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Abstract 

Due to reduced genotyping costs and high-throughput technologies, marker assisted 

selection has become a valuable tool for plant breeders, allowing for identifying traits of interest 

in screened germplasm. Marker assisted selection requires the identification of stable, and 

consistent quantitative trait loci (QTL) that will become reliable markers. The Canada Western 

Red Spring (CWRS) class of common wheat (T. aestivum) is the most produced class of wheat in 

western Canada and requires a complex arrangement of agronomic traits and adequate disease 

resistance. The objective of this thesis was to identify QTL associated with economically 

important diseases in western Canada such as stripe rust (Puccinia striiformis f. sp. tritici), leaf 

rust (Puccinia triticina), and the leaf spot complex, and agronomic traits that are important to 

producers and end users including earliness, grain yield, protein content and gluten strength. A 

total of 208 recombinant inbred lines derived from crossing Canadian spring wheat (T. aestivum) 

cultivars ‘Peace’ and ‘Carberry’ were evaluated from 2014 to 2017 in disease nurseries located 

in Alberta and British Columbia, and conventional and organic yield trials in 2016 and 2017 in 

Edmonton, Alberta and genotyped with DArTseq markers. Using the least squares means of the 

combined environments, three QTL associated with stripe rust, four QTL associated with leaf 

rust, and three QTL associated with leaf spotting were identified. We confirm the presence of a 

stripe rust QTL on chromosome 4B, with the allele conferring resistance contributed by 

‘Carberry’, that has been previously reported by others. We also identified two QTL associated 

with stripe rust and leaf rust on chromosome 2A, in which the alleles conferring resistance were 

contributed by ‘Peace’, corresponding with previous studies that identified QTL on chromosome 

2A that were contributed by a close relative of ‘Peace’. Phenotyping of agronomic traits was 

conducted in conventional and organic environments to identify consistent QTL across 
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management systems. We identified thirty-eight QTL for nine agronomic traits and QTL clusters 

on chromosomes 4B and 7D were identified consistently across conventional and organic 

environments. The largest QTL was identified as an allele contributed by ‘Carberry’, and is most 

likely the Rht-B1b height reducing gene, due to explaining 53% of the total phenotypic variance 

and being located on 4B. The second largest QTL was located on chromosome 1A and 

associated with sedimentation volume and explained 41% of the total phenotypic variance. 

Results from this study suggest that ‘Carberry’ could be an attractive germplasm for breeders to 

enhance resistance against stripe rust and leaf spot with minor resistance alleles, and ‘Peace’ 

consistently contributed an allele on 7D that reduced plant height by six centimeters, and 

maturity by two days, but reduced grain yield by 300 kg ha-1. Minor effect QTL with LOD 

scores as low as 3.4 were consistently identified across management-specific environments and 

suggests that stable QTL may not need to be large in effect. 
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1 Literature Review 

 

1.1 Canadian Wheat Production 

The production of wheat in Canada is as early as the country itself, and as the country 

expanded so did the acres of wheat, along with an interest in breeding wheat cultivars adapted to 

the Canadian environment. During the early 1800s when the country was first settled, Manitoba 

was the primary “bread basket” of this young country, and Canada was eventually given the title 

“Granary of the British Empire” (Buller 1919 p. 34). The settlers had to discover through trial 

and error an appropriate seeding date that did not result in frost damage to a young seedling, and 

were witness to the devastating damage that was possible from locusts (Buller 1919 p. 11), and 

spring flooding (Buller 1919 p. 18). The settlers of the Red River Colony were not millers, and 

the flour was said to be “heated, sour, and altogether of so very bad quality as to be only fit to 

poison pigs” (Buller 1919 p. 21). This low-quality flour produced by the settlers during the 

1820s prompted the Hudson’s Bay Company to enter the business of flour milling and provide 

consultation on the adequate drying and milling of wheat. The storage of grain was also difficult 

to manage and a heated “… compound of wheat, smut, icicles, dried meat, mice, and mice nests” 

(Buller 1919 p. 23) was created on at least one occasion.  

 Around 1842, David Fife discovered the hard red spring cultivar ‘Red Fife’, which he 

received from a friend in Scotland. Scholars believe this cultivar to have originated from the 

Ukraine where it was known as ‘Halychanka’ (Symko 1999). The success of ‘Red Fife’ went 

beyond Canada though, as producers from the northern great plains of the United States began to 

sow the seed, and therefore it became the first hard spring to be adopted by North American 



 
 

2  

farmers (Olmstead and Rhode 2002). The widespread success of this cultivar was attributed to 

the high yields it produced, and the exceptional milling and baking quality of the flour – which 

ultimately provided a premium price on the British grain markets.  

