomic performance that is associated with these
two introgressions.
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5.1. Introduction and objectives
The genetic bottleneck caused by domestication and breeding for modern agriculture
has narrowed the wheat gene pool and increased its vulnerability to several stress factors, such
as the dynamic pathogen populations of the wheat rusts. Wild Triticeae species maintain a rich
genetic diversity and serve as an excellent source for wheat improvement, particularly for
resistance to biotic stresses. Wild relatives of cultivated wheat belong to three gene pools;
primary, secondary, and tertiary, based on the evolutionary distance between the species
involved (Friebe et al., 1996; Reynolds et al., 2009). While it is relatively easy to transfer
desirable traits from species in the primary gene pool, which share a common genome with
cultivated wheat, introgressions from the more distantly related tertiary gene pool require
special transfer strategies. These methods include the transfer of entire chromosome arms
through centric breakage-fusion mechanism of univalent, the transfer of chromosome segments
by ionizing radiation treatment, and induced homoeologous recombination mediated by
mutations of the main homoeologous pairing suppressor gene Ph1 (Friebe et al., 1996; Ceoloni
et al., 2014). Different cytogenetic approaches have also been deployed to detect and monitor
alien chromatin in the wheat genome, including meiotic pairing analysis, aneuploid-based
mapping and C-banding, and more sensitive approaches, such as fluorescence in situ
hybridization (FISH) and genomic in situ hybridization (GISH) (Jiang and Gill, 1993, Ceoloni
et al., 2005b). The advent of next generation sequencing technologies and the development of
high-throughput genotyping platforms enabled the discovery of large numbers of SNP markers
that are useful to track introgressions from the various wheat gene pools (Tiwari et al., 2014;
Xiao et al., 2016; Winfield et al., 2016).
Wheat relatives have been widely used to expand the pool of rust resistance genes, as
nearly half of the catalogued Lr genes are derived from wild progenitor and non-progenitor
species (Brevis et al., 2008; Gennaro et al., 2009; Bansal et al., 2016). However, the transfer
of these genes from the related species can be associated with the loss of valuable agronomic
and/or quality characters, an issue referred to as linkage drag. As a consequence, linkage drag
acts as a deterrent to breeders and hampers the incorporation of these alien genes in commercial
wheat cultivars (Dubcovsky et al., 1998; Brevis et al., 2008; Ellis et al., 2014; Ceoloni et al.,
2014). This particularly applies to tetraploid wheat, which due to its reduced buffering capacity,
exhibits a lower tolerance toward genome alterations when compared to hexaploid wheat
(Ceoloni et al., 2005b; Ceoloni et al., 2014). The gene Lr19, one of the few widely effective
leaf rust resistance genes in wheat, was transferred from chromosome 7E of the alien L.
ponticum (syn. Thinopyrum ponticum, Elytrigia pontica, Agropyron elongatum; 2n = 10x = 70)
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to both common (7D) and durum (7A) wheat (Zhang et al., 2005; Ceoloni et al., 2005a;
Gennaro et al., 2009). In the latter, the association between Lr19 and Psy gene (Phytoene
synthase), which is responsible for the yellow pigmentation of the endosperm, is advantageous
for durum wheat breeding since the bright yellow colour of semolina and pasta products is a
highly desirable trait (Pozniak et al., 2007). In contrast, yellow pigmentation is considered as
a negative trait in bread wheat (Zhang et al., 2005). Reports concerning the effects of the
translocation on grain yield are controversial for both bread and durum wheat backgrounds.
Several studies associated the Lr19 introgression with higher yield under favorable conditions
and yield losses under stress conditions. (Singh et al., 1998a; Reynolds et al., 2001; Gennaro
et al., 2003; Monneveux et al., 2003; Kuzmanovic et al., 2014). Another alien-derived leaf rust
resistance gene, Lr47, which is located within an interstitial segment of T. speltoides (Taush)
(2n = 2x = 14, genome SS) 7S chromosome, was translocated to the short arm of chromosome
7A of bread and durum wheat (Dubcovsky et al., 1998). This gene confers resistance against a
wide range of predominant races of leaf rust (Helguera et al., 2000). Previous studies have
associated the Lr47 translocation with grain yield penalties and a significant decrease in flour
yield, while grain and flour protein concentrations increased (Brevis et al., 2008).
Recent advances in SNP marker development in wheat and the availability of highthroughput genotyping platforms have both facilitated the precise introgression and monitoring
of alien segments in wheat. This chapter characterized series of NILs of durum wheat that carry
the alien leaf rust resistance genes Lr19 or Lr47. The NILs were evaluated for their agronomic
and quality performance and their genetic structure was explored using the iSelect 90K SNP
array.
5.2. Material and methods
5.2.1. Plant material
Ten sets of NILs that carry alien translocations of either Lr19 or Lr47 were evaluated
for agronomic and quality traits. The NILs were derived from four different backgrounds;
Sooty_9/Rascon_37, Kofa, Nassira and Rio_Colorado (Appendix 8). Kofa is a desert durum
variety that has excellent pasta quality with optimal semolina and pasta color, high protein
content, and strong gluten (Zhang et al., 2008). Sooty_9/Rascon_37 and Rio_Colorado are two
high yielding Mexican durum wheat cultivars, and Nassira is a Moroccan durum variety. All
of the cultivars that were used as recurrent parents are susceptible to the prevalent Mexican
races of P. triticina. These NILs were developed at CIMMYT using a marker-assisted
backcrossing approach. The original material used to transfer the translocations were tetraploid
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lines kindly provided by Dr. Adam Lukaszewski (University of California, Riverside), namely
AG 1-22/2*ACO89//2*UC1113 and AG 1-23/2*ACO89//2*UC1113, carrying a short
translocated terminal 7EL fragment from L. ponticum, which contains Lr19 and the yellow
pigment gene Psy (Zhang et al., 2005), and 7A.7S-S3/3*ACO89 harboring a translocated
segment from the 7S chromosome of T. speltoides that carries Lr47. To generate the series of
near isogenic lines, the translocated chromosomes were backcrossed at CIMMYT, into
different durum genotypes using 3 or 4 backcrosses. BC3F9 or BC4F9 and more advanced
generations of these NILs were used in this study. Canadian durum wheat varieties; Strongfield,
Commander, CDC Verona, Brigade, AC Navigator, AC Morse and CDC Vivid, were included
in all field trials as locally adapted check cultivars.
5.2.2. Field trials and experimental design
Experimental field trials were conducted at three different locations near Saskatoon
during the 2013 and 2014 growing seasons. The 2013 sites were located at Kernen, Goodale
and Elrose. The 2014 trials were conducted at Kernen, Elrose and Kenaston, since the field site
at Goodale was affected by early season flooding. The experimental design for each location
was an alpha lattice design with 8 blocks (12plots/block) and 2 replications per location. Plots
were planted as four-meter-long, five-row plots with 8 cm row spacing.
5.2.3. Agronomic characteristics
Heading date was recorded as the number of days from planting until 50% of the heads
in a plot had completely emerged from the boot. The number of days to physiological maturity
was recorded when 50% of the plants in a plot showed complete discoloration of the peduncle
immediately below the head. Plant heights (cm) were measured by taking an average of the
whole plot after grain filling. At maturity, plots were harvested with a small-plot combine and
dried to approximately 9% moisture using a forced air dryer. Plot grain yield was converted to
kg ha-1 based on the total area harvested. Subsamples of wheat grain were randomly collected
from each plot to test for the thousand-kernel weight (g 1000 –1) and test weight (kg hL–1).
5.2.4. End use quality analysis
Quality parameters that were evaluated include grain protein concentration (GPC),
yellow pigment concentration (YP), gluten index (GI) and falling number (FN). GPC is a
highly desirable trait that influences pasta-making quality by improving pasta firmness and
tolerance to over-cooking. GPC, expressed in percentage, was determined for grain samples
from each plot, using a FOSS-6500 near-infrared reflectance spectrophotometer (NIR), which
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was calibrated with reference samples grown at different locations near Saskatoon in 2013 and
2014, and characterized for GPC using a Leco-N Analyzer (LECO FP-528). Whole wheat flour
was obtained by milling whole grains with a UDY Cyclone Sample Mill (UDY Corporation,
Fort Collins, Colorado) with a 1 mm sieve, and used for GPC estimation based upon 14%
moisture content. The bright yellow colour of semolina and pasta products is due, in part, to
the presence of carotenoid pigments found in the endosperm. The NILs as well as the 7 check
cultivars were evaluated for YP concentration by NIR. The NIRSystem 6,500A instrument was
calibrated against standard samples characterized by total solvent-extractable pigments (mg kg1

) based on an AACC approved method 14–50 (AACC2000), as described by Clarke et al.

(2006).
Resistance to sprouting is also a primary objective of Canadian durum wheat breeding
programs. The falling number system measures the alpha-amylase enzyme activity in grains
and flour to detect sprout damage. Alpha-amylase activity is crucial for the quality of final
products, such as pasta and noodles. This method is based on the ability of alpha-amylase to
liquefy a starch gel. The falling number is the time in seconds for a stirrer to fall through a hot
slurry of ground wheat. Flour with a low FN affects the pasta manufacturing process; the dough
becomes sticky and hard to handle and end use product is off-colour. The FN for the NILs and
the checks grown during the 2013 season was determined according to the AACC Method 5681B, using a Perten instrument. The moisture content was estimated for samples from each
location according to the AACC Method 44-15A, and the sample weight was corrected to 14%
moisture. Protein quality, particularly gluten strength, is an important end-use quality factor in
durum wheat and affects the pasta manufacture and cooking quality. In order to study the effect
of the alien translocations on this trait, gluten strength was determined on whole meal samples
from the 2013 and 2014 field trials using the glutomatic gluten index method (Approved
Method 38-12, American Association of Cereal Chemists 2000) (F.R. Clarke et al., 2010).
5.2.5. Statistical analysis
Data collected from the 2014 field trials at Kenaston were discarded from the analysis,
because of heavy fusarium head blight infection. All phenotypic data collected were analyzed
using the MIXED procedure of the SAS® 9.4 statistical software (SAS Institute Inc., Cary, NC,
USA). Data were analyzed as an alpha-lattice with incomplete blocks nested within replications
[Block(Rep)] and replication considered as random effects. Analysis of variance (ANOVA)
was conducted for every environment separately and a combined ANOVA was performed for
all environments with environment and Rep*Block nested within environment considered as
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random effects. NILs from each background were classified as being positive (+) or negative
(-) for Lr19 and Lr47 (Appendix 8), which allowed for comparisons to be made between NILs
from the same background, with and without the alien genes. A comparison of treatment means
was performed using a Fisher’s LSD test at a significance threshold of p < 0.05. Pearson’s
correlation coefficients were calculated using the CORR procedure of SAS® 9.4 software.
5.2.6. 90K SNP genotyping and molecular analysis
Genomic DNA was extracted from the NILs that carried either Lr19 or Lr47, according
to the CTAB procedure (Hoisington et al., 1994). DNA concentration was adjusted to 50 ng/μl
for all the samples. Prior to genotyping the NILs with the wheat 90K Infinium assay, the
presence or absence of the alien segments was confirmed using the primer combinations
PS10R/PS10L for Lr47 and PSY1_EF2/PSY1_ER4 for Lr19. Genotypes were called using the
GenomeStudio software (Illumina, San Diego, USA). SNP markers were assigned to each
chromosome based on the consensus map for tetraploid wheat (Maccaferri et al., 2015). The
graphical representation of molecular marker data and analysis of marker-trait associations
were performed using the Graphical Genotypes software GGT 2.0 (Van Berloo, 2008).
5.3. Results
5.3.1. Agronomic traits analysis
5.3.1.1. Heading date, days to maturity and plant height
Phenological (heading date, days to maturity) and morphological (plant height) traits
were recorded at four different environments: Goodale-2013, Kernen-2013, Kernen-2014 and
Elrose-2014. The analysis of variance (ANOVA) from each environment and the combined
data from the four environments both revealed a significant genotype effect for the three traits
across the trials in both years, whereas the random environment effect was not significant for
the three traits (Appendices 9, 14, 16, 18). The environments from 2013 and 2014 were also
highly correlated for heading (r = 0.809), maturity (r = 0.601), and plant height (r = 0.963), which
is indicative that field results were consistent between the different locations during both years of
testing. Overall, the variability between the NILs with and without the alien translocations was

low to medium for these three traits, as shown by the observed LS means (Appendices 13, 15,
17). The most significant difference for days to heading was observed in the NILs derived from
Rio_Colorado that carry the alien gene Lr47, which started heading about three days earlier
than the lines without the alien segment (Appendix 13). Nonetheless, these same lines of
Rio_Colorado that carry Lr47 reached maturity just one day earlier than the lines missing the
alien Lr gene (Appendix 15). The presence of the segment AG 1-22, which carries Lr19,
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resulted in a significant plant height reduction of about 8 cm in both Kofa and Nassira
backgrounds (Appendix 17).
5.3.1.2. Grain yield, Test weight (TW) and thousand-kernel weight (TKW)
Statistical analysis revealed a significant effect of the genotype on the three traits tested
grain yield (kg ha-1), TW (kg hL-1) and TKW (g 1000-1). The effect of genotype was observed
at the five testing environments; Kernen-2013, Goodale-2013, Elrose-2013, Kernen-2014 and
Elrose-2014 (Appendices 20, 22, 24), as well as in the combined analysis (Appendix 10). The
presence of the alien introgressions that carry either Lr19 or Lr47 were associated with a
significant reduction in grain yield for the NILs in all four backgrounds, as indicated by the
observed LS means estimates (Appendix 19). Recombinant lines of the cultivar Nassira
carrying Lr19 showed up to 16% grain yield reduction compared to the NILs without the alien
gene (Figure 5.1). Likewise, the presence of Lr19 in NILs of Sooty_9/Rascon_37 resulted in
up to 8% grain yield reduction, and the presence of the alien segment that carries Lr47 resulted
in a grain yield penalty of 18% in the Sooty-Rascon background, equivalent to 941.7 kg ha-1
(Figure 5.1). The presence of the alien segment AG 1-22 carrying Lr19, in Rio Colorado was
associated with a 12% yield reduction, while the NILs that carry the AG 1-23 segment did not
sustain significant losses (-3%) compared to the NILs without the alien gene. Overall, the
relative grain yield penalties associated with the translocations varied significantly among the
four genetic backgrounds.

Figure 5.1. LS means differences (carriers – non-carriers) for grain yield (kg ha-1) for all
environments. (Lr19 donor 1 = AG 1-22; Lr19 donor 2 = AG 1-23). Horizontal lines represent
the significance thresholds.
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Test weight and TKW were significantly reduced in the Lr47 carriers compared to the
negative translocation lines in the three backgrounds Nassira, Rio_Colorado and
Sooty_9/Rascon_37, across the different testing environments (Appendices 21, 23). The most
significant negative effects were observed in the NILs of Rio_Colorado that carry Lr47, which
showed a 4% reduction in test weight (Figures 5.2) and 9.4% reduction in TKW (Figure 5.3).

Figure 5.2. LS means differences (carriers – non-carriers) for test weight (kg hL-1) for all
environments. (Lr19 donor 1 = AG 1-22; Lr19 donor 2 = AG 1-23). Horizontal lines represent
the significance thresholds.

Figure 5.3. LS means differences (carriers – non-carriers) for thousand kernel weight (g 10001

) for all environments. (Lr19 donor 1 = AG 1-22; Lr19 donor 2 = AG 1-23). Horizontal lines

represent the significance thresholds.
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The negative effect of the alien segments that carry Lr19 was more pronounced on
TKW compared to TW (Figures 5.2 and 5.3). The reduction in TW in Kofa and Nassira was
greater than that sustained by Rio_Colorado and Sooty_9/Rascon_37 (Figure 5.2). The
reduction in TKW for Sooty_9/Rascon_37 was greater in the presence of the alien segment AG
1-23 (-8.8%) compared to lines that carry the AG 1-22 segment (-2.3%) (Figure 5.3).
5.3.2. Quality characteristics analysis
5.3.2.1. Falling number (FN)
Falling number scores were recorded at three testing environments in 2013; Kernen,
Goodale and Elrose. ANOVA analysis of the field data from each testing environment and
from combined data for all environments were performed (Appendices 26 and 11). Although
the genotype effect was significant at all environments, the trait variability between the lines
with and without the alien segments was low overall, as indicated by the observed LS means
(Appendix 25), and in no case, the FN went below values that indicated any propensity to preharvest sprouting. The presence of the alien segments resulted in lower FN scores in most
backgrounds, except for NILs of Kofa that carry the AG 1-22 segment, which consistently
showed higher FN score compared to the lines without the alien segment (Appendix 25). The
presence of Lr47 in NILs of Nassira was also associated with higher FN scores compared to
the lines that were missing the alien gene.
5.3.2.2. Grain protein concentration (GPC)
Grain protein concentration was evaluated at five testing environments: Kernen-2013,
Goodale-2013, Elrose-2013, Kernen-2014 and Elrose-2014. An ANOVA analysis was
performed for the individual environments and for all five environments combined
(Appendices 11 and 28). These statistical analyses revealed a significant effect of genotypes
on the GPC for the different testing environments, as well as for the combined data. The
presence of the alien segment carrying Lr47 was consistently associated with higher GPC in
the three different backgrounds of Nassira, Rio_Colorado and Sooty_9/Rascon_37 (Figure
5.4). The increase in GPC was more significant in Rio_Colorado and Sooty_9/Rascon_37 than
in Nassira, as indicated by the observed LS means (Appendix 27). The impact of the presence
of the Lr19 translocation, however, seemed to depend on the background and the size of the
introgression. A significant reduction in GPC was observed in NILs of Kofa (-0.6%) and
Rio_Colorado (-0.5%) in the presence of the segment AG 1-22, whereas NILs of Nassira and
Sooty_9/Rascon_37 that carried Lr19 from both donors AG 1-22 and AG 1-23, had a higher
GPC (Figure 5.4).
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Figure 5.4. LS means differences (carriers – non-carriers) for gain protein concentration (%)
over all environments. (Lr19 donor 1 = AG 1-22; Lr19 donor 2 = AG 1-23). Horizontal lines
represent the significance thresholds.
5.3.2.3. Yellow pigment concentration (YP)
YP was determined for the NILs grown at five testing environments for the 2013 and
2014 growing seasons. The results from the ANOVA analysis of each environment (Appendix
30) and a combined data analysis (Appendix 11) showed a highly significant genotype effect.
A highly significant increase in the yellow pigment concentration was observed for all of the
NILs that carry the alien gene Lr19 (Figure 5.5). This increase was consistent in all genetic
backgrounds at the five testing environments, as indicated by the observed LS means estimates
(Appendix 29). The presence of segment AG 1-23 in both Nassira and Sooty_9/Rascon_37
backgrounds resulted in YP increase by 113.4% and 101.3%, respectively. Likewise,
recombinant lines of Nassira and Sooty_9/Rascon_37 that carry the AG 1-22 segment showed
YP concentration that were about 57% higher than their NILs without the alien segment.
However, the NILs of Rio_Colorado had the highest YP concentrations in presence of the AG
1-22 segment, with an increase of 28.8% compared to the NILs without the translocated
segment. The presence of the Lr19 translocation was also associated with 22.9% increase in
YP concentration in Kofa.
In contrast to Lr19, the presence of the Lr47 translocation had both positive and
negative effects on YP concentration, depending on the genetic background (Figure 5.5). Only
the NILs of Nassira scored a 15.9% higher YP concentration in presence of the Lr47 alien
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translocation. The presence of this gene in the NILs of both Rio_Colorado and
Sooty_9/Rascon_37 led to a significant decrease of the YP by 21.9% and 16.6%, respectively.

Figure 5.5. LS means differences (carriers – non-carriers) for yellow pigment concentration
(mg kg-1) for all environments. (Lr19 donor 1 = AG 1-22; Lr19 donor 2 = AG 1-23). Horizontal
lines represent the significance thresholds.
5.3.2.4. Gluten index (GI)
The effect of the alien genes Lr19 and Lr47 on gluten strength was investigated by
evaluating the GI of NILs with and without these genes, grown at five Western Canadian
environments in the 2013 and 2014 growing seasons. ANOVA analyses were performed for
each environment and for all environments combined (Appendices 11 and 32). Overall, the
genotype effect was highly significant for all trials. The NILs of Nassira and
Sooty_9/Rascon_37 that carried the alien Lr47 segment expressed a significantly higher GI
relative to their sister lines without the alien segment, with a 12.3% and 15.1% increase,
respectively (Figure 5.6). GI scores of NILs of Rio_Colorado that carried Lr47 were not
significantly different in the absence of the alien gene (Appendix 31).
The presence of the alien segment AG 1-22 carrying Lr19, significantly increased the
GI of NILs of Rio_Colorado by 7.6%, whereas no significant effects were observed for Kofa,
Nassira and Sooty_9/Rascon_37. NILs of Sooty_9/Rascon_37 showed a 7.5% increase in GI
in presence of the AG 1-23 segment, while no significant differences were noted for the NILs
of Nassira and Rio_Colorado with and without the alien segment. Overall, the effect of the
Lr19 translocations on GI differed significantly among the genetic backgrounds.
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Figure 5.6. LS means differences (carriers – non-carriers) for gluten index (%) for all
environments. (Lr19 donor 1 = AG 1-22; Lr19 donor 2 = AG 1-23). Horizontal lines represent
the significance thresholds.
5.3.3. Genetic structure of the carrier chromosome 7A and marker trait
associations
Analysis of the genomic composition of these NILs using the wheat 90K iSelect SNP
array showed introgression of the donor chromatin on all of the 14 durum wheat chromosomes.
However, the size and frequency of these introgressions varied significantly among the
different genetic backgrounds. NILs of Kofa and Sooty_9/Rascon_37 that carried the Lr19
translocation had the lowest proportion of the donor chromatin (ranging from 2% to 8% of the
total genome, estimated using the GGT 2.0 software), whereas the NILs of Nassira that carried
either Lr19 or Lr47 had the largest proportion of the donor chromatin (ranging from 20% to
23% of the total genome, estimated using the GGT 2.0 software) (Appendix 33).
Genome wide graphical genotypes and marker-trait associations were conducted for all
of the NILs, which were sorted by genetic background and introgressed gene (Appendices 34
to 40). Most of the introgressed segments mapped to the telomeric regions of chromosomes 7A
and 7B. However, for the Nassira background, larger donor DNA segments were detected on
all 14 chromosomes (Appendices 37 and 40). Significant marker-trait associations were
observed on several regions of the genome, other than the carrier chromosome 7A, especially
on chromosome 7BL for the NILs carrying Lr19, and 7BS for the NILs carrying Lr47
(Appendices 34 to 40). The graphical genotypes of the NILs provide an overview of the genetic
structure of the carrier chromosome 7A in each genetic background (Figures 5.7 to 5.13). The
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locations of the introgressed segments are in agreement with the map positions of Lr19 and
Lr47, which are on chromosomes 7AL and 7AS, respectively. The sizes of the introgressed
segments were estimated using the GGT 2.0 software, which indicated an average size of 30
cM for the Lr19 segment AG 1-22, while the average size for the AG 1-23 segment was
approximately 50 cM. The estimated average size for the 7A/7S segment carrying Lr47 was 80
cM.
The traits evaluated for marker associations included: grain yield, TW, TKW, GI, YP
and GPC. As expected, marker trait association analysis showed a significant positive
association between the marker regions on chromosome 7AL, which carries the alien gene
Lr19, and YP in all four backgrounds (Figures 5.7 to 5.10). Markers on chromosome 7AS,
which colocalized with the Lr47 translocation, showed a significant positive association with
GPC but also a significant negative association with yield, TW and TKW (Figures 5.11 to
5.13). Significant negative associations were also observed between the SNP markers on
chromosome 7AL and the traits yield, TW and TKW; this confirmed the yield penalties
associated with these alien genes. Overall, the association between the SNP markers on
chromosome 7A and gluten index (GI) were not highly significant for both genes.

Figure 5.7. Graphical genotypes and marker-trait association of SNPs on chromosome 7A of
NILs of Sooty_9/Rascon_37 carrying Lr19. Green segments represent the recurrent parent
allele (A), red segments represent the donor allele (B), blue bars indicate negative association,
red bars indicate positive association. The height of the bar and color intensity are proportional
with the amount of association.
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Figure 5.8. Graphical genotypes and marker-trait association of SNPs on chromosome 7A of
NILs of Kofa carrying Lr19. Green segments represent the recurrent parent allele (A), red
segments represent the donor allele (B), blue bars indicate negative association, red bars
indicate positive association. The height of the bar and color intensity are proportional with the
amount of association.

Figure 5.9. Graphical genotypes and marker-trait association of SNPs on chromosome 7A of
NILs of Rio_Colorado carrying Lr19. Green segments represent the recurrent parent allele (A),
red segments represent the donor allele (B), blue bars indicate negative association, red bars
indicate positive association. The height of the bar and color intensity are proportional with the
amount of association.
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Figure 5.10. Graphical genotypes and marker-trait association of SNPs on chromosome 7A of
NILs of Nassira carrying Lr19. Green segments represent the recurrent parent allele (A), red
segments represent the donor allele (B), blue bars indicate negative association, red bars
indicate positive association. The height of the bar and color intensity are proportional with the
amount of association.

Figure 5.11. Graphical genotypes and marker-trait association of SNPs on chromosome 7A of
NILs of Sooty_9/Rascon_37 carrying Lr47. Green segments represent the recurrent parent
allele (A), red segments represent the donor allele (B), blue bars indicate negative association,
red bars indicate positive association. The height of the bar and color intensity are proportional
with the amount of association.
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Figure 5.12. Graphical genotypes and marker-trait association of SNPs on chromosome 7A of
NILs of Rio_Colorado carrying Lr47. Green segments represent the recurrent parent allele (A),
red segments represent the donor allele (B), blue bars indicate negative association, red bars
indicate positive association. The height of the bar and color intensity are proportional with the
amount of association.