 A new cultivar was released in 1909 with the same superior attributes as ‘Red Fife’, but 

additionally this cultivar reached maturity 3 to 4 days earlier. This new cultivar, ‘Marquis’, was a 

cross between ‘Hard Red Calcutta’ and ‘Red Fife’, and eventually replaced 90% of spring wheat 

within Canada, and 60 to 70% within the United States (Newman (1928) as quoted by McCallum 

and DePauw (2008)). There were several stem rust epidemics in the first half of the 20th century, 

and a lack of rust resistance from ‘Marquis’ resulted in the resistant cultivar, ‘Thatcher’, to be 

released in 1935. ‘Thatcher’ became the dominant hard red spring cultivar in western Canada 

well into the 1960s and was eventually succeeded by cultivars possessing superior rust 

resistance, but many of the pedigrees from modern registered cultivars can be traced back to 

‘Thatcher’, and ultimately ‘Red Fife’.  

 Today, the prairie region of Canada: Manitoba, Saskatchewan, and Alberta, produces 

most of the wheat in Canada, with over 90% of 2017 total wheat production (Statistics Canada 

2018). Wheat is the largest crop commodity exported from Canada, with total export quantity 

ranked 2nd in the world, behind only the United States (Food and Agriculture Organization of the 

United Nations 2018). The success of wheat in Canada can be partially attributed to the diversity 

and breadth of cultivars that have been grown in Canada since the time of ‘Red Fife’, which have 

produced high yields for farmers, and high quality for the end users.  

Remaining a world leader in wheat exports requires the purchaser (importer of wheat) to 

feel confident in the quality of wheat they are receiving, which Canada enforces through 

federally regulated standards, including wheat classes and grades (Canadian Grain Commission 
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2017). There are currently nine milling classes of western wheat that are used to differentiate 

characteristics such as red or white grain, spring or winter cultivars, and gluten strength. The 

nine classes are: Canada Northern Hard Red (CNHR), Canada Prairie Spring Red (CPSR), 

Canada Prairie Spring White (CPSW), Canada Western Amber Durum (CWAD), Canada 

Western Extra Strong (CWES), Canada Western Hard White Spring (CWHWS), Canada 

Western Red Spring (CWRS), Canada Western Red Winter (CWRW), and Canada Western Soft 

White Spring (CWSWS). The three largest western classes are CWRS, CWAD, and CPSR, and 

account for 69%, 20%, and 4% of total 2017 acreage, respectively (Canadian Grain Commission 

2018). 

 

1.2 Canada Western Red Spring Breeding Goals and Objectives  

 CWRS is the predominant class of wheat found in Canada due to several factors 

including cultivar adaptability, attractive milling characteristics, and flexibility when producing 

baked goods (McCallum and DePauw 2008). Over 9.6 million acres of CWRS wheat were 

seeded in 2017, which accounted for over 82% of common wheat (T. aestivum) production in the 

Prairie Provinces (Canadian Grain Commission 2018). CWRS has proven to be a versatile class 

of wheat because of the bread making characteristics, but also the ability for the flour to be 

blended when producing noodles, and other products such as pan bread flour, cakes, or cookies. 

The superior milling and bake quality of CWRS is recognized worldwide, and therefore the 

range of acceptable physical dough properties is kept narrow, ensuring CWRS remains a 

consistent class of wheat that buyers can repeatedly rely upon (Dexter et al. 2006).  

 The importance of satisfying the end user’s demand, and maintaining high cultivar 

registration standards is illustrated by the ‘Garnet’ cultivar of the 1920s (Blanchard 1990). The 
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milling quality of ‘Garnet’ was inferior to the check ‘Marquis’ but this was not acknowledged 

during the registration process. ‘Garnet’ became a popular choice for producers because it 

matured ten days before ‘Marquis’, but the disdain from the international milling community 

grew, and eventually the cultivar was removed from the Number One class. 

Host plant resistance remains an important trait that wheat breeders focus on when 

developing new disease resistant cultivars, and disease resistance has historically been found to 

be a qualitative trait (a single resistance gene, or R gene). Recently, the polygenic control of 

resistance has received much attention because of the lack of durability associated with R genes, 

and the field of genetics have proven far more complex than Flor’s original gene for gene 

concept (Flor 1971). Changing disease populations of leaf rust (Puccinia triticina) (Wang et al. 