Figure 5.13. Graphical genotypes and marker-trait association of SNPs on chromosome 7A of
NILs of Nassira carrying Lr47. Green segments represent the recurrent parent allele (A), red
segments represent the donor allele (B), blue bars indicate negative association, red bars
indicate positive association. The height of the bar and color intensity are proportional with the
amount of association.
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5.4. Discussion
Wild Triticeae species constitute a valuable reservoir of genetic variability that is useful
for cultivated wheat improvement, such as breeding for leaf rust resistance. However, disease
resistance genes transferred from alien sources are usually associated with reduced agronomic
performance and undesirable quality traits (Singh et al., 1998a; Reynolds et al., 2001; Gennaro
et al., 2003; Monneveux et al. 2003; Kuzmanovic et al., 2014). To test the impact of the alien
segments containing Lr19 or Lr47, translocated from L. ponticum and T. speltoides,
respectively, series of NILs in four different durum wheat backgrounds were evaluated for
grain yield, yield related traits, and for quality attributes. Results from the present study
indicated that the presence of both Lr19 and Lr47 translocations resulted in significant grain
yield penalties in all the tested backgrounds. Significant reductions were also observed for the
highly-correlated traits test weight and TKW (Appendix 12) in the lines that carried the alien
genes. However, the presence of the Lr19 translocation was consistently associated with higher
yellow pigment concentration, which is a desired trait in durum wheat breeding.
Reports on the effects of the 7AgL translocation carrying Lr19 on grain yield are
controversial, but they generally suggest a positive effect under favorable conditions and a
negative effect under stress conditions. Singh et al. (1998a) used NILs of the spring wheat
cultivar “Seri 82” to study the effects of the 7DL.7Ag translocation under non-moisture stress
and simulated moisture stress conditions. The authors argued that the incorporation of the alien
7DL.7Ag translocation resulted in an 8.2% grain yield increase under non-moisture stress
conditions, while up to 16% yield losses were observed under moisture stress. Reynolds et al.
(2001) evaluated the effect of the 7DL.7Ag translocation in six different genetic backgrounds
and found that Lr19 was associated with an average 13% increase in yield, 10% increase in
biomass and 15% increase in grain number in all backgrounds studied. Similarly, Monneuveux
et al. (2003) examined the 7DL.7Ag translocation effect in six different recipient genotypes
under five environmental conditions, including drought and heat stress. The authors reported a
grain yield increase under irrigated conditions and yield loss under moisture stress conditions
in the 7DL. 7AG lines compared to their sister lines without the alien segment. The positive
effects of Lr19 on yield were also reported in durum wheat backgrounds; Kuzmanovic et al.
(2014) and Kuzmanovic et al. (2016) evaluated three durum wheat NILs that carried different
segments of the 7AL.7AgL translocation and evaluated these lines for yield components and
related morpho-physiological traits in Mediterranean rain-fed conditions. In contrast to our
results from the present study, the authors reported up to 11% grain yield increase in the lines
that carry the 7AL.7AgL translocation. Kuzmanovic et al. (2016) associated the grain yield
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increase with traits such as grain and tiller number, flag leaf area, chlorophyll content, and the
duration of stem elongation phase. Nonetheless, their results were based on evaluations from a
single location that is drastically different from the environments used in the current study; this
demonstrates the importance of using multi-environment testing for the assessment of the
breeding values of segments introgressed from wild relatives.
Brevis et al. (2008) studied the effects of the Lr47 introgression on agronomic and
quality traits for five pairs of hard red spring NILs and concluded that the presence of the Lr47
translocation was associated with a reduction in grain yield and a significant decrease in flour
yield. However, lines with the alien Lr47 segment showed a consistent increase in grain and
flour protein concentration. These results are in agreement with the findings of our present
study where we also showed that Lr47 was consistently associated with grain yield reduction
but higher GPC. This may be explained by the significant negative correlation between grain
yield and GPC (Appendix 12). In this specific case, genes related to other diseases may also be
affected by the translocation, which could also impact yield. Chicaiza et al. (2006) reported
that under strong stripe rust infection pressure, the near isogenic lines Yecora-Rojo and Kern
that carry Lr47 showed increased stripe rust infections, which resulted in a significant decrease
in yield. These results suggest that the alien translocated segment may have replaced a gene
located in chromosome 7A in Yecora-Rojo and Kern that has a positive effect on resistance to
the predominant stripe rust races in California.
Bright yellow colour of semolina and pasta is a highly desirable end use trait in durum
wheat breeding (Pozniak et al., 2007). Data from the present study were consistent among the
different locations and genetic backgrounds; the results suggested a strong positive effect on
YP as a result of the alien segments carrying Lr19. This was expected given the linkage
between Lr19 and the Psy locus (Zhang et al., 2005). The four genetic backgrounds (recurrent
parents) used in this study were selected not only for their susceptibility to leaf rust, but also to
represent increasing levels of YP; ranging from Nassira that has very low YP,
Sooty_9/Rascon_37 characterized by intermediate YP, Rio_Colorado having high YP, and
Kofa with very high YP values (K. Ammar, personal communication). Results indicated that
both translocations carrying Lr19 significantly increased the YP scores, even in the background
with the highest YP (Kofa). Furthermore, the AG 1-23 segment showed a higher positive effect
on the YP compared to the AG 1-22 segment. This could be explained by the larger size of
segment AG 1-23 compared to AG 1-22. Ceoloni et al. (2000) suggested the existence of two
yellow pigment (Yp) genes, Yp1 and Yp2, which are both linked to Lr19 on the recombinant
7A chromosome and that the combination of both genes resulted in a 70% increase in yellow
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pigment. Thus, it is possible to assume that the AG 1-23 segment contains Lr19 plus both Yp
genes, whereas AG 1-22 segment contains Lr19 and a single Yp gene.
Molecular markers are efficient tools used for the identification and monitoring of alien
introgressions in hybrid genomes and are much less laborious than cytogenetic approaches.
The recent advances in SNP marker development and high-throughput genotyping platforms
have facilitated the introgression and tracking of alien segments in crop breeding programs
(Thomson, 2014; Tiwari et al., 2014; Winfield et al., 2016). The use of the wheat 90K SNP
assay in the present study allowed for the identification of the donor chromatin throughout the
genomes of the NILs and enabled the estimation of the position and size of the various
introgressed segments. Graphical genotyping was useful for the visualization and interpretation
of the molecular marker data and can be an important approach for the evaluation and selection
of plant material in future breeding programs.
5.5. Conclusions
The results from the present study indicated a negative effect of the alien segments that
carry the leaf rust resistance genes Lr19 and Lr47 on the grain yield of durum wheat at different
Western Canadian environments. The reduction in grain yield associated with these alien genes
may be attributable to reduced kernel weight and a lower grain density, given the highly
significant positive correlations between these traits (Appendix 12). The presence of both
segments (i.e. AG 1-22 and AG 1-23) that carry Lr19 significantly increased the yellow
pigment concentration in all tested backgrounds, while the Lr47 translocation was consistently
associated with lower GPC.
The linkage drag on yield and quality traits associated with the alien genes Lr19 and
Lr47 raises concern about their deployment in commercial Canadian durum wheat cultivars.
However, advanced tools from molecular genetics, cytogenetics, and chromosome engineering
may help to overcome these challenges. The SNP markers identified in the present study could
also be used to monitor the introgression of shorter segments that carry these effective leaf rust
resistance genes.
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6. General discussion
Wheat is a fundamental crop and is important for global food security. It provides about
20% of the total dietary calories and protein to a global population of over seven billion people
(Shiferaw et al., 2013). Wheat yield and production have experienced spectacular increases
during the past fifty years, mainly due to the innovative technologies of the green revolution.
However, the world’s population is projected to reach nine billion people by 2050 (Gregory
and George, 2011), and cereal breeders are faced with the considerable challenge of meeting
the world’s growing food demands in a sustainable way.
Wheat rusts are among the most devastating pathogens given their widespread
distribution and fast evolution. In particular, leaf rust is able to cause substantial economic
losses due to its frequent occurrence (Kolmer 1996; Huerta-Espino et al., 2011). Historically,
the impact of leaf rust (P. triticina) on durum wheat in North America has been less significant
as compared to bread wheat (Singh et al., 2004; Herrera-Foessel et al., 2006; McCallum et al.,
2016). Nonetheless, the emergence of the highly virulent races of P. triticina in Mexico (i.e.
BBG/BN, BBG/BP) has led to severe leaf rust epidemics on durum wheat (Singh et al., 2004;
Huerta-Espino et al., 2011). In response, breeding efforts were initiated at CIMMYT, as well
as at different research institutions across North America, to identify effective sources of
resistance to these new races.
Durum wheat is an economically important crop in western Canada, particularly in
Saskatchewan where over 80% of Canada Western Amber Durum (CWAD) wheat is grown
annually (Statistics Canada, 2016). The emergence of virulent races of P. triticina in Mexico
and the Great Plains of the USA stresses the importance of a proactive breeding strategy to
expand the genetic basis of leaf rust resistance in Canadian germplasm, since most of the new
CWAD varieties are highly susceptible to these new races. The present study was conducted
jointly between the durum wheat breeding program at the University of Saskatchewan and the
durum wheat breeding team at CIMMYT, with the aim to characterize new sources of leaf rust
resistance from durum wheat, and to develop linked molecular markers that are useful for
marker-assisted breeding and gene pyramiding.
During the course of this project, the resources available for genetic analyses in wheat
have drastically improved. High-throughput genotyping platforms, such as the Illumina iSelect
90K SNP array (Wang et al., 2014), are now available and have been used to create highdensity consensus maps of tetraploid wheat (Maccaferri et al., 2015). The survey sequences of
each of the 21 bread wheat chromosomes of Chinese Spring have also been published (IWGSC,
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2014), and draft genome sequences of the A genome progenitor T. urartu (Ling et al., 2013)
and the D genome progenitor Ae. tauschii (Jia et al., 2013), and more recently, a genome
assembly of the allotetraploid wild emmer wheat (T. turgidum ssp. dicoccoides) accession
“Zavitan”, were completed (Avni et al., 2017, submitted manuscript). The deployment of this
wealth of genetic resources allowed us to map both major and minor genes for leaf rust
resistance in durum wheat and to identify putative candidate genes.
A combined selective genotyping and BSA approach, using the wheat 90K SNP array,
allowed the rapid identification of candidate regions for leaf rust resistance in the tetraploid
durum wheat genome. These two approaches, which are both effective and cost-saving, have
been used to map resistance genes in the polyploid wheat genome (Herrera-Foessel et al,
2008b; Basnet et al., 2015; Qureshi et al., 2016). The availability of flexible SNP genotyping
platforms with different levels of throughput, such as the KASP assay (LGC, Herts, UK) and
the Fluidigm Dynamic Array IFC (Fluidigm Corporation, South San Francisco, CA, USA),
offered us the opportunity to select for the most cost-effective platform for each population,
based on the number of SNP markers to genotype and the size of the population.
Results from the allelism tests suggested that the two durum cultivars Amria and Byblos
carry either closely linked or allelic genes for leaf rust resistance. These results were confirmed
with genetic mapping that assigned the resistance in both genotypes to the long arm of
chromosome 7B. Based on molecular markers analyses and previous genetic studies, it was
concluded that the resistance in Amria and Byblos is not conferred by the widely-deployed
gene Lr14a, and is either a new allele of this locus or a novel leaf rust resistance gene.
Similarly, this study indicated that the two ICARDA durum lines Geromtel_3 and
Tunsyr_2 carry resistance genes that are allelic or closely linked to each other and to the
designated gene Lr61. Genetic mapping confirmed these results and located both genes on the
short arm of chromosome 6B, in the vicinity of the Lr61 locus. Genetic and physical mapping
results suggested that Geromtel_3 may be carrying two tightly linked genes on the short arm
of chromosome 6B. Closely linked KASP markers that are suitable for using in marker-assisted
gene pyramiding were identified for each source of resistance. By anchoring the publicly
available sequences of the SNPs associated with the resistance in these genotypes against the
recently assembled genome sequences of the WEW accession “Zavitan”, we were able to
identify a list of candidate genes previously reported to be involved in plant resistance
mechanisms, such as CC-NBS-LRR proteins. NBS-LRR proteins are the most abundant class
of disease resistance genes in plants (Dangl and Jones, 2001; McHale et al., 2006; McDowell
and Simon, 2008). All of the previously cloned major rust resistance genes in wheat contained
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CC-NBS-LRR motifs, known to act as immune receptors involved in the perception of
pathogen avirulence proteins (Bent and Mackey, 2007; Ellis et al., 2007a; McDowell and
Simon, 2008). This type of resistance is prone to rapid breakdown, due to the coevolutionary
race between the pathogen virulence and the host plant defense (McHale et al., 2006; Ellis et
al., 2007a; Gohre and Robatzek, 2008; Krattinger and Keller, 2016). Combinations of multiple
R genes have been proposed as a way to extend the effectiveness of plant resistance to
pathogens (Ayliff et al., 2008; Lowe et al., 2011; Poland and Rutkoski, 2016).
Genetic analyses at different generations revealed that Arnacoris, Saragolla and Gaza,
each carried two genes for leaf rust resistance, with the possible presence of an APR gene in
the latter genotype. These hypotheses were confirmed by the QTL mapping results. A major
QTL, designated as QLr.usw-6BS, accounted for most of the phenotypic variation observed in
the progeny derived from Gaza. Allelism tests suggested an allelic or linkage relationship
between QLr.usw-6BS and the major Lr gene identified in Geromtel_3. Although the gene from
Geromtel_3 is linked to the Lr gene in Tunsyr_2 and to Lr61, allelism tests indicated that the
resistance gene in Gaza is not linked to Lr61 nor to the resistance in Tunsyr_2. A possible
explanation to the complex relationships between these genes was inferred from the genetic
and physical mapping of the SNP markers linked to the resistance in Geromtel_3. The markers
suggested the presence of two different but tightly linked Lr genes in Geromtel_3, one of them
being allelic or closely linked to the resistance gene in Gaza and the other is either allelic or
closely linked to the resistance in Tunsyr_2 and to Lr61. However, further comparative
analyses and fine mapping are required to conclusively determine the relationships between
the Lr genes from these different durum cultivars. The second QTL in Gaza, QLr.usw-6BL,
was shown to be unrelated to LrCamayo, the Lr3-linked gene located on chromosome 6BL
(Herrera-Foessel et al., 2007) and is likely a new APR gene for leaf rust resistance in durum
wheat. Two QTL, acting in an additive way, were also identified in Arnacoris; a major QTL
was discovered on chromosome 7BL (QLr.usw-7BL) that explained most of the phenotypic
variance, and mapped to the same interval as the Lr genes in Amria and Byblos, and a minor
QTL on chromosome 1BL (QLr.usw-1BL.1) was also observed. Molecular marker analyses led
to the conclusion that the QTL identified on chromosome 7BL in Arnacoris is not Lr14a.
QLr.usw-1BL.1 mapped to a region known to carry the APR gene Lr46; nonetheless, Arnacoris
did not carry any of the molecular markers linked to Lr46. The leaf rust resistance in Saragolla
was controlled by a major QTL on chromosome 2BS, QLr.usw-2BS, and a minor QTL on
chromosome 1BL, QLr.usw-1BL.2. Unlike Arnacoris, Saragolla tested positive for all the
molecular markers linked to the APR gene Lr46, which indicated that QLr.usw-1BL.2 may be
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Lr46. The major QTL QLr.usw-2BS mapped to the distal end of chromosome 2BS, known to
carry the seedling resistance gene Lr16 (McCartney et al., 2005). Nevertheless, Saragolla did
not carry any of the molecular markers linked to Lr16. While the wheat chromosome arm 2BS
is a gene rich region reported to carry several other leaf rust resistance genes, most of them
were not suitable candidates for QLr.usw-2BS, either because of their alien origin or because
they are expressed at the adult stage, while Saragolla obviously carries seedling resistance gene.
However, comparative analyses and allelism testing are necessary to conclude whether
QLr.usw-2BS is linked to any of the known genes on chromosome 2BS or if the QTL
corresponds to a novel gene.
Physical mapping of the SNP markers flanking the various QTL identified in the present
study allowed for the physical intervals of the QTL to be defined and putative resistance genes
to be identified. The candidate genes encoded proteins with structural motifs known to be
involved in different plant defense mechanisms. In addition to the NB-LRR proteins identified
within the marker intervals of the major QTL QLr.usw-6BS, QLr.usw-2BS and QLr.usw-7BL,
several receptor-like protein kinases were also identified within the chromosome 1BL QTL
intervals. In contrast, the SNP marker flanking QLr.usw-6BL mapped within an ABC
transporter ATP-binding protein and a calcium-dependent lipid-binding (CaLB domain)
protein. Similar membrane-localized receptor proteins have been reported to be involved in
adult plant resistance to wheat rusts, such as the Lr34 ATP-binding cassette (ABC) transporter
(Krattinger et al., 2009), the Lr67 hexose transporter (Moore et al., 2015) and the Yr36 protein
containing a predicted kinase domain (Fu et al., 2009). These results provide a good starting
point for further genetic dissection of gene candidates involved in leaf rust resistance and could
be followed by other validation studies, such as transcriptome analysis of these wheat genes in
response to leaf rust infection.
Although wild relatives of cultivated wheat constitute a rich reservoir of disease
resistance genes, the deployment of alien genes in commercial wheat cultivars is often
hampered by linkage drag, due to the wild relative’s chromatin surrounding the target gene.
Linkage drag can negatively impact yield and quality traits, particularly in tetraploid durum
wheat, which has lower tolerance toward genome alterations as compared to hexaploid wheat
(Ceoloni et al., 2005b; Ceoloni et al., 2014). The third main objective of the present research
was to evaluate the effects of the alien genes Lr19 and Lr47 on grain yield and quality traits in
four genetic backgrounds of durum wheat. In contrast to previous studies that reported a
positive effect of the Lr19 translocation on yield and yield components (Kuzmanovic et al.,
2014; Kuzmanovic et al., 2016), our results showed significant grain yield penalties associated
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with the presence of the alien segments carrying Lr19 in all tested backgrounds. These yield
losses are likely due to reduction in kernel weight and grain density, as indicated by the
significant reduction in thousand kernel weight (TKW) and test weight. The highly significant
positive effect of the Lr19 segment on yellow pigment concentration is due to the close linkage
between Lr19 and the yellow pigment gene Psy1 (Zhang et al., 2005; Pozniak et al., 2007).
Similarly, the results from the present study were in agreement with the previous reports that
showed a negative effect of Lr47 on grain yield, which is inversely related to GPC (Brevis et
al., 2008).
As shown in this study, SNP genotyping platforms are a useful tool to identify and
monitor alien introgressions in cultivated wheat. The use of the wheat 90K SNP array to
genotype the NILs with and without the alien translocations, enabled the mapping of the alien
chromatin in the recurrent genomes and facilitated the identification of SNP markers used to
track these introgressions in different genetic backgrounds. Breaking the linkage between these
effective leaf rust resistance genes (i.e. Lr19 and Lr47) and the undesirable effects on yield and
quality attributes will be a key determinant of their value in durum wheat breeding.
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7. Conclusions and future research directions
The present characterization of leaf rust resistance in seven uncharacterized durum
wheat sources has resulted in the detection of five genomic regions (1BL, 2BS, 6BS, 6BL and
7BL) involved in the resistance to the Mexican race BBG/BP of P. triticina. The evaluation of
the alien genes Lr19 and Lr47 and their effects on yield and quality traits for four durum wheat
cultivars, provided fundamental information on the potential use of these genes in Canadian
durum wheat breeding programs. The main conclusions from these studies are as follows:
• The durum wheat cultivars Amria and Byblos carry major Lr genes that are allelic or closely
linked on the long arm of chromosome 7B, which were shown to be different from Lr14a.
• The lines Geromtel_3 and Tunsyr_2 are carrying major genes for leaf rust resistance on
chromosome 6BS, that are either allelic or closely linked to each other and to Lr61.
• Geromtel_3 may be carrying two closely linked genes on chromosome 6BS.
• The cultivar Gaza carries a major gene for leaf rust resistance on chromosome 6BS, that is
allelic or closely linked to the putative second gene in Geromtel_3, in addition to a
potentially new APR gene on chromosome 6BL.
• The French cultivar Arnacoris carries a major QTL on chromosome 7BL, that maps to the
same genetic interval as the genes in Amria and Byblos, as well as a second minor QTL on
chromosome 1BL, in the vicinity of the APR gene Lr46, but unlikely to be it.
• Leaf rust resistance in the Italian cultivar Saragolla is controlled by a major QTL on
chromosome 2BS that is possibly different from Lr16, and a second minor QTL on
chromosome 1BL, which is likely to be the APR gene Lr46.
• Candidate genes for the major resistance genes identified on 2BS, 6BS and 7BL include the
predominant resistance proteins in plants CC-NBS-LRR proteins.
• Candidate genes for the resistance on chromosomes 1BL and 6BL include receptor-like
protein kinases and membrane-localized transporter proteins.
• The presence of the alien gene Lr19 is associated with significant grain yield losses, a
reduction in TKW and TW, but a significant increase in YP.
• The presence of the Lr47 translocation is associated with significantly reduced grain yield,
TW, and TKW, and higher GPC.
Several genes identified in the present study mapped to genomic regions known to carry
designated Lr genes. Further allelism tests and characterization with specific virulent races of
P. triticina, are required to conclusively determine the relationships between the genes from
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this study and the previously reported Lr genes. Closely linked KASP markers were identified
for the major Lr genes on chromosomes 6BS and 7BL. A marker-assisted breeding strategy is
now possible to pyramid these effective genes into adapted Canadian germplasm.
Several candidate resistance genes were identified in the present study. A transcriptome
profiling analysis combined with targeted gene silencing would assist in the identification of
the candidate genes involved in leaf rust resistance in these cultivars. As shown by Wang et
al. (2014b), new genome editing techniques such as transcription activator-like effector
nuclease (TALEN) and clustered regularly interspaced short palindromic repeats (CRISPR)Cas9 are precise enough to target genes with 99% sequence similarity and could be used to
further dissect the function of these gene candidates.
The present study identified NILs that carry different segments of alien DNA. Selection
of recombinant lines that carry the desired alien genes Lr19 and Lr47 and have the least amount
of wild relative chromatin could be used as improved donor parents for another cycle of
marker-assisted backcrossing. This could lead to the identification of recombinants near Lr19
or Lr47 with no significant linkage drag on the agronomic and quality performance.
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Appendices
Appendix 1. KASP primer sets for the SNP markers associated with leaf rust resistance in Amria and Byblos.
KASP
marker

Forward primer FAM

Forward primer HEX

Reverse primer

GAAGGTGACCAAGTTCATGCTTAAGGGGCCTT
ACTATCAAAGGG
GAAGGTGACCAAGTTCATGCTCGCTTCTCCTTG
TAATATAGAAATGGTC
GAAGGTGACCAAGTTCATGCTCAGTGAAAGTG
TTTTTCTTCTTCAAC
GAAGGTGACCAAGTTCATGCTAGGCGCATTTCG
TGTTTTTAC
GAAGGTGACCAAGTTCATGCTTTCGGATTCGTC
GAAAGGAGG
GAAGGTGACCAAGTTCATGCTGCTTCGATGATG
GCTCTTCTC
GAAGGTGACCAAGTTCATGCTTTGGATAACATG
GCATCAAACTTG
GAAGGTGACCAAGTTCATGCTACCAGTAGAGC
GAACTGCGGC
GAAGGTGACCAAGTTCATGCTCATTGGACAAT
GCTTCTATGTTTTG
GAAGGTGACCAAGTTCATGCTCCGGAGTTTATG
ATGAGTATCCCG
GAAGGTGACCAAGTTCATGCTCTGTCGTAATTA
TCATCGGTAACTTGC

GAAGGTCGGAGTCAACGGATTTAAGGGGCCTT
ACTATCAAAGGT
GAAGGTCGGAGTCAACGGATTCGCTTCTCCTTG
TAATATAGAAATGGTT
GAAGGTCGGAGTCAACGGATTCAGTGAAAGTG
TTTTTCTTCTTCAAT
GAAGGTCGGAGTCAACGGATTAGGCGCATTTC
GTGTTTTTAA
GAAGGTCGGAGTCAACGGATTTTCGGATTCGTC
GAAAGGAGA
GAAGGTCGGAGTCAACGGATTGCTTCGATGAT
GGCTCTTCTT
GAAGGTCGGAGTCAACGGATTTTGGATAACAT
GGCATCAAACTTA
GAAGGTCGGAGTCAACGGATTACCAGTAGAGC
GAACTGCGGT
GAAGGTCGGAGTCAACGGATTCATTGGACAAT
GCTTCTATGTTTTA
GAAGGTCGGAGTCAACGGATTCCGGAGTTTAT
GATGAGTATCCCT
GAAGGTCGGAGTCAACGGATTCTGTCGTAATTA
TCATCGGTAACTTGT

AAGAATTCCTGAGTAACCA
GCC
CCTCGTGTAGATGGCATTGA
TA
ATCCGTGGAGGTGGTGAAA
T
CATACAACCAAATAGACGC
ATCC
CTTGTCATCAAATCGCTTGA
AA
GTTGAGCGTCAACCAAAAC
TTC
AGTTGATGCTGATCGGGTGT
AT
CTTGGTGTGGACATGGTGA
GT
CGTCACATGAACAGATGAC
ACA
AAATGCAAGTTCACCAAGA
AGG
CCGGCAAGGCAATACATAC
ATA

Bristol
markers

Forward primer FAM

Forward primer VIC

Reverse primer

BS00010355

TGCTCTGATTGGGTATGTCTAGG

CTTGCTCTGATTGGGTATGTCTAGA

BS00004171

TCAGTTCCTTCTCGACATGTACAA

CAGTTCCTTCTCGACATGTACAG

BS00023069

AGATCCATGCCCGCTCCACAA

GATCCATGCCCGCTCCACAC

usw255
usw256
usw257
usw258
usw259
usw260
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usw261
usw262
usw263
usw264
usw265

GTTGGATCTGGAAGCAAAA
ATACAAGCTT
TGAGCTTATTGTTCAAGGGG
AGAATCTAT
CTCTATATGACCTTAATCTC
CTTAAGCCAA
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KASP marker

Forward primer FAM

Forward primer HEX

Reverse primer

usw206
usw207
usw208
usw209
usw210
usw211
usw212
usw213
usw214
usw215
usw216
usw217
usw218
usw219
usw220
usw221
usw222
usw223
usw224
usw225
usw226
usw227
usw228
usw229
usw230
usw231

GAAGGTGACCAAGTTCATGCTCTGGACAAAGCAGACAAAGAAGTC

GAAGGTCGGAGTCAACGGATTCTGGACAAAGCAGACAAAGAAGTT

ATCCTTAGTAATTACAACCTTGGCG

GAAGGTGACCAAGTTCATGCTCAAGTCCAATCCAACCATGCG

GAAGGTCGGAGTCAACGGATTCAAGTCCAATCCAACCATGCA

CGGTTGATGAAGGCGATAGAT

GAAGGTGACCAAGTTCATGCTAACCGGACCTCTCTTTCGCTG

GAAGGTCGGAGTCAACGGATTAACCGGACCTCTCTTTCGCTA

GTTGAATCGACTTCAGCAGCA

GAAGGTGACCAAGTTCATGCTACCGTCGTTAATAGGATGCTCGG

GAAGGTCGGAGTCAACGGATTACCGTCGTTAATAGGATGCTCGT

TTCCTTTTTCACATCTCCCTGT

GAAGGTGACCAAGTTCATGCTGGGAAGTATTTATCTTTGAACGACTTC

GAAGGTCGGAGTCAACGGATTGGGAAGTATTTATCTTTGAACGACTTT

TACAGAAGTTCCAGTCACCAGC

GAAGGTGACCAAGTTCATGCTTTTGAAGTTAGCGACCGTGCG

GAAGGTCGGAGTCAACGGATTTTTGAAGTTAGCGACCGTGCA

AACCATGGTCTGAAGGGAAGTA

GAAGGTGACCAAGTTCATGCTTGAAGATAATTGCTGTGGGTGAC

GAAGGTCGGAGTCAACGGATTTGAAGATAATTGCTGTGGGTGAT

TCTCATAGTCCAACTCCATGACA

GAAGGTGACCAAGTTCATGCTCGTGACAATGAGGAAGTTGGC

GAAGGTCGGAGTCAACGGATTCGTGACAATGAGGAAGTTGGT

CCGTGGTCTCTTGTCCAGTAAT

GAAGGTGACCAAGTTCATGCTGTGTTAGCCAGAGGCACGTCC

GAAGGTCGGAGTCAACGGATTGTGTTAGCCAGAGGCACGTCT

AGAACATACCTTCAGCATGCAA

GAAGGTGACCAAGTTCATGCTCAACCCATTACGACAGACATAAAG

GAAGGTCGGAGTCAACGGATTCAACCCATTACGACAGACATAAAT

GAAAAGAACAACGCTTAGTATTCG

GAAGGTGACCAAGTTCATGCTGTAGATGATGATGATGGACTCACCG

GAAGGTCGGAGTCAACGGATTGTAGATGATGATGATGGACTCACCA

TGGGCGGTACATGTAACATACAG

GAAGGTGACCAAGTTCATGCTCATGTAACATACAGAATTGTCAGGAAC

GAAGGTCGGAGTCAACGGATTCATGTAACATACAGAATTGTCAGGAAT

TTTGGTTAGGTAGATGATGATGATG

GAAGGTGACCAAGTTCATGCTGATGAGTGCCAGTATGTCGTCG

GAAGGTCGGAGTCAACGGATTGATGAGTGCCAGTATGTCGTCA

CTCGAGATATGCACGGAGAAG

GAAGGTGACCAAGTTCATGCTGCAACATATAAAAGAAAGGATGAGTTG

GAAGGTCGGAGTCAACGGATTGCAACATATAAAAGAAAGGATGAGTTA

GCCCTGCTCAAGAAGTACTCAG

GAAGGTGACCAAGTTCATGCTAGCAACATCAGGGAGAAAATGC

GAAGGTCGGAGTCAACGGATTAGCAACATCAGGGAGAAAATGT

ATCCTGCCATACAAGCAACATA

GAAGGTGACCAAGTTCATGCTGCACTTGCTTGACTCCAGGTCG

GAAGGTCGGAGTCAACGGATTGCACTTGCTTGACTCCAGGTCA

CATCTGTCGGATCATCTTTCTG

GAAGGTGACCAAGTTCATGCTGAGCTGAGGTTATGCTGGAACTG

GAAGGTCGGAGTCAACGGATTGAGCTGAGGTTATGCTGGAACTA

TGACACCATGTAACTTTACGGC

GAAGGTGACCAAGTTCATGCTCACAATATAACACACTTCCCTGAGTTG

GAAGGTCGGAGTCAACGGATTCACAATATAACACACTTCCCTGAGTTA

CTGATCTGCTACAGATGATGGG

GAAGGTGACCAAGTTCATGCTGCTGTGCCTTTCATCAACTAATCTG

GAAGGTCGGAGTCAACGGATTGCTGTGCCTTTCATCAACTAATCTC

AGTTTGAGATAAAGCAGGCAGG

GAAGGTGACCAAGTTCATGCTCCCATTGTGTTATTTTGTAAGGGC

GAAGGTCGGAGTCAACGGATTCCCATTGTGTTATTTTGTAAGGGT

CTGAAACCAGGGAGTTTTCATC

GAAGGTGACCAAGTTCATGCTGCCTTCAGAAGAGTTCGTCAAC

GAAGGTCGGAGTCAACGGATTGCCTTCAGAAGAGTTCGTCAAT

GTGCAAGAACATCCTGCATTT

GAAGGTGACCAAGTTCATGCTTAAGCTTCGGGGTCAACTTACTG

GAAGGTCGGAGTCAACGGATTTAAGCTTCGGGGTCAACTTACTA

ATATGAAACTGGAACCAAGGTG

GAAGGTGACCAAGTTCATGCTCCTAGAGGAGTATGTTTCTTTGGTAGTC

GAAGGTCGGAGTCAACGGATTCCTAGAGGAGTATGTTTCTTTGGTAGTA

GATCTGAAAGCTTCAACCTGCT

GAAGGTGACCAAGTTCATGCTCCTGACTTCACTGTCGCATCG

GAAGGTCGGAGTCAACGGATTCCTGACTTCACTGTCGCATCT

TTGTTAATATCCACAACCTAGAGGAG

GAAGGTGACCAAGTTCATGCTGAAATTCGATCTCATTAAGTTGGTG

GAAGGTCGGAGTCAACGGATTGAAATTCGATCTCATTAAGTTGGTA

CAAGCGGGTACACCAGACTATC

GAAGGTGACCAAGTTCATGCTCCTGGGAGGACTATTATGTTCTTC

GAAGGTCGGAGTCAACGGATTCCTGGGAGGACTATTATGTTCTTT

TATGATCCTCGTCCCAAATAGG
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usw232
usw233
usw234
usw235
usw236
usw237
usw238
usw239
usw240
usw241
usw242
usw243
usw244
usw245
usw246
usw247
usw248
usw249
usw250
usw251
usw252
usw253
usw254

GAAGGTGACCAAGTTCATGCTCCTCTGAACCTGTTAGTTGTCAAAC

GAAGGTCGGAGTCAACGGATTCCTCTGAACCTGTTAGTTGTCAAAT

GGAACTTAGAAGCCTGACACTCA

GAAGGTGACCAAGTTCATGCTCACATCTCATATTGAGCTTGATGAC

GAAGGTCGGAGTCAACGGATTCACATCTCATATTGAGCTTGATGAT

TGATCATCATCTTCATCCTCTG

GAAGGTGACCAAGTTCATGCTTGTCATCATCATCAATCATTAAAGCG

GAAGGTCGGAGTCAACGGATTTGTCATCATCATCAATCATTAAAGCA

GAGGAGCTGGACACATCTCATA

GAAGGTGACCAAGTTCATGCTGAGCTCTGACAGGTGAGGTGAC

GAAGGTCGGAGTCAACGGATTGAGCTCTGACAGGTGAGGTGAT

AGGTTGTCTGGGCTGAATCAT

GAAGGTGACCAAGTTCATGCTAGGCACTGTCATCAGAGAAGAAATC

GAAGGTCGGAGTCAACGGATTAGGCACTGTCATCAGAGAAGAAATT

AGAACTTCTTTGTCTGCTTTGTCC

GAAGGTGACCAAGTTCATGCTTGTAGCCGTACCTGAAGTTGTCG

GAAGGTCGGAGTCAACGGATTTGTAGCCGTACCTGAAGTTGTCA

GTGTCAATGGCAGTGTGGTC

GAAGGTGACCAAGTTCATGCTCAACCTTGGTGGGATCAATAATG

GAAGGTCGGAGTCAACGGATTCAACCTTGGTGGGATCAATAATA

CCGCTACAGGGAATTATGAGG

GAAGGTGACCAAGTTCATGCTGACTACATAGCAGGACATTTTAAGCG

GAAGGTCGGAGTCAACGGATTGACTACATAGCAGGACATTTTAAGCA

TGGCCAGTTGTGTAGTGAAGTT

GAAGGTGACCAAGTTCATGCTATGAGGGCCTTAGTGACCTTGAC

GAAGGTCGGAGTCAACGGATTATGAGGGCCTTAGTGACCTTGAT

GATCCTCCCACCAAGAAAGAG

GAAGGTGACCAAGTTCATGCTAAGAGCTGAGTCACAAGTTCCTGG

GAAGGTCGGAGTCAACGGATTAAGAGCTGAGTCACAAGTTCCTGA

GAGGTGTGGTGTGGGCTACT

GAAGGTGACCAAGTTCATGCTAGCCTCTCAATGTATTCCTCTTCG

GAAGGTCGGAGTCAACGGATTAGCCTCTCAATGTATTCCTCTTCA

AAATTCTAGCTTCGGCATCAGA

GAAGGTGACCAAGTTCATGCTCAGTGCTCTCAGTTTAAGAAGGTCG

GAAGGTCGGAGTCAACGGATTCAGTGCTCTCAGTTTAAGAAGGTCA

CTTCAGACCATGGTTCCAGC

GAAGGTGACCAAGTTCATGCTCTCAAGGTTCTCAGACTGCCGG

GAAGGTCGGAGTCAACGGATTCTCAAGGTTCTCAGACTGCCGT

AGCTTGTGGAACAACATATGCC

GAAGGTGACCAAGTTCATGCTTCAGCCTGAATAATCAAGAGGTTC

GAAGGTCGGAGTCAACGGATTTCAGCCTGAATAATCAAGAGGTTT

CTGGCTCTGTCCGAGGTTAG

GAAGGTGACCAAGTTCATGCTAAAAAGACCTCTTCTGCTTCCCG

GAAGGTCGGAGTCAACGGATTAAAAAGACCTCTTCTGCTTCCCA

TGCTTGAGAACATGGATGACAG

GAAGGTGACCAAGTTCATGCTGACTACATAGCAGGACATTTTAAGCG

GAAGGTCGGAGTCAACGGATTGACTACATAGCAGGACATTTTAAGCA

TGGCCAGTTGTGTAGTGAAGTT

GAAGGTGACCAAGTTCATGCTCGCATGTAACCTCATCTGCTG

GAAGGTCGGAGTCAACGGATTCGCATGTAACCTCATCTGCTA

CATTAGCAAAACAAAGATGGCA

GAAGGTGACCAAGTTCATGCTACGAAGCCAATGTCTCCTGCG

GAAGGTCGGAGTCAACGGATTACGAAGCCAATGTCTCCTGCA

TTTCAGCAGTGAAGATAAAAGTGC

GAAGGTGACCAAGTTCATGCTAACCTAATGGCCATCAAATACACC

GAAGGTCGGAGTCAACGGATTAACCTAATGGCCATCAAATACACT

CTTCTGTGCTTGCTTCCTTTTT

GAAGGTGACCAAGTTCATGCTCTGTCCATCAAAACATCATTCTGC

GAAGGTCGGAGTCAACGGATTCTGTCCATCAAAACATCATTCTGT

CCTGGAAGATTTGCAACAGAG

GAAGGTGACCAAGTTCATGCTGAGGCTCAAGAGATGAGAGGTCG

GAAGGTCGGAGTCAACGGATTGAGGCTCAAGAGATGAGAGGTCA

AACTCGAGACCAGCAAGAAAAC

GAAGGTGACCAAGTTCATGCTGATAGGAGCTCCACGGAAACG

GAAGGTCGGAGTCAACGGATTGATAGGAGCTCCACGGAAACA

CTTGAGTCCACTTGTGGCAA

GAAGGTGACCAAGTTCATGCTGGTTGTAGTTCAATTCTGGATGTTCG

GAAGGTCGGAGTCAACGGATTGGTTGTAGTTCAATTCTGGATGTTCA

AGTCTGGTGCTACGACGCTT

Bristol markers

Forward primer FAM

Forward primer VIC

Reverse primer

BS00093063
BS00107306
BS00010443

ATAGTGCATATTTAGGAGCGGCG

AGATAGTGCATATTTAGGAGCGGCA

CAACGTCCACCGATATCTTGCTCAT

GGAGTGGGAGAGGAGGCCA

GAGTGGGAGAGGAGGCCG

GTCCTAAGCTACTATATACAGGAAGAGAA

GTCTTGACCCGCTCGACGTC

CGTCTTGACCCGCTCGACGTT

GTTGTAGCCAACATCCGCCTCCTT

Appendix 2: continued

Appendix 3. List of the SNP markers linked to leaf rust resistance in Amria and Byblos and
their position on the tetraploid wheat consensus map (Maccaferri et al., 2015).
SNP marker
BS00010355_51
BS00063821_51
Excalibur_c18631_169
RAC875_c525_1372
BS00023069_51
Tdurum_contig13459_543
Tdurum_contig62213_156
Tdurum_contig51105_510
tplb0040b02_465
BS00004171_51
BS00064933_51
Excalibur_c10563_1275
Excalibur_c15257_57
Excalibur_c82295_645
Kukri_c20875_997
Kukri_rep_c101620_1848
RAC875_c1329_488
RAC875_c42674_239
Tdurum_contig30909_76
tplb0040b02_534
tplb0040b02_681
tplb0045c05_154
BobWhite_c42202_411
BS00057650_51
BS00065130_51
Ku_c6566_3086
Kukri_c17115_372
RAC875_c1329_329
Tdurum_contig62213_423
Excalibur_c18558_376

Source of
resistance
Amria
Amria & Byblos
Amria
Amria
Amria & Byblos
Amria & Byblos
Amria & Byblos
Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria
Amria
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria & Byblos
Amria
Byblos

Chromosome Position
7B
208.7
7B
208.8
7B
209
7B
209
7B
210.6
7B
210.6
7B
210.6
7B
210.6
7B
211.2
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
7B
211.5
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A: Information not available from the consensus map
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KASP
assay
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes
No
Yes
No

Appendix 4. List of the SNP markers linked to leaf rust resistance in Geromtel_3 and Tunsyr_2
and their position on the tetraploid wheat consensus map (Maccaferri et al., 2015).
SNP marker
Excalibur_c18072_214
RFL_Contig2424_2332
wsnp_RFL_Contig2424_1966870
CAP11_c1087_327
CAP7_c10772_156
BobWhite_c18566_106
BobWhite_c4712_607
BS00068735_51
CAP7_rep_c6852_87
Excalibur_c15744_322
Excalibur_c96134_152
Excalibur_c96134_182
Kukri_c3650_2720
RAC875_c13610_1599
RAC875_c82406_177
Tdurum_contig43538_1306
Tdurum_contig43538_1582
Tdurum_contig43538_1687
Tdurum_contig43538_1812
Tdurum_contig43538_648
Tdurum_contig81191_342
BobWhite_c20959_229
Excalibur_c28854_1580
Kukri_c21405_2131
Kukri_c21405_679
RAC875_c37871_249
BS00011513_51
BS00093063_51
Excalibur_c31801_48
Excalibur_c36398_69
RAC875_rep_c74471_125
RFL_Contig3495_572
Tdurum_contig17504_244
Tdurum_contig41996_1823
Tdurum_contig49707_674
wsnp_Ex_rep_c101133_86572194
Ex_c66287_325
Excalibur_c12316_465
IACX9205
IACX9397
RAC875_c1305_120
RAC875_c44002_166
RAC875_c67463_300
RAC875_c67463_324

Source of resistance

Chromosome

Position

KASP assay

Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2

6A
6A
6A
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B

0.1
0.1
0.1
3.1
3.1
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
6.1
6.1
6.1
6.1
6.1
7.2
7.2
7.2
7.2
7.2
7.2
7.2
7.2
7.2
7.2
8
8
8
8
8
8
8
8

Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
No
Yes
Yes
No
No
No
Yes
No
Yes
Yes
No
Yes
Yes
Yes
No
Yes
No
No
No
No
No
No
Yes
Yes
No
No
No
No
Yes
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RAC875_rep_c77197_187
TA004817-0140
wsnp_Ku_c4446_8062906
wsnp_RFL_Contig3512_3672726
Ku_c4446_130
BobWhite_c12846_389
BobWhite_c47893_389
Ku_c5002_1518
Tdurum_contig11813_452
Tdurum_contig32779_217
Tdurum_contig53646_799
Kukri_c3009_1416
RFL_Contig4975_892
Tdurum_contig42655_1727
wsnp_CD453605B_Ta_2_1
RFL_Contig5885_435
CAP12_rep_c8479_206
RAC875_c18689_1950
Tdurum_contig64467_233
wsnp_RFL_Contig2223_1603535
BS00010443_51
CAP7_c2260_110
Ex_c2978_640
TA004132-0670
Excalibur_c19747_53
Excalibur_c64989_556
Excalibur_rep_c114123_366
Kukri_c26113_236
Kukri_c3664_1071
Kukri_rep_c103034_636
RAC875_c38592_187
RAC875_c38592_229
RAC875_rep_c105906_124
BS00010403_51
Tdurum_contig29162_378
wsnp_Ex_c4728_8444212
wsnp_Ex_c702_1382859
BobWhite_c27217_229
BobWhite_c34318_375
BobWhite_c39821_195
BobWhite_c4712_551
BobWhite_c6527_222
BS00011165_51
BS00037003_51
BS00063086_51
BS00067576_51
BS00082893_51
BS00092845_51

Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
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6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

8
8
8
8
8.2
8.5
10.3
10.3
10.9
11.9
12.2
13.1
13.1
13.1
13.1
13.3
15.2
15.2
15.2
15.2
18.3
18.3
18.3
18.3
20.2
20.4
20.4
20.4
20.4
20.4
20.4
20.4
20.4
22.1
22.1
22.1
22.1
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

No
No
No
No
No
No
Yes
Yes
Yes
No
No
No
No
Yes
Yes
No
No
Yes
No
Yes
Yes
No
No
No
No
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes
No
Yes
Yes
No
No
No
Yes
Yes

BS00107306_51
CAP11_c267_210
CAP7_rep_c7543_346
Kukri_c17961_503
Kukri_c21405_1705
Kukri_c24795_267
Kukri_c42406_185
Kukri_rep_c103009_826
RAC875_c12259_1892
RAC875_c26035_1037
RAC875_c29816_75
RAC875_c31381_313
RAC875_c31381_820
RAC875_c31381_883
RAC875_c33407_350
RAC875_c44002_81
RAC875_c68978_126
RAC875_rep_c107847_311
RFL_Contig2424_2617
TA004720-0732
Tdurum_contig42655_703
Tdurum_contig52819_287
wsnp_Ex_c1143_2195442
Kukri_c42406_313

Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3 & Tunsyr_2
Geromtel_3
Geromtel_3 & Tunsyr_2
Geromtel_3
Tunsyr_2

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Yes
No
Yes
No
Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
No
No
No
No
No
No
Yes
No
Yes

N/A: Information not available from the consensus map
Appendix 4: Continued
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Appendix 5. Linkge maps from the cross Gaza x Atil*2/Local_Red.
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* Red color indicates the location of QTL for leaf rust resistance.