2010), and stripe rust (Puccinia striiformis f. sp. tritici) (Chen 2005) pathogens have resulted in 

the establishment of several virulent races, and reduced the effectiveness of leaf rust resistance 

genes, such as Lr10, Lr13, Lr16, and Lr14a (McCallum et al. 2007). Regional differences of 

stripe rust virulence have been reported in western Canada, suggesting subpopulations of races 

are present (Brar and Kutcher 2016). Disease resistance is not only a concern because of virulent 

races, but also the maintenance or improvement of agronomic and quality traits is difficult when 

breeders concentrate on genetic resistance (Knott 1993; Brevis et al. 2008; Klindworth et al. 

2013). Fitness penalties due to linkage drag, and pleiotropic effects are frequent challenges for 

wheat breeders looking to acquire resistance (Summers and Brown 2013). 

 

1.2.1 Baking and Milling Quality 

 The protein content and resulting gluten strength of CWRS produces dough strength and 

mixing tolerances admired by bakers, and the premium world market looks for a protein content 
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greater than 13.5% (Prairie Grain Development Committee 2016). Kernel hardness provides 

excellent water absorption of the flour and the dough strength is directly related to the gluten 

content, such as glutenin proteins (Rooke et al. 1999). The strength of the dough determines the 

end-use quality of the flour. The strongest dough will produce noodles, while the weakest 

produces cakes and pastries. Kernel hardness, and the milling process affect starch damage, but 

some degree of starch damage will provide optimal water absorption (Dexter et al. 1994a). 

Canada and Australia have been successful in producing high yielding cultivars supplemented by 

a high grain protein content (Balyan et al. 2013), and therefore command much of the world 

market, as other wheat growing nations are unable to produce a similar quality of wheat. 

The discovery and mapping of a major protein content gene, Gpc-6B1 (Avivi 1978; 

Cantrell and Joppa 1991; Olmos et al. 2003) resulted in its introduction to cultivars around the 

world including the Canadian CWRS cultivars ‘Lillian’ (DePauw et al. 2005) and ‘Somerset’ 

(Fox et al. 2006). Further improvement of grain protein content (GPC) is not a simple Mendelian 

solution, because of the strong influence from the environment (Fowler and De La Roche 1975; 

Johansson et al. 2003) and the quantitative nature of GPC (see Balyan et al. (2013) for table of 

quantitative trait loci (QTL) and chromosome locations).  

 Kernel hardness cannot be attributed to a single gene, but researchers agree that the gene, 

Ha (hard), located on the short arm of chromosome 5D enacts a major influence on hardness in 

wheat (Symes 1965). Additional genes Gsp-1, Pina, and Pinb, were reported on chromosome 5D 

to be tightly linked with the Ha locus, and responsible for grain softness (Morrison et al. 1989; 

Jolly et al. 1996; Sourdille et al. 1996; Turnbull et al. 2003; Wang et al. 2014). Kernel hardness 

does not pose a significant problem for wheat breeders because of the trait’s high heritability 

ranging from 0.7 to 0.9 (Williams and Sobering (1984), as cited by Sourdille et al. (1996)). The 
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puroindoline genes, Pina and Pinb, are absent from the tetraploid species of wheat: durum, and 

emmer (both wild and domesticated), but the genes were reintroduced through the D genome 

(Gautier et al. 2000; Chantret et al. 2005). The genetic diversity in CWRS cultivars has 

decreased due to the demand from the end user (McCallum and DePauw 2008), reducing the 

opportunity for genetic recombination to improve quality traits. 

 

1.2.2 Early Maturity  

 Due to the short growing season in western Canada (~ 95 to 125 days), CWRS cultivars 

must be early maturing in order to minimize potential frost, drought, or heat damage, and 

successfully set seed (King and Heide 2009). Environmental stress has an impact on grain yield 

and quality, and frost damaged kernels are a concern for late maturing wheat. Frost damage has 

been shown to reduce yields from 13% to 33% in winter wheat (Cromey et al. 1998), and reduce 

kernel size and test weight in durum wheat (Dexter et al. 1994b). The damage is associated with 

several factors that affect bakers and millers such as protein content, loaf volume, and yield of 

flour and semolina (Preston et al. 1991; Dexter et al. 1994b). Tolerance to freezing is acquired 

through cold acclimation, and enables winter wheat cultivars to survive through the winter (Li et 

al. 2018), but in spring wheat, an appropriate seeding data is the primary method to avoid frost 

damage. In the greenhouse, neonicotinoid seed treatment was reported to positively affect 

freezing tolerance in spring wheat seedlings (Larsen and Falk 2013), providing evidence of 

further management options available to producers. The authors also identified variation in the 

regrowth of cultivars, suggesting a genetic influence in the freezing tolerance of spring wheat 

cultivars. 
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 The environmental adaptability of wheat is controlled by three gene groups (Snape et al. 