Appendix 5: Continued
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Appendix 6. Linkage maps from the cross Arnacoris x Atil*2/Local_Red.

* Red color indicates the location of QTL for leaf rust resistance.

147

Appendix 6: Continued
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Appendix 7. Linkage maps from the cross Saragolla x Atil*2/Local_Red.

* Red color indicates the location of QTL for leaf rust resistance.

149
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Appendix 8. List of the NILs carrying the Lr19 and Lr47 translocations.
Line Genotype
301 SOOTY_9/RASCON_37
302 Lr19 (-)
303 Lr19 (+)
304 Lr19 (+)
305 Lr19 (+)
306 Lr19 (+)
307 Lr19 (+)
308 Lr19 (-)
309 Lr19 (+)
310 Lr19 (+)
311 Lr19 (+)
312 Lr19 (+)
313 Lr19 (+)
314 Lr19 (-)
315 Lr19 (+)
316 Lr19 (+)
317 Lr19 (+)
318 Lr19 (+)
319 Lr19 (+)
320 Lr19 (-)
321 Lr19 (+)
322 Lr19 (+)
323 Lr19 (+)
324 KOFA
325 Lr19 (-)
326 Lr19 (+)
327 Lr19 (+)
328 Lr19 (+)
329 Lr19 (+)
330 Lr19 (+)
331 Lr19 (+)
332 Lr19 (+)
333 RIO COLORADO
334 Lr19 (-)
335 Lr19 (+)
336 Lr19 (+)
337 Lr19 (+)
338 Lr19 (+)
339 Lr19 (+)
340 Lr19 (+)
341 Lr19 (+)
342 Lr19 (-)
343 Lr19 (+)
344 Lr19 (-)
345 Lr19 (+)
346 Lr19 (+)
347 Lr19 (-)

Generation
Fixed Line
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
Fixed Line
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
BC4F9
Fixed Line
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8

Pedigree
SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-22/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37
AG 1-23/2*ACONCHI//2*UC1113/3/5*SOOTY_9/RASCON_37

KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA
AG 1-22/2*ACONCHI//2*UC1113/3/5*KOFA

RIO COLORADO
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-22/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
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348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (+)
NASSIRA
Lr19 (-)
Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (-)
Lr19 (+)
Lr19 (+)
Lr19 (+)
Lr19 (-)
Lr19 (+)
SOOTY_9/RASCON_37
Lr47 (-)
Lr47 (+)
Lr47 (+)
Lr47 (+)
Lr47 (-)
Lr47 (+)
Lr47 (+)
RIO COLORADO
Lr47 (-)
Lr47 (+)
Lr47 (+)
Lr47 (-)
Lr47 (+)
Lr47 (+)
NASSIRA
Lr47 (-)
Lr47 (+)
Lr47 (+)
Lr19 Donor 1
Lr19 Donor 2
Lr47 Donor

BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
Fixed Line
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
BC4F8
Fixed Line
BC3F9
BC3F9
BC3F9
BC3F9
BC3F9
BC3F9
BC3F9
Fixed Line
BC3F9
BC3F9
BC3F9
BC3F9
BC3F9
BC3F9
Fixed Line
BC3F9
BC3F9
BC3F9
Fixed Line
Fixed Line
Fixed Line

AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL
AG 1-23/2*ACONCHI//2*UC1113/3/5*RCOL

NASSIRA
AG 1-22/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-22/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-22/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-22/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-22/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-22/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-22/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-23/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-23/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-23/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-23/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-23/2*ACONCHI//2*UC1113/3/5*NASSIRA
AG 1-23/2*ACONCHI//2*UC1113/3/5*NASSIRA

SOOTY_9/RASCON_37
7A.7S-S3/3*ACONCHI//4*SOOTY_9/RASCON_37
7A.7S-S3/3*ACONCHI//4*SOOTY_9/RASCON_37
7A.7S-S3/3*ACONCHI//4*SOOTY_9/RASCON_37
7A.7S-S3/3*ACONCHI//4*SOOTY_9/RASCON_37
7A.7S-S3/3*ACONCHI//4*SOOTY_9/RASCON_37
7A.7S-S3/3*ACONCHI//4*SOOTY_9/RASCON_37
7A.7S-S3/3*ACONCHI//4*SOOTY_9/RASCON_37

RIO COLORADO
7A.7S-S3/3*ACONCHI//4*RCOL
7A.7S-S3/3*ACONCHI//4*RCOL
7A.7S-S3/3*ACONCHI//4*RCOL
7A.7S-S3/3*ACONCHI//4*RCOL
7A.7S-S3/3*ACONCHI//4*RCOL
7A.7S-S3/3*ACONCHI//4*RCOL

NASSIRA
7A.7S-S3/3*ACONCHI//4*NASSIRA
7A.7S-S3/3*ACONCHI//4*NASSIRA
7A.7S-S3/3*ACONCHI//4*NASSIRA
AG 1-22/2*ACONCHI//2*UC1113
AG 1-23/2*ACONCHI//2*UC1113
7A.7S-S3/3*ACONCHI
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Appendix 9. Variance estimates for random effects and F-values for fixed effects from the
combined analysis of variance (ANOVA) of traits heading, maturity and plant height for four
environments.
Source

Heading

Maturity
Height
Random Effect Variance Estimates
17.192
0.189

Environment

3.096

Rep * Block (Environment)

0.1

0.517***

3.877***

Residual

1.029***

1.207***

7.963***

Fixed Effect F-Values
Genotype

37.91***

19.4***

129.03***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001
Appendix 10. Variance estimates for random effects and F-values for fixed effects from the
combined ANOVA of traits grain yield, test weight and thousand kernel weight (TKW) for five
environments.

Environment

Grain Yield
Test Weight
TKW
Random Effect Variance Estimates
584351
10.222
19.327

Rep * Block (Environment)

213459***

0.167***

0.598***

Residual

182796***

1.233***

3.309***

Parameter

Fixed Effect F-Values
Genotype

36.07***

26.2***

99.72***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001
Appendix 11. Variance estimates for random effects and F-values for fixed effects from the
combined ANOVA of traits falling number (FN), yellow pigment concentration (YP), grain
protein concentration (GPC) and gluten index (GI) for five environments.
Parameter

FNa

Environment

196.67

Rep * Block (Environment)

44.89*

0.018*

0.247***

9.310***

Residual

409.05***

0.311***

0.275***

73.558***

YP
GPC
GI
Random Effect Variance Estimates
0.072
0.788
40.012

Fixed Effect F-Values
Genotype

21.6***

298.47***

45.04***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001
a

Falling number (FN) was only estimated at three environments in 2013
153

74.8***

Appendix 12. Pearson correlation coefficients among the main agronomic and quality traits
recorded in 2013 and 2014, averaged for all environments.
Yield

TKW

TestW

GI

Yield

1

TKW

0.46***

1

TestW

0.46***

0.69***

GI

-0.15*** 0.32***

GPC

-0.18*** -0.19*** -0.45*** -0.09*

YP

-0.10*

-0.07*

GPC

YP

1
0.06ns
-0.02ns

1

0.12**

1
-0.02ns

1

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001, ns = non-significant correlation
TKW = Thousand kernel weight (g 1000-1)
TestW = Test weight (kg hL-1)
GI = Gluten index (%)
GPC = Grain protein concentration (%)
YP = Yellow pigment concentration (mg kg-1)
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Appendix 13. Least-square means estimates for days to heading recorded for the Lr19 and Lr47 NILs in 2013 and 2014. Data was analyzed
separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected LSD test at a
significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates positive
translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)
R.Clrd x AG1-22 (-)

Kernen-2013
Estimate Group

53.12
55.48
56.56
54.96
53.97
56.47
54.06
52.98
55.03
54.46
52.93
52.72
52.96
53.25
55.00
55.48
55.86
54.74
55.49
55.10
54.00
56.21
56.04

KLM
BCDEGH
ABC
EFGHI
IJKL
ABCD
HIKL
LM
DEGHI
GHIK
LM
M
LM
KLM
EGHJ
BCDEGH
BCDF
GHI
BCDEG
DEGHI
IKL
B
ABCDE

Goodale-2013
Estimate Group

52.00
54.00
57.89
55.45
54.05
55.08
53.46
54.01
54.38
55.43
50.46
51.35
50.30
51.01
54.52
54.45
54.87
54.81
55.06
54.74
53.00
55.07
55.44

HIJK
CDEFGHI
A
ABCDE
CDEFGHI
BCDEF
CDEFGHI
CDEFGHI
BCDEFGH
ABCDE
K
JK
K
JK
CDE
BCDEFGH
BCD
BCDE
BCDE
BCDEFG
FGHI
BC
ABCDE

Kernen-2014
Estimate Group

55.67
56.36
59.69
59.85
56.99
58.21
57.36
55.76
57.12
59.59
54.53
55.27
55.05
55.76
57.86
58.20
58.60
58.61
58.29
56.78
57.11
59.41
60.09

JKLMNO
IJKLMNO
ABCD
ABCD
FGHIJKLM
BCDEFGHI
FGHIJK
JKLMNO
FGHIJKL
ABCDE
O
NO
LMNO
KLMNO
FGHI
BCDEFGHI
CDEFG
BCDEFGH
CDEFGH
HIJKLMN
HIJK
ABC
ABCD

Elrose-2014
Estimate Group

54.53
55.06
57.98
56.39
55.88
57.06
55.88
56.90
57.40
57.66
54.03
55.23
54.65
55.27
56.95
57.78
57.37
57.01
56.67
56.98
56.72
57.67
57.81

FGH
EFH
AB
BCDE
CDEF
ABC
CDEF
ABCD
ABC
AB
H
EFH
FGH
EFH
BC
AB
AB
ABC
BCD
ABCD
BCD
A
AB

All sites 2013-2014
Estimate Group

53.83
55.23
58.05
56.64
55.21
56.72
55.22
54.91
55.97
56.77
52.97
53.65
53.21
53.80
56.07
56.48
56.68
56.29
56.40
55.88
55.22
57.09
57.40

KL
IJ
A
CDEF
IJ
BCDEF
IJ
J
EFGHI
BCDEF
L
KL
KL
KL
FGH
DEFG
DE
EFG
EFG
EFGHIJ
IJ
CD
ABCD

R.Clrd x AG1-23 (+)
56.82 A
55.89
R.Clrd x AG1-23 (-)
56.35 AB
55.32
R.Clrd x 7A.7S (+)
52.64 M
52.12
R.Clrd x 7A.7S (-)
56.23 ABCD
53.54
Sooty_9/Rascon_37
54.06 IKL
53.96
S.Rscn x AG1-22 (+)
55.56 CDF
54.68
S.Rscn x AG1-22 (-)
54.04 IKL
53.08
S.Rscn x AG1-23 (+)
54.65 HI
54.33
S.Rscn x AG1-23 (-)
54.74 GHI
53.34
S.Rscn x 7A.7S (+)
52.79 M
51.49
S.Rscn x 7A.7S (-)
54.01 IKL
52.73
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

B
BC
IJK
DEFGHI
CDEFGH
CDE
FGHI
CDEF
EFGHI
JK
GHIJ

59.54
60.13
55.13
59.31
57.30
58.57
57.42
58.01
57.75
55.39
56.63

AB
A
NO
ABCD
GHIJ
DEF
FGHIJ
EFGH
EFGHI
MNO
IJKLM

57.63
57.82
54.92
57.52
57.42
57.65
57.45
57.64
56.88
55.76
57.20

A
A
FH
AB
AB
A
AB
A
ABC
DEG
ABC

57.47
57.38
53.71
56.64
55.71
56.61
55.53
56.16
55.70
53.85
55.16

AB
ABC
KL
DEF
GHIJ
E
HIJ
FG
GHIJ
K
IJ
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Appendix 14. Variance estimates for random effects and F-values for fixed effects from the ANOVA of days to heading analyzed separately for
each environment.
Source

Kernen-2013

Goodale-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates
Rep

0.020

0.000

0.000

0.000

Block (Rep)

0.024

0.069

0.166

0.078

Residual

0.51***

1.484***

1.134***

0.661***

Fixed Effect F-Values
Genotype

20.32***

9.13***

12.06***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

8.67***

Appendix 15. Least-square means estimates for days to maturity recorded for the Lr19 and Lr47 NILs in 2013 and 2014. Data was analyzed
separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected LSD test at a
significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates positive
translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)
R.Clrd x AG1-22 (-)

Kernen-2013
Estimate Group

99.28
95.93
100.09
98.60
96.97
97.58
96.12
96.46
96.16
98.07
94.83
95.17
94.61
96.08
97.85
98.08
97.73
95.06
96.96
96.50
96.50
100.26
97.81

ABD
FGHIJM
AB
ABDE
DEFHIJ
BDEFH
EFHIJM
EFHIJM
EFHIJM
BCDEF
IJM
JM
JLM
FHIJM
DEG
BCDEF
DEG
JKM
EFHI
EFHIJM
EFHIJ
A
BCDEFH

Goodale-2013
Estimate Group

96.08
95.34
96.68
97.43
97.51
96.29
97.43
96.03
95.19
97.53
95.73
94.90
94.69
97.96
96.78
95.55
96.34
95.15
97.19
95.81
95.36
97.38
97.36

BCDEFGHIKL
FGHIKL
ABCDEFGHI
ABCD
ABC
ABCDEFGHIKL
ABCD
BCDEFGHIKL
HIJKL
ABC
CDEFGHIKL
L
KL
A
BCDEF
DEFGHIKL
CDEFGH
IKLM
ABCD
CDEFGHIKL
HIJKL
AB
ABCDE

Kernen-2014
Estimate Group

96.72
96.21
98.63
98.26
96.15
96.88
97.10
96.90
96.33
95.99
95.07
95.50
95.36
96.24
97.61
96.17
97.71
95.99
95.81
97.86
95.91
98.42
97.55

CDFGHI
DFGHI
AB
ABC
DFGHI
BCDFGH
ABCDFG
BCDFGH
DEFGHI
FGHI
IJ
I
GHIJ
FGHI
BCE
DFGHI
ABCE
FGHI
GHI
ABCD
GHI
A
ABCDF

Elrose-2014
Estimate Group

96.27
96.13
99.74
99.03
96.71
96.13
96.45
96.68
95.23
96.27
96.26
95.91
96.49
96.48
96.95
97.45
96.62
95.69
96.90
96.71
97.93
97.72
97.63

EFGHI
EFGHI
A
AB
CDEFGH
EFGHI
EFGHI
CDEFGH
HI
EFGHI
EFGHI
GHI
DEFGHI
EFGH
E
BCDE
EFG
GHI
CDEF
CDEFGH
BC
CD
BCDE

All sites 2013-2014
Estimate Group

97.09
95.88
98.82
98.27
96.81
96.71
96.70
96.57
95.83
96.93
95.39
95.34
95.30
96.63
97.32
96.77
97.05
95.43
96.69
96.82
96.39
98.42
97.65

DEFG
HIJKL
A
ABC
EFGH
EFGHI
EFGHI
EFGHI
HIJKL
EFGH
JKLM
LM
KLM
FGH
E
EFGHI
EFG
KLM
EFGH
EFGH
GHI
AB
BCDE

R.Clrd x AG1-23 (+)
99.66 AC
96.64
R.Clrd x AG1-23 (-)
97.14 EFH
96.62
R.Clrd x 7A.7S (+)
94.86 M
95.06
R.Clrd x 7A.7S (-)
95.26 IJM
95.74
Sooty_9/Rascon_37
95.83 HIJM
95.65
S.Rscn x AG1-22 (+)
98.43 BD
96.21
S.Rscn x AG1-22 (-)
96.87 EFHIK
96.23
S.Rscn x AG1-23 (+)
96.60 FHI
95.49
S.Rscn x AG1-23 (-)
96.78 EFHIKL
95.62
S.Rscn x 7A.7S (+)
95.19 JM
94.85
S.Rscn x 7A.7S (-)
95.88 FHIJM
95.49
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

CDEFG
BCDEFGJ
KL
EFGHIKL
GHIKL
CDEFGIJ
CDEFGHIK
HKLM
GHIKL
L
HIJKL

97.83
95.70
93.47
95.37
96.16
96.93
95.94
95.97
95.62
94.31
96.06

ABC
GHI
K
HIJ
FGHI
DF
GHI
GHI
GHI
JK
FGHI

97.21
97.10
95.90
96.80
96.58
96.94
96.89
96.70
96.29
95.39
96.70

CDE
CDE
FGHI
CDEFG
EFGH
E
CDEF
E
EFGHI
I
EFG

97.85
96.66
94.86
95.82
96.11
97.14
96.49
96.20
96.03
94.94
96.09

CD
FGH
M
IJKL
HIJK
EF
GHI
HIJ
HIJK
M
HIJK
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Appendix 16. Variance estimates for random effects and F-values for fixed effects from the ANOVA of days to maturity analyzed separately for
each environment.
Source

Kernen-2013

Goodale-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates
Rep

0.929

0.210

0.126

0.363

Block (Rep)

0.354*

0.082

0.336*

0.401*

Residual

1.533***

0.895***

0.768***

0.649***

Fixed Effect F-Values
Genotype

10.31***

4.5***

11.36***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

4.47***

Appendix 17. Least-square means estimates for plant height (cm) recorded for the Lr19 and Lr47 NILs in 2013 and 2014. Data was analyzed
separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected LSD test at a
significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates positive
translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)
R.Clrd x AG1-22 (-)

Kernen-2013
Estimate
87.26
74.85
103.65
97.04
89.72
75.82
89.46
57.65
60.49
62.38
64.99
57.94
67.60
68.82
59.41
70.89
60.80
69.44
70.74
66.65
68.65
65.52
68.54

Group

Goodale-2013

Estimate
C
97.44
DE
85.01
A
105.15
B
105.10
C
95.00
D
85.87
C
102.49
OPQR
63.11
MNOPQR
65.63
JKLMNOPQ
72.00
GHIJKLMN
75.99
R
66.67
FGHIJK
79.02
FG
75.15
OPQR
70.44
DEF
79.04
NOP
74.49
FG
75.58
EF
77.15
FGHIJKL
76.06
FG
75.65
HIJKL
75.36
FGHI
77.44

Kernen-2014

Elrose-2014

Group Estimate
Group
Estimate
Group
BC
90.10 C
82.61 B
D
73.98 EFGHIJ
77.82 C
A
102.47 A
95.19 A
A
95.13 B
86.79 B
C
92.87 BC
86.28 B
D
81.26 D
75.32 CD
AB
91.47 BC
86.27 B
L
63.05 Q
54.57 Q
KL
65.35 NOPQ
61.22 P
GHIJ
69.97 IJKLMNO
65.41 IJKLMNO
EFGH
73.74 EFGHIJK
72.69 DEF
KL
64.91 Q
63.76 NOP
E
70.06 HIJKLMN
69.49 EFGHI
EFGH
72.61 GHIJK
71.97 DEF
IJ
68.02 MNOP
64.40 MNO
E
74.80 EFGH
69.93 EFGH
FGH
71.00 IJKL
66.20 JKLM
EFGH
72.58 GHIJK
69.32 EFGH
EF
73.65 FGHI
69.18 FGH
EFGH
76.56 DEFG
69.37 EFGHIJ
EFGH
76.17 EF
71.87 DEF
EFGH
74.75 EFG
70.38 EF
EFG
76.82 DEF
70.67 EFG

All sites 2013-2014
Estimate
89.29
78.21
101.96
96.19
90.85
79.61
92.28
59.62
63.28
67.47
71.68
63.37
71.45
72.31
65.59
73.75
68.10
71.89
72.78
72.28
72.94
71.43
73.37

Group
D
E
A
B
CD
E
C
P
NO
JKL
FGHI
O
FGHI
FGH
LM
F
JK
FGH
FGH
FGH
FG
GH
FGH

R.Clrd x AG1-23 (+)
65.40 IJKL
74.73
R.Clrd x AG1-23 (-)
68.00 FGH
75.48
R.Clrd x 7A.7S (+)
64.69 IJKLM
69.10
R.Clrd x 7A.7S (-)
62.99 KLMN
73.14
Sooty_9/Rascon_37
62.37 LMNO
74.98
S.Rscn x AG1-22 (+)
59.24 PQR
70.92
S.Rscn x AG1-22 (-)
67.14 FGHIJ
73.30
S.Rscn x AG1-23 (+)
58.29 QR
70.45
S.Rscn x AG1-23 (-)
61.50 MNOP
72.36
S.Rscn x 7A.7S (+)
59.04 PQR
70.45
S.Rscn x 7A.7S (-)
63.57 JKLMN
70.67
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

FGH
EFGH
JK
GHI
EFGH
IJ
FGHI
IJ
HIJ
IJ
IJ

74.84
76.99
69.26
72.84
70.02
67.49
67.14
66.36
70.91
66.31
69.73

EFG
E
LM
FGHIJK
JKLM
MNOP
MNOPQ
PQ
HIJKL
OPQ
KLM

70.21
71.88
65.57
67.88
67.93
63.56
66.90
64.85
67.57
64.47
67.43

EF
DE
KLMN
GHIJK
GHIJK
OP
HIJKL
LMNO
GHIJK
LMNO
GHIJK

71.34
73.04
67.21
69.25
68.65
65.29
68.56
64.93
68.10
65.08
67.68

H
F
K
IJ
JK
MN
JK
MN
JK
MN
JK
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Appendix 18. Variance estimates for random effects and F-values for fixed effects from the ANOVA of plant height analyzed separately for each
environment.
Source

Kernen-2013

Goodale-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates

Rep

18.95

0

0.12

0

Block (Rep)

2.49*

0.18

1.56*

1.37*

Residual

7.26***

7.79***

5.48***

4.12***

Fixed Effect F-Values
Genotype

48.6***

35.28***

45.38***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

42.94***

Appendix 19. Least-square means estimates for grain yield (kg ha-1) recorded for the Lr19 and Lr47 NILs in 2013 and 2014. Data was analyzed
separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected LSD test at a
significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates positive
translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)
R.Clrd x AG1-22 (-)

Kernen-2013

Goodale-2013

Estimate

Group

Estimate

5138.6
4732.0
5367.0
4972.7
5285.4
5284.7
4553.2
4255.0
4269.5
4640.7
4129.8
4111.8
4189.6
3894.4
3982.6
5084.2
3884.6
4780.1
4732.3
4642.9
5007.8
5262.6
5251.9

BCDEFGI

4353.2
4105.8
4906.8
4128.4
4696.3
4789.0
4869.4
4238.6
3555.5
4270.3
3925.4
3749.0
3711.6
3473.2
3766.4
4461.7
3705.3
4349.9
4703.4
4399.7
4709.7
5196.8
8176.8

DEFGHIJKL
ABCDE
BCDEFGIJ
ABCDEF
ABCDEFG
GIJKLM
JKLMN
JKLMN
EFGIJKLM
LMN
MN
KLMN
N
N
BCDEFGI
N
EFGIJK
FGIJKL
EFGIJKLM
CDEFGI
BCH
ABCDEFG

Group
EFGHIJL
GHIJL
BCDEFGHIJ
GHIJL
BCDEFGHIK
BCDEFGHI
BCDEFGHI
FGHIJL
JKL
FGHIJL
HIJL
JL
IJL
L
JL
CDEFGHIJL
JL
GHIJ
BCDEFGHI
DEFGHIJL
BCDEFGHI
BCDE
A

Elrose-2013

Kernen-2014

Estimate

Group

Estimate

4965.1
4215.0
4776.8
4527.3
5025.8
4806.7
4609.1
3761.6
4113.7
4766.8
4320.6
4133.8
4233.4
4081.9
4106.0
5057.3
3886.0
4849.0
4347.8
5059.4
5437.7
4942.1
5440.9

DEGHIK

5616.7
5386.4
6033.9
5732.8
5938.3
6060.6
5729.7
4201.3
4614.0
4451.0
4347.0
4614.9
4632.7
4308.0
4417.2
4941.5
4353.1
4723.3
4777.7
5446.6
5488.4
5691.7
5761.8

LMNOP
GHIJKL
IKLMNO
DEGHI
EFGHIKL
HIKLMN
P
MNOP
GHIJKLM
KLMNOP
NOP
LMNOP
NOP
OP
CDEGHI
P
GHIJK
LMNO
CDEGHI
BCD
EHIJ
BCDE

Group
BCDE
CDEF
AB
ABCD
ABC
AB
ABCD
I
HI
HI
HI
HI
GHI
I
I
FGH
I
HI
GH
BCDEF
CDE
BC
ABCD

Elrose-2014
Estimate

4222.5
3570.8
4293.2
4071.2
3942.1
4103.1
3948.6
2307.6
2596.0
2398.2
3030.0
2756.1
3083.2
2937.0
2859.3
3272.0
2639.7
3209.3
2979.8
3550.0
3430.1
3569.8
3712.6

Group
A
CDEFG
A
AB
ABC
AB
ABC
P
NOP
P
IJKLM
MNO
HIKLM
KLMN
LMN
FGHIK
OP
GHIK
KLM
CDEFG
EFGH
EF
BCDE

All sites 2013-14
Estimate

4869.8
4342.3
5097.8
4716.4
5004.2
4991.8
4736.6
3797.1
3848.9
4110.3
3933.4
3879.3
4004.6
3756.3
3835.8
4573.2
3684.4
4345.2
4322.3
4655.6
4809.7
4942.2
5631.2

Group
DEFH
IJKLM
BCDE
EFHI
BCDEF
BCDEF
EFH
OPQ
OPQ
LMNO
NOPQ
OP
MNOP
PQ
OPQ
HIJK
Q
JKL
JKLM
FGHIJ
EFH
DEG
A

R.Clrd x AG1-23 (+)
5159.0 CDE
5211.7
R.Clrd x AG1-23 (-)
5249.9 BCD
5397.8
R.Clrd x 7A.7S (+)
4362.3 KLM
4051.2
R.Clrd x 7A.7S (-)
4705.6 FGIJKL
4754.1
Sooty_9/Rascon_37
5587.5 AB
5487.0
S.Rscn x AG1-22 (+)
5254.7 BCH
5082.2
S.Rscn x AG1-22 (-)
5884.7 A
5445.0
S.Rscn x AG1-23 (+)
4907.4 DEFG
4911.9
S.Rscn x AG1-23 (-)
5305.4 BCD
5363.3
S.Rscn x 7A.7S (+)
4596.1 IJKL
4386.9
S.Rscn x 7A.7S (-)
5503.9 ABC
5302.0
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

BCD
BC
IJL
BCDEFGH
B
BCDEF
BC
BCDEFG
BCD
HIK
BCDE

4976.3
5340.3
4505.0
5139.5
5782.0
5426.7
6065.2
5216.5
5602.5
4757.3
5774.0

EHIJ
CDF
KLM
DEGH
AB
BCD
A
DFG
ABC
HIK
AB

5748.9
5884.9
4652.8
5312.6
5798.5
5461.2
5851.9
5246.1
5840.7
5099.0
6242.6

BC
ABC
HI
DEF
BC
D
ABC
EF
ABC
FG
A

3623.1
3819.3
3291.6
3628.7
3463.8
3106.2
3309.7
2912.1
3045.6
2867.5
3660.4

DE
BCD
GHJ
CDEF
EFG
IK
GHI
LMN
IJKL
LMN
CDE

4943.8
5105.3
4180.3
4705.3
5214.0
4878.1
5301.0
4645.8
5017.8
4313.8
5255.5

DEG
BCD
LMN
FH
BC
EF
AB
H
CDE
KL
BC
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Appendix 20. Variance estimates for random effects and F-values for fixed effects from the ANOVA of grain yield (kg ha-1) analyzed separately
for each environment.
Source

Kernen-2013

Goodale-2013

Elrose-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates

Rep

1178823

14712

129290

0

34558

Block (Rep)

102288*

50611

69472*

55852*

32976*

Residual

125898***

319020***

101114***

90200***

43859***

Fixed Effect F-Values
Genotype

11.58***

8.57***

16.28***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

18.59***

21.41***

Appendix 21. Least-square means estimates for test weight (kg hL-1) recorded for the Lr19 and Lr47 NILs in 2013 and 2014. Data was analyzed
separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected LSD test at a
significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates positive
translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)
R.Clrd x AG1-22 (-)

Kernen-2013
Estimate

82.6
84.0
84.7
84.2
83.8
83.7
83.8
82.7
83.2
83.6
81.3
79.6
80.9
82.1
81.4
83.4
81.7
82.6
81.1
83.8
84.3
82.7
82.1

Group
BCDEFGHIJ
ABC
A
AB
ABCD
ABCDE
ABCD
BCDEFGHIJ
ABCDEFG
ABCDEFG
HIJLM
N
JKLMN
EFGHIJ
J
ABCDEFG
IJ
BCDEFGHI
JL
ABCD
A
CDEFGH
DEFGHIJ

Goodale-2013
Estimate

84.3
85.2
84.8
85.0
84.1
84.0
84.4
82.7
83.0
84.7
82.8
81.3
82.5
83.2
83.2
84.5
83.2
85.6
81.9
84.9
85.4
83.5
83.0

Group
ABCDEFGHJ
ABC
ABCDEFGH
ABCD
BCDEFGHJKL
BCDEFGHJKL
ABCDEFGH
JKLM
GHJKLM
ABCDEF
JKLM
N
KLM
GHJKL
HJKL
ABCDEFG
HJKL
A
MN
ABCD
AB
EFGHJKL
GHJKLM

Elrose-2013
Estimate

85.2
85.3
84.2
85.0
84.7
85.2
85.2
83.0
84.7
84.0
84.3
82.8
84.2
84.1
83.9
85.6
83.9
84.8
84.2
85.5
86.1
84.1
84.4

Group
ABCDE
ABCD
EFGHIJKL
BCDEFG
BCDEFGHIJ
ABCDE
ABCDEF
LM
BCDEFGHIJ
FGHIJKL
CDEFGHIJK
M
CDEFGHIJK
GHIJK
JKL
AB
JKL
BCDEFG
GHIJK
AB
A
HIJK
BCDEFGHIJK

Kernen-2014
Estimate

79.9
81.6
83.1
83.0
82.2
81.1
82.1
79.4
79.2
77.8
77.9
77.2
79.5
78.1
76.9
79.4
77.2
77.9
77.5
79.3
82.1
79.9
80.4

Group
CDEFG
ABC
A
A
AB
ABCD
AB
DEFGHI
DEFGHIK
HIKLNO
GHIKLN
LN
DEFGHI
HIKL
NO
DEFGHI
LMN
IJKLN
KLN
DEFGHI
AB
DE
BCDEF

Elrose-2014
Estimate

79.3
80.9
81.4
81.1
79.2
78.8
79.4
76.3
75.7
74.3
80.0
75.9
78.5
76.7
73.6
75.5
73.8
73.2
74.3
76.7
79.7
77.5
77.5

Group
BCD
AB
A
AB
BCD
CDE
ABCD
GHIKL
HIKLM
LMN
ABC
K
CDEF
GHIK
N
IKLM
N
N
MN
FGHIK
ABC
EFG
DEFGHI

All sites 2013-14
Estimate

82.3
83.4
83.8
83.7
82.8
82.5
83.0
80.8
81.2
81.0
81.3
79.4
81.1
80.9
79.8
81.8
80.0
80.7
79.7
82.0
83.6
81.5
81.5

Group
CDEF
AB
A
A
ABC
BCDE
ABC
IKLM
GHIKL
HIJKL
FGHIKL
O
GHIKL
KL
N
DEFGHI
N
LM
NO
CDEFG
A
FGHI
FGHIKL

R.Clrd x AG1-23 (+)
82.6 CDEFGH
83.5 FGHJKL
R.Clrd x AG1-23 (-)
82.7 BCDEFGHI
83.7 DEFGHJK
R.Clrd x 7A.7S (+)
79.9 MN
81.2 N
R.Clrd x 7A.7S (-)
83.5 ABCD
84.5 ABCDI
Sooty_9/Rascon_37
83.3 ABCDEF
84.4 ABCDE
S.Rscn x AG1-22 (+)
82.2 GHIK
83.5 FGHJKL
S.Rscn x AG1-22 (-)
83.2 ABCDEFG
83.7 DEFGHJKL
S.Rscn x AG1-23 (+)
82.3 FGHIK
83.0 KL
S.Rscn x AG1-23 (-)
82.9 BCDEFGH
83.5 EFGHIJKL
S.Rscn x 7A.7S (+)
80.5 LM
82.9 L
S.Rscn x 7A.7S (-)
82.9 BCDEFGH
84.1 CDEFGHJ
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

84.0
84.8
82.6
85.3
84.9
84.5
85.2
84.6
84.6
83.7
85.1

79.7
79.7
76.1
80.1
78.7
78.1
79.2
78.0
78.1
78.1
79.5

IJK
BCDEFG
M
AB
BCDEFG
DEFGH
BC
CDEFG
BCDEFGHI
KL
BCDE

DEF
DEF
O
CDEF
FGHIK
IK
EFGHJ
IKM
GHIKL
IJKL
DEFGH

77.5
77.9
76.0
78.5
77.4
76.3
76.9
77.3
76.3
76.0
77.4

EFG
DEFG
IK
CDE
EFGJ
HIK
FGHIK
FGJ
HIJK
IK
EFGH

81.5
81.8
79.2
82.4
81.8
80.9
81.5
81.0
81.1
80.2
81.8

GHI
EFGJ
O
CD
DEFGH
L
FGHIK
KL
HIKL
MN
DEFGJ
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Appendix 22. Variance estimates for random effects and F-values for fixed effects from the ANOVA of test weight (kg hL-1) analyzed separately
for each environment.
Source

Kernen-2013

Goodale-2013

Elrose-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates
Rep

0

0

0.091

0

0.077

Block (Rep)

0.489*

0.047

0.005

0.332*

0.036

Residual

0.851***

0.651***

0.341***

0.985***

1.011***

Fixed Effect F-Values
Genotype

9.91***

8.6***

9.79***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

13.06***

16.67***

Appendix 23. Least-square means estimates for thousand kernel weight (TKW) (g 1000-1) recorded for the Lr19 and Lr47 NILs in 2013 and 2014.
Data was analyzed separately for each environment and combined over all environments. Means comparison was performed using Fisher’s
protected LSD test at a significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+)
indicates positive translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)
R.Clrd x AG1-22 (-)

Kernen-2013
Estimate
47.12
48.97
46.57
44.99
46.72
50.08
44.98
39.59
37.76
38.30
45.24
43.75
47.69
34.88
39.17
45.82
39.60
42.48
42.56
45.15
42.97
42.35
46.34

Group
ABCD
AB
ABCDE
BCDEFG
ABCDE
A
BCDEFG
HIJKLM
KLMN
KLMN
BCDEFG
DEFG
ABC
NO
KL
ABCDEF
KL
FGHIJ
FGHIJ
BCDEFG
EFGHI
GH
ABCDEF

Goodale-2013
Estimate
46.70
50.98
50.73
47.51
47.00
51.41
49.70
36.29
33.03
38.12
45.82
43.25
47.32
36.19
38.62
42.51
36.49
42.42
40.69
44.97
40.61
42.23
48.40

Elrose-2013

Group Estimate
49.72
EF
53.26
AB
50.88
ABC
48.61
CDEF
52.31
DEF
54.17
A
47.14
ABCD
40.64
QRS
41.66
T
39.94
NOPQ
53.73
EFG
51.41
HIJ
55.88
CDEF
39.44
QS
44.45
OP
48.97
HIJK
41.50
Q
45.08
IJK
45.95
KLM
47.02
FGH
46.20
KLMN
45.74
JK
49.71
BCDE

Group

Kernen-2014

Estimate
45.95
EFG
44.79
ABCD
48.38
BCDEF
45.23
FGHI
44.90
BCDE
46.88
AB
45.05
GHIJKL
39.20
QRS
39.15
PQRS
33.58
RS
43.80
ABC
42.76
CDE
45.90
A
35.36
S
38.33
MNO
43.11
EFGH
35.05
QRS
39.60
KLMN
39.80
HIJKLM
42.35
GHIJKLM
41.46
HIJKLM
39.80
JKLM
44.20
EFG

Elrose-2014

Group Estimate
40.86
ABC
40.47
BCDE
40.13
A
38.56
BCD
38.65
BCDE
41.10
AB
39.48
BCDE
31.40
HIJKL
31.71
HIJKL
26.84
OP
38.69
CDEF
37.07
EF
38.98
ABC
31.74
MNO
32.07
JKL
35.14
CDEF
29.26
NO
32.65
HIJK
32.36
GHIJ
35.80
DEFG
35.88
FGH
32.65
HI
35.86
BCDE

All sites 2013-14

Group Estimate
46.08
A
47.63
AB
47.12
AB
45.05
BC
45.99
BC
48.76
A
45.25
AB
37.39
HIJ
36.62
HIJ
35.39
L
45.47
BC
43.66
CD
47.26
AB
35.54
HIJ
38.52
HI
43.10
EF
36.34
K
40.42
HI
40.27
HI
43.09
DEF
41.31
DE
40.54
H
45.02
DE

Group
BCD
AB
ABC
D
BCD
A
D
KLMN
MNO
OPQ
CD
E
AB
OQ
JK
E
NO
FG
FGH
E
F
F
D

R.Clrd x AG1-23 (+)
42.23 GH
42.08
R.Clrd x AG1-23 (-)
47.25 ABC
47.16
R.Clrd x 7A.7S (+)
40.19 IJKL
39.93
R.Clrd x 7A.7S (-)
44.45 CDEFG
44.20
Sooty_9/Rascon_37
40.88 HIJKL
41.38
S.Rscn x AG1-22 (+)
38.78 LM
37.79
S.Rscn x AG1-22 (-)
40.29 HIJKL
39.07
S.Rscn x AG1-23 (+)
35.19 N
35.06
S.Rscn x AG1-23 (-)
39.59 JKLM
38.86
S.Rscn x 7A.7S (+)
37.20 MO
37.74
S.Rscn x 7A.7S (-)
41.42 GHIJK
39.89
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

46.26
50.44
42.93
47.65
44.13
43.60
42.97
40.11
43.20
40.86
45.45

K
EF
LMNO
GHI
KL
PR
MNOP
ST
MNOP
PQ
LMNO

IJK
DEF
OPQ
GHIJ
LMNOP
NOP
NOPQR
S
NOPQ
S
JKLMN

39.31
44.24
37.88
43.51
36.94
35.91
36.96
33.28
37.09
36.16
38.55

IJ
CDE
KL
CDEF
LM
MN
LM
P
LM
MN
IJKL

32.29
36.36
34.11
35.34
32.37
31.05
31.63
29.65
31.40
30.92
32.94

HI
DE
FG
EF
HI
J
HIJ
K
IJ
J
GH

40.47
45.04
39.02
43.08
39.25
37.37
38.26
34.68
38.01
36.56
39.60

FG
D
IJ
E
HIJ
LM
JKL
Q
KLM
NP
GHI
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Appendix 24. Variance estimates for random effects and F-values for fixed effects from the ANOVA of TKW (g 1000-1) analyzed separately for
each environment.
Kernen-2013

Goodale-2013

Source

Elrose-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates
Rep

0.458

0

0.38

0

0.013

Block (Rep)

0.850

0.245

0.47

0.407*

0.124

Residual

5.061***

1.994***

2.90***

2.206***

1.129***

Fixed Effect F-Values
Genotype

12.72***

43.5***

28.45***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

33.75***

43.72***

Appendix 25. Least-square means estimates for the falling number (FN) in seconds (sec), recorded for the Lr19 and Lr47 NILs in 2013. Data was
analyzed separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected LSD
test at a significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates
positive translocations for Lr19 or Lr47; (-) indicates negative translocations.
Kernen-2013
Goodale-2013
Elrose-2013
All sites 2013
Estimate Group Estimate
Group
Estimate
Group
Estimate
Group
AC Morse
386.79 EFGHIJ
432.65 CDEFG
394.07 ABCDEFGHIJ
404.16 DEFGHJ
AC Navigator
382.04 EFGHIJ
421.26 CDEFGHI
363.43 LMNO
390.70 GHJLMNPQ
Brigade
381.69 EFGHIJ
401.24 DEFGHIJLMN
362.13 MNO
380.73 JLMNPQS
CDC Verona
388.03 EFGHIJ
413.46 CDEFGHIJ
392.45 ABCDEFGHIJ
398.51 DEFGHJLMN
CDC Vivid
383.46 EFGHIJ
385.01 JKLMN
368.18 KLMNO
379.46 LMNPQS
Commander
374.74 FGHIJK
443.80 CD
406.12 ABCD
408.50 DEFGH
Strongfield
375.54 FGHIJK
407.22 FGHIJL
392.68 ABCDEFGHIJ
392.11 FGHJLMNPQ
AG1-22_Lr19
406.43 CDEFG
442.62 CDE
392.33 BCDEFGHIJ
413.59 CDEFG
AG1-23_Lr19
425.08 BCD
445.45 C
394.30 ABCDEFGHI
421.24 CD
7A.7S_Lr47
377.09 FGHIJK
376.46 LMNO
381.25 EFGHIJKLMN
377.27 NOPQS
Kofa
442.74 AB
503.82 AB
407.66 ABC
450.78 AB
Kofa x AG1-22 (+)
465.33 A
522.89 A
409.91 AB
465.92 A
Kofa x AG1-22 (-)
441.61 ABC
493.29 B
375.63 GHIJKLMNO
436.66 BC
Nassira
388.92 EFGHI
352.69 O
386.20 DEFGHIJK
375.02 QRS
Nassira x AG1-22 (+)
364.69 JK
401.15 HIJL
358.77 O
375.25 QS
Nassira x AG1-22 (-)
379.92 FGHIJ
408.41 EFGHIJL
370.30 JKLMNO
388.09 HIJLMNPQ
Nassira x AG1-23 (+)
377.39 HIJ
394.79 IJLM
366.00 NO
379.50 PQ
Nassira x AG1-23 (-)
395.05 DEFGHI
418.26 CDEFGH
384.02 EFGHIJKL
399.44 EFGHJL
Nassira x 7A.7S (+)
390.28 EFGHI
391.22 JKLMN
386.60 DEFGHIJK
389.39 HJLMNPR
Nassira x 7A.7S (-)
343.92 K
366.94 NO
363.18 LMNO
359.04 S
Rio_Colorado
373.09 IJK
400.13 HIJL
396.00 CDEFG
389.96 HJLMNPR
R.Clrd x AG1-22 (+)
391.50 FGHI
402.27 HIJL
378.19 IJKLM
390.34 JLMN
Genotype
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R.Clrd x AG1-22 (-)
374.32 FGHIJK
399.29
R.Clrd x AG1-23 (+)
408.27 DE
424.63
R.Clrd x AG1-23 (-)
409.75 DE
409.89
R.Clrd x 7A.7S (+)
397.29 DEFG
410.81
R.Clrd x 7A.7S (-)
399.69 DEFG
428.92
Sooty_9/Rascon_37
398.90 DEFGH
404.92
S.Rscn x AG1-22 (+)
398.00 EF
398.93
S.Rscn x AG1-22 (-)
397.10 DEFGHI
408.79
S.Rscn x AG1-23 (+)
383.79 GHI
393.27
S.Rscn x AG1-23 (-)
392.22 EFGHI
373.94
S.Rscn x 7A.7S (+)
380.24 GHI
401.53
S.Rscn x 7A.7S (-)
404.34 DEF
405.82
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

FGHIJLMN
CDEF
FGHIJ
FGHIK
CDEFG
GHIJL
IJL
FGHIJ
JL
MNO
HIJL
FGHIJL

401.68
396.59
411.94
395.22
394.30
400.15
382.54
390.03
379.30
381.39
389.39
392.80

ABCDEF
CDE
A
CDEF
CDEFGH
ABCDE
HIJK
CDEFGHIJ
IJKLM
FGHIJKLM
CDEFGH
CDEFGH

391.90
409.94
410.24
400.84
407.34
399.64
393.35
398.68
385.33
382.78
390.01
401.95

FGHJLMNPQ
DE
DEF
EFGHK
DEFGI
EFGHJL
HJLMO
EFGHJLM
NPR
MNPQ
JKLMNP
DEFGHJ
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Appendix 26. Variance estimates for random effects and F-values for fixed effects from the ANOVA of the FN (sec) analyzed separately for each
environment.
Kernen-2013
Source

Goodale-2013

Elrose-2013

Random Effect Variance Estimates

Rep

0

0

0

Block (Rep)

59.48*

61.97*

22.78*

Residual

306.13***

287.75***

136.40***

Fixed Effect F-Values
Genotype

10.83***

25.43***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

7.66***

Appendix 27. Least-square means estimates for grain protein concentration (GPC) (%) recorded for the Lr19 and Lr47 NILs in 2013 and 2014.
Data was analyzed separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected
LSD test at a significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates
positive translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)
R.Clrd x AG1-22 (-)

Kernen-2013
Estimate

13.4
12.2
12.1
12.0
12.5
11.9
12.5
12.3
11.6
10.8
11.9
12.2
13.1
10.6
11.8
11.8
12.4
11.9
12.3
11.8
11.7
11.0
11.4

Group
A
ABCDE
BCDEF
BCDEFGH
ABCDE
BCDEFGHIJ
ABCDE
ABCDE
CDEFGHIJK
FGHIJKLM
BCDEFGHI
BCD
AB
KLM
CDE
BCDEFGHIJ
ABC
CDEF
ABCDE
BCDEFGHIJ
CDEFG
HJKLMN
CDEFGHIJKL

Goodale-2013
Estimate

12.4
12.3
13.5
12.3
12.7
12.5
14.2
14.6
12.7
11.7
12.8
12.5
13.3
12.2
12.3
11.5
11.8
11.3
12.6
11.8
11.4
10.7
12.2

Group
CDEFG
CDEFGH
ABC
CDEFGH
CD
CDEF
AB
A
CDE
DEFGHJ
CD
CD
BC
DEFG
DEI
FGHIJKL
EFGH
HJKM
CD
DEFGH
GHJK
LN
CDEFGH

Elrose-2013
Estimate

10.0
10.7
10.3
9.8
9.7
9.9
10.8
11.3
10.4
9.7
11.1
10.9
11.3
10.0
10.9
10.2
11.1
10.6
10.5
10.6
9.9
9.3
9.3

Group
FG
BCDE
EFG
GHI
GHIJ
GH
ABCDE
AB
EFG
GHIJ
ABCD
ABCD
A
G
ABCD
EFG
ABC
DE
EF
CDEF
G
JKL
HIJKLMN

Kernen-2014

Elrose-2014

Estimate

Group

Estimate

12.3
13.3
12.5
13.0
13.2
13.5
13.8
13.3
12.8
12.7
13.7
13.3
14.2
11.7
12.9
12.5
13.3
13.1
12.8
13.4
13.1
11.5
12.1

GHIJLM

10.8
10.9
10.5
11.2
11.3
10.6
11.7
13.5
12.5
12.1
11.7
11.8
12.1
11.1
12.1
11.9
12.9
12.3
12.4
11.9
11.3
11.0
10.7

BCDE
EGIJ
BCDEG
BCDE
ABCD
AB
BCDE
CDEGI
DEFGIJ
ABC
BCF
A
LMN
DEH
EGIJ
BC
BCDE
DEFG
ABCD
BCDE
N
IJLMN

Group
KLMNOP
JKLNOP
OP
HIJK
GHIJ
NOP
EFG
A
C
CDEF
FGH
F
CDEF
IJKL
DE
EF
B
CD
C
DEF
HI
JKLN
LNOP

All sites 2013-14
Estimate

Group

11.8
11.9
11.6
11.6
11.9
11.7
12.6
13.0
12.0
11.4
12.2
12.1
12.7
11.1
12.0
11.6
12.3
11.9
12.1
11.9
11.5
10.7
11.2

DEFGH
DEFG
EFGHIJ
EFGHIJ
DEFG
EFGHI
AB
A
CDEF
HIJK
BCD
CD
A
KL
DE
FGHIJ
BC
DEF
CD
DEFG
GHIJ
NOP
JKL

R.Clrd x AG1-23 (+)
10.9 JKLM
10.6
R.Clrd x AG1-23 (-)
11.1 FGHIJKLM
10.8
R.Clrd x 7A.7S (+)
11.7 DEF
12.2
R.Clrd x 7A.7S (-)
10.8 IJKLMN
10.7
Sooty_9/Rascon_37
10.6 KLM
10.6
S.Rscn x AG1-22 (+)
10.6 LM
10.5
S.Rscn x AG1-22 (-)
10.6 KLM
10.2
S.Rscn x AG1-23 (+)
11.0 GHJKLN
10.6
S.Rscn x AG1-23 (-)
10.2 M
10.6
S.Rscn x 7A.7S (+)
11.6 EFI
11.7
S.Rscn x 7A.7S (-)
10.4 LM
10.4
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

9.4
9.3
10.1
9.4
9.0
9.2
8.9
9.4
8.7
10.0
8.9

N
JKLN
DEF
KLN
KLN
N
N
N
LMN
FGH
N

IJ
IJKL
FG
HIJK
LMN
KLM
LMN
HIJ
N
G
MN

11.9
11.8
12.8
11.6
12.1
11.5
11.4
12.1
11.8
12.5
12.0

LM
LMN
DEG
MN
IJLM
N
N
JL
LMN
GIK
JKLM

11.1
10.8
11.4
10.9
10.6
10.9
10.6
11.0
10.8
11.2
10.5

IJM
LNOP
GH
KLMNO
OP
KLN
OP
JKL
LNOP
IJ
P

10.8
10.8
11.7
10.7
10.6
10.5
10.4
10.8
10.5
11.4
10.5

MN
MNO
FGH
MNOPQ
MNOPQ
PQ
Q
LM
PQ
IJ
OPQ
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Appendix 28. Variance estimates for random effects and F-values for fixed effects from the ANOVA of the GPC (%) analyzed separately for each
environment.
Source

Kernen-2013

Goodale-2013

Elrose-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates

Rep

0.194

0.060

0.166

0.003

0.118

Block (Rep)

0.591*

0.047

0.105*

0.152*

0.020*

Residual

0.418***

0.298***

0.097***

0.161***

0.053***

Fixed Effect F-Values
Genotype

6.33***

15.97***

27.79***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

17.11***

43.62***

Appendix 29. Least-square means estimates for the yellow pigment concentration (YP) (mg Kg-1) recorded for the Lr19 and Lr47 NILs in 2013
and 2014. Data was analyzed separately for each environment and combined for all environments. Means comparison was performed using Fisher’s
protected LSD test at a significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+)
indicates positive translocations for Lr19 or Lr47; (-) indicates negative translocations.
Kernen-2013
Estimate Group
AC Morse
5.98
GHI
AC Navigator
6.64
DEF
Brigade
6.73
DEF
CDC Verona
7.19
CD
CDC Vivid
7.75
BC
Commander
6.87
DEF
Strongfield
6.75
DEF
AG1-22_Lr19
6.39
EFGH
AG1-23_Lr19
7.98
B
7A.7S_Lr47
4.36
KL
Kofa
7.03
DE
Kofa x AG1-22 (+)
8.18
B
Kofa x AG1-22 (-)
6.39
EFGH
Nassira
1.59
P
Nassira x AG1-22 (+) 6.45
FG
Nassira x AG1-22 (-) 4.19
LM
Nassira x AG1-23 (+) 8.04
B
Nassira x AG1-23 (-) 3.50
N
Nassira x 7A.7S (+)
2.69
O
Nassira x 7A.7S (-)
2.37
O
Rio_Colorado
5.93
HI
R.Clrd x AG1-22 (+) 6.93
D
R.Clrd x AG1-22 (-) 5.25
J

Genotype
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Goodale-2013
Estimate Group
6.59
HI
7.13
EFGH
7.11
EFGH
7.51
DE
8.06
CD
7.37
EF
6.72
GH
7.31
EFG
9.61
A
4.34
M
6.96
EFGH
8.42
C
6.74
GH
1.60
P
6.74
H
4.53
LM
9.05
B
3.44
N
2.79
O
2.07
P
6.15
I
7.07
EFG
5.25
JK

Elrose-2013
Estimate Group
6.53
GH
6.74
FGH
7.62
DE
7.47
DEF
8.15
CD
6.99
EFG
7.08
EFG
6.40
GH
8.44
BC
3.90
JK
6.57
GH
7.80
D
6.38
GH
0.45
N
6.23
H
3.98
JK
8.83
B
3.80
JK
2.25
M
2.01
M
5.59
I
6.68
G
5.00
I

Kernen-2014
Estimate Group
5.97
IJK
6.84
DEFG
6.53
FGHI
7.00
DEF
7.64
BC
7.13
CDE
6.58
EFGH
5.44
KL
4.47
N
4.54
N
6.93
DEFG
7.78
B
6.36
GHIJ
1.22
R
6.38
HI
3.75
OP
6.68
EFG
3.28
P
2.73
Q
2.69
Q
5.87
JK
6.72
EFG
5.27
LM

Elrose-2014
Estimate Group
6.46
IJ
7.02
GH
7.14
EFG
7.29
EFG
8.11
BC
7.55
DEF
7.39
DEFG
6.18
JK
3.87
Q
5.73
KLMN
7.05
FGH
8.21
B
7.06
EFGH
2.13
R
7.21
FG
4.65
P
7.06
G
4.59
P
3.79
Q
3.42
Q
6.65
HI
7.45
E
6.07
JKL

All sites 2013-14
Estimate Group
6.30
FG
6.87
CDE
7.07
CD
7.27
C
7.96
B
7.18
C
6.88
CDE
6.34
FG
6.89
CDE
4.55
IJ
6.88
CDE
8.08
B
6.58
DEF
1.37
M
6.61
EF
4.21
J
7.91
B
3.71
K
2.86
L
2.47
L
6.07
G
6.96
C
5.41
H

R.Clrd x AG1-23 (+) 6.75
DE
7.09
EFG
R.Clrd x AG1-23 (-) 5.53
IJ
5.71
J
R.Clrd x 7A.7S (+)
4.73
K
4.47
M
R.Clrd x 7A.7S (-)
5.50
IJ
5.54
J
Sooty_9/Rascon_37
4.17
LM
4.45
M
S.Rscn x AG1-22 (+) 6.81
DE
7.06
FG
S.Rscn x AG1-22 (-) 4.23
L
4.58
LM
S.Rscn x AG1-23 (+) 9.67
A
9.89
A
S.Rscn x AG1-23 (-) 4.56
KL
4.89
KL
S.Rscn x 7A.7S (+)
3.79
MN
3.52
N
S.Rscn x 7A.7S (-)
4.16
LM
4.19
M
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

7.38
5.36
4.22
5.56
3.94
6.55
3.89
9.70
3.89
2.90
3.62

E
I
J
I
JK
G
JK
A
JK
L
K

5.31
5.25
3.76
5.12
4.65
7.10
4.44
8.82
4.78
3.36
4.42

L
L
O
LM
N
D
N
A
MN
P
N

5.72
6.34
4.53
6.15
5.39
7.74
5.33
9.32
5.57
4.35
5.12

LM
IJ
P
JK
NO
CD
NO
A
MN
P
O

6.46
5.65
4.35
5.57
4.53
7.05
4.48
9.48
4.71
3.60
4.31

F
H
J
H
IJ
C
IJ
A
I
K
J
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Appendix 30. Variance estimates for random effects and F-values for fixed effects from the ANOVA of the YP (mg Kg-1) analyzed separately for
each environment.
Source

Kernen-2013

Goodale-2013

Elrose-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates

Rep

0

0

0

0

0

Block (Rep)

0.004

0.006

0.046*

0

0.006

Residual

0.105***

0.087***

0.139***

0.090***

0.068***

Fixed Effect F-Values
Genotype

181.69***

256.51***

171.52***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

195.97***

209.88***

Appendix 31. Least-square means estimates for the gluten index (GI) (%) recorded for the Lr19 and Lr47 NILs in 2013 and 2014. Data was
analyzed separately for each environment and combined for all environments. Means comparison was performed using Fisher’s protected LSD
test at a significance threshold of p < 0.05. Means with the same letter (Group) are not signiﬁcantly different from one another. (+) indicates
positive translocations for Lr19 or Lr47; (-) indicates negative translocations.
Genotype
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AC Morse
AC Navigator
Brigade
CDC Verona
CDC Vivid
Commander
Strongfield
AG1-22_Lr19
AG1-23_Lr19
7A.7S_Lr47
Kofa
Kofa x AG1-22 (+)
Kofa x AG1-22 (-)
Nassira
Nassira x AG1-22 (+)
Nassira x AG1-22 (-)
Nassira x AG1-23 (+)
Nassira x AG1-23 (-)
Nassira x 7A.7S (+)
Nassira x 7A.7S (-)
Rio_Colorado
R.Clrd x AG1-22 (+)

Kernen-2013
Estimate

43.9
82.5
94.0
86.9
73.2
93.1
52.4
45.2
47.2
80.7
93.2
94.3
92.0
45.2
72.6
79.2
82.5
77.5
78.9
73.9
69.0
83.5

Group

L
ABCDEFI
AB
ABCDEF
FHIJ
ABC
KL
L
KL
BCDEFI
ABC
A
ABCD
L
I
BCDEFI
BCDEF
EFI
DEFI
FGIJ
IJ
BCDEGH

Goodale-2013
Estimate

74.5
87.8
92.6
81.5
94.1
104.2
63.9
46.5
47.2
76.4
99.2
95.3
92.5
13.6
57.4
68.5
68.2
76.1
66.9
57.1
75.1
89.7

Group

EFGIJK
BCDEF
ABCDE
DEFGI
ABCD
A
JKLM
N
N
EFGIJ
ABC
AB
ABCD
O
MN
IJKLM
JKL
EFGIJ
JKL
LMN
FGIJ
BCD

Elrose-2013
Estimate

77.6
82.8
90.1
78.7
85.7
92.5
56.1
56.1
52.9
77.0
95.7
93.5
92.7
47.1
62.9
71.7
72.6
77.4
84.6
60.4
63.8
85.1

Group

Kernen-2014
Estimate

43.4
BCDGHI 65.9
84.9
ABCD
DEGHIK 49.8
ABCDGH 66.7
84.5
ABC
46.6
NOPR
50.2
NOPR
55.0
PQR
51.6
DGHIK
89.5
AB
91.2
A
85.6
ABC
25.2
R
61.5
MNP
54.3
IJKLM
68.8
IKL
58.0
GHIK
67.1
BCDGH
51.8
MNOP
45.5
MNOP
77.4
CDG
DFGHIK

Group

Elrose-2014
Estimate

71.4
DEFGH 91.3
93.1
AB
83.3
IJKL
77.0
DEFG
96.3
AB
63.8
JKL
57.9
IJKL
66.3
GHIJ
63.0
IJK
98.1
A
97.1
A
95.1
AB
31.7
M
76.1
FGH
68.2
HIJ
88.4
E
72.8
GHI
77.9
EF
70.4
IJK
54.3
JKL
89.6
BC
JKL

Group

All sites 2013-2014
Estimate

61.5
ABCDE 81.4
91.5
ABCD
DEFGH 77.1
FGHIJK 78.9
93.5
ABC
LMNOP 57.3
51.7
NOP
KLMNO 54.3
LMNOP 70.8
94.5
AB
94.4
A
92.5
ABCD
32.8
Q
66.0
HIJ
JKLMN 69.4
76.1
CDE
72.5
IJKL
75.1
GHIJ
62.8
IJKLM
61.1
P
85.4
BCDE
HIJKLM

Group

KLM
BCD
A
DEFGH
CDEF
A
LMN
N
MN
GHI
A
A
A
O
IJK
HIJ
DEFG
FGH
DEFGH
JKL
L
B

R.Clrd x AG1-22 (-) 82.6
84.7
ABCDEFI
R.Clrd x AG1-23 (+) 86.1
88.3
BCDE
R.Clrd x AG1-23 (-) 86.3
95.1
BCDEG
R.Clrd x 7A.7S (+)
81.1
71.0
CDEF
R.Clrd x 7A.7S (-)
85.7
ABCDEGH 82.4
Sooty_9/Rascon_37
54.2
71.9
KL
S.Rscn x AG1-22 (+) 53.6
74.2
KL
S.Rscn x AG1-22 (-) 50.1
79.6
KL
S.Rscn x AG1-23 (+) 50.2
63.8
L
S.Rscn x AG1-23 (-) 60.6
72.4
JK
S.Rscn x 7A.7S (+)
75.0
74.1
FI
S.Rscn x 7A.7S (-)
73.3
59.3
FI
R.Clrd = Rio_Colorado ; S.Rscn = Sooty_9/Rascon_37

BCDEFG
CD
ABC
IJ
DEFH
GHIJK
GIJ
EFGI
KL
GHIJ
GHIJ
LMN

82.1
88.1
90.5
88.2
88.4
75.7
65.5
64.2
57.6
68.1
80.6
64.9

CDGHI
BCE
ABC
ABCEF
ABCD
HIK
MN
LMNOP
OQ
KLM
DGHJ
LMNO

60.5
74.1
62.5
67.7
59.3
49.1
43.1
48.8
41.2
49.0
63.2
46.3

EFGHI
CD
EFGH
E
FGHI
JK
KL
JK
L
JK
EFGH
JKL

80.7
88.3
89.2
86.3
80.5
61.9
63.8
61.7
56.2
56.1
81.5
55.8

EFGHI
CDE
BCDE
DEF
FGHI
MNOP
MN
MNOP
P
OP
FG
P

77.8
85.1
84.0
79.0
79.0
62.4
60.1
60.8
53.6
61.1
74.6
59.5

CDEFG
B
BC
D
DE
KL
L
LM
N
L
EFGH
LM
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Appendix 32. Variance estimates for random effects and F-values for fixed effects from the ANOVA of the GI (%) analyzed separately for each
environment.
Kernen-2013

Goodale-2013

Source

Elrose-2013

Kernen-2014

Elrose-2014

Random Effect Variance Estimates

Rep

2.867

0

1.392

10.724

0

Block (Rep)

1.765

26.232*

10.808*

1.913

0

Residual

61.280***

53.565***

44.36***

36.801***

37.7***

Fixed Effect F-Values
Genotype

22.29***

25.53***

21.56***

Significance levels: *p < 0.05, **p < 0.001, ***p < 0.0001

38.42***

35.66***

Appendix 33. Proportions of the recurrent parent (A) and donor parent (B) genomes in the
NILs carrying either Lr19 or Lr47, estimated using the GGT 2.0 software.
Total map (2555 cM)

Rio Colorado

Kofa

Sooty_9/Rascon_37

Recurrent
parent

Line
Lr19 donor 1
302-Lr19
303+Lr19
304+Lr19
305+Lr19
306+Lr19
307+Lr19
308-Lr19
309+Lr19
310+Lr19
311+Lr19
312+Lr19
313+Lr19
Lr19 donor 2
314-Lr19
315+Lr19
316+Lr19
317+Lr19
318+Lr19
319+Lr19
320-Lr19
321+Lr19
322+Lr19
323+Lr19
Lr19 donor 1
325-Lr19
326+Lr19
327+Lr19
328+Lr19
329+Lr19
330+Lr19
331+Lr19
332+Lr19
Lr19 donor 1
334-Lr19
335+Lr19
336+Lr19
337+Lr19
338+Lr19
339+Lr19
340+Lr19
341+Lr19

A (%)
66.9
98.5
97.7
97.6
97.7
96.6
96.6
99.6
97.9
98
98
98
98
66.7
98.6
97.3
97.3
97.3
97.3
97.3
98.8
96.2
95.4
95.1
57.3
95
93.2
92
93.3
93.9
92.8
92.8
92.4
74.9
92.5
90.5
90.4
90.3
90.3
90.3
90.7
90.8
175

B (%)
33.1
1.5
2.3
2.4
2.3
3.4
3.4
0.4
2.1
2
2
2
2
33.3
1.4
2.7
2.7
2.7
2.7
2.7
1.2
3.8
4.6
4.9
42.7
5
6.8
8
6.7
6.1
7.2
7.2
7.6
25.1
7.5
9.5
9.6
9.7
9.7
9.7
9.3
9.2

7A (206.5 cM)
A (%)
59.7
100
88.6
88.6
88.6
88.6
88.6
100
88.6
88.6
88.6
88.6
88.6
64.5
100
82.8
82.8
82.8
82.8
82.8
96.3
82.8
78.2
78.2
50.3
98.7
87.9
87.9
87.9
87.9
87.9
87.9
87.9
68.3
92.7
75
75
73.4
73.4
73.4
78.1
79.7

B (%)
40.3
0
11.4
11.4
11.4
11.4
11.4
0
11.4
11.4
11.4
11.4
11.4
35.5
0
17.2
17.2
17.2
17.2
17.2
3.7
17.2
21.8
21.8
49.7
1.3
12.1
12.1
12.1
12.1
12.1
12.1
12.1
31.7
7.3
25
25
26.6
26.6
26.6
21.9
20.3

Nassira
Sooty_9/Rascon_37
Rio Colorado
Nassira

Lr19 donor 2
342-Lr19
343+Lr19
344-Lr19
345+Lr19
346+Lr19
347-Lr19
348+Lr19
349+Lr19
350+Lr19
351+Lr19
352+Lr19
353+Lr19
Lr19 donor 1
355-Lr19
356+Lr19
357+Lr19
358+Lr19
359+Lr19
360+Lr19
361+Lr19
Lr19 donor 2
362-Lr19
363+Lr19
364+Lr19
365+Lr19
366-Lr19
367+Lr19
Lr47 donor
369-Lr47
370+Lr47
371+Lr47
372+Lr47
373-Lr47
374+Lr47
375+Lr47
Lr47 donor
377-Lr47
378+Lr47
379+Lr47
380-Lr47
381+Lr47
382+Lr47
Lr47 donor
384-Lr47
385+Lr47
386+Lr47

74.7
92.6
90.8
92.1
89.9
90.1
92.4
89.9
89.5
89.5
89.6
89.6
89.6
64.5
80.9
79.6
79.6
79.5
79.6
79.6
79.6
66.3
80.7
79
79.2
79.1
80.3
79.1
75.1
97.4
92.6
93
92.2
98.9
95
95.5
69.9
86.9
84.3
84.2
87.2
83.5
83.6
58.6
80.2
76.9
79.8
176

25.3
7.4
9.2
7.9
10.1
9.9
7.6
10.1
10.5
10.5
10.4
10.4
10.4
35.5
19.1
20.4
20.4
20.5
20.4
20.4
20.4
33.7
19.3
21
20.8
20.9
19.7
20.9
24.9
2.6
7.4
7
7.8
1.1
5
4.5
30.1
13.1
15.7
15.8
12.8
16.5
16.4
41.4
19.8
23.1
20.2

73.3
26.7
92.7
7.3
79.4
20.6
93
7
80.1
19.9
80.1
19.9
92.7
7.3
81.7
18.3
79.4
20.6
79.7
20.3
79.4
20.6
79.7
20.3
79.7
20.3
60
40
76.1
23.9
68.3
31.7
68.3
31.7
68.3
31.7
68.3
31.7
68.3
31.7
68.3
31.7
64.2
35.8
75.3
24.7
65.8
34.2
65.8
34.2
65.8
34.2
76.1
23.9
64.2
35.8
64.4
35.6
95
5
70.7
29.3
70.7
29.3
70.7
29.3
100
0
79.6
20.4
79.6
20.4
60.9
39.1
91.6
8.4
71.1
28.9
70.3
29.7
91.6
8.4
71.1
28.9
70.5
29.5
51.1
48.9
71.2
28.8
55.3
44.7
73.6
26.4
Appendix 9: continued

Appendix 34. Graphical genotypes and marker-trait association of NILs of Sooty_9/Rascon_37 carrying Lr19. Green segments represent the recurrent
parent allele (A), red segments represent the donor allele (B), blue bars indicate negative association, red bars indicate positive association. The height of the
bar and color intensity are proportional with the amount of association.
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Appendix 35. Graphical genotypes and marker-trait association of NILs of Kofa carrying Lr19. Green segments represent the recurrent parent
allele (A), red segments represent the donor allele (B), blue bars indicate negative association, red bars indicate positive association. The height of
the bar and color intensity are proportional with the amount of association.
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Appendix 36. Graphical genotypes and marker-trait association of NILs of Rio_Colorado carrying Lr19. Green segments represent the recurrent
parent allele (A), red segments represent the donor allele (B), blue bars indicate negative association, red bars indicate positive association. The
height of the bar and color intensity are proportional with the amount of association.
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Appendix 37. Graphical genotypes and marker-trait association of NILs of Nassira carrying Lr19. Green segments represent the recurrent parent
allele (A), red segments represent the donor allele (B), blue bars indicate negative association, red bars indicate positive association. The height of
the bar and color intensity are proportional with the amount of association.
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Appendix 38. Graphical genotypes and marker-trait association of NILs of Sooty_9/Rascon_37 carrying Lr47. Green segments represent the recurrent
parent allele (A), red segments represent the donor allele (B), blue bars indicate negative association, red bars indicate positive association. The height of the
bar and color intensity are proportional with the amount of association.

181

Appendix 39. Graphical genotypes and marker-trait association of NILs of Rio_Colorado carrying Lr47. Green segments represent the recurrent
parent allele (A), red segments represent the donor allele (B), blue bars indicate negative association, red bars indicate positive association. The height of the
bar and color intensity are proportional with the amount of association.
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Appendix 40. Graphical genotypes and marker-trait association of NILs of Nassira carrying Lr47. Green segments represent the recurrent parent
allele (A), red segments represent the donor allele (B), blue bars indicate negative association, red bars indicate positive association. The height of
the bar and color intensity are proportional with the amount of association.
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