2001): vernalization (Vrn), photoperiod (Ppd) and earliness per se (Eps) genes, and this complex 

genetic network receives signals from the environment such as temperature and light for the 

downregulation and upregulation of these genes (Distelfeld et al. 2009). These genes have 

additive effects on days to flowering and early maturity (Iqbal et al. 2007a), and the mechanisms 

of flowering time in wheat remain an active research area (as reviewed by Kamran et al. 

(2014a)). 

The Vrn group of genes is responsible for winter or spring wheat phenotype (Yan et al. 

2004; Santra et al. 2009; Chen and Dubcovsky 2012). Spring wheat cultivars will possess a 

dominant allele at one or more loci, but winter wheat must possess the recessive allele, vrn, at all 

loci (Iqbal et al. 2007b). Epistasis between the dominant Vrn alleles will result in different 

combinations of alleles producing genotypes with different phenotypes. The Vrn-A1, Vrn-B1, 

and Vrn-D5 combination, and Vrn-A1, Vrn-B1 combination produce the earliest maturing 

genotypes (Iqbal et al. 2007b), and the Vrn-A1a and Vrn-B1 alleles are the most common and 

significant genotypes in CWRS (Kamran et al. 2013a). The inclusion of a vrn allele in the 

combination has shown to not have a negative effect on maturity (Kamran et al. 2014b). 

Early maturing cultivars must begin flowering regardless of day length, and the mutation 

of photoperiod sensitivity genes has allowed wheat to adapt to environments with short day 

lengths (Shaw et al. 2012), and Ppd genes have been shown to influence the heading (ear 

emergence) of wheat (Scarth and Law 1983). Three photoperiod insensitive alleles exist at the 

Photoperiod-1 (Ppd-1) loci: Ppd-A1a, Ppd-B1a, and Ppd-D1a. The Ppd-D1a allele has been 

proposed to provide the earliest flowering time, but 78% of elite CIMMYT durum germplasm 

were reported to carry the Ppd-A1a allele (Bentley et al. 2011). The regulation of photoperiod 



 
 

8  

insensitivity genes has an effect on the expression of other genes involved in the photoperiod 

pathway, which suggests flowering time may be further explored beyond Ppd genes. 

Earliness per se genes influence flowering time via initiation of floral organs (Worland 

1996), and are responsible for the general rate of development (Chen et al. 2015) without 

receiving signals from the environment (Kamran et al. 2013b). The Eps group of genes also 

interact with Vrn and Ppd genes, and affect time to heading, with GxE interactions also present 

(Bullrich et al. 2002). Earliness per se genes have received less attention due to the quantitative 

nature, the overshadowing effects from Vrn and Ppd alleles, and temperature interactions (Kato 

and Wada 1999; Appendino and Slafer 2003). 

 

1.2.3 Disease and Insect Resistance 

 All three rust diseases are polycyclic fungi with sexual and asexual reproduction and 

possess the ability to develop into a destructive epidemic. The asexual urediniospores are the 

cause of the distinct visual infection on the leaf tissue, and are the primary source of infection 

carried by wind currents (Roelfs et al. 1992). Leaf rust of wheat, caused by Puccinia triticina, is 

a prevalent and annual problem across the Canadian prairies with yield reductions from 1 to 20% 

(McCallum et al. 2007). Annual field surveys of leaf rust have been conducted in Canada since 

1931 (Wang et al. 2010), with 310 unique phenotypes collected throughout Canada in 2009 

(McCallum et al. 2013).  

Stem rust of wheat, caused by Puccinia graminis f. sp. tritici, resulted in several 

epidemics during the early 1900s (Craigie (1945), as cited by McCallum et al. (2016)). Control 

of stem rust began in 1954 with the release of ‘Selkirk’, containing resistance genes Sr2, Sr6, 

Sr7b, Sr9d, Sr17, and Sr23 (Martens and Dyck 1989; Kolmer et al. 1991). Stem rust of wheat has 
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not been a concern for Canadian producers since the 1950s (McCallum et al. 2007), and the 

population of stem rust in Canada remains very small, with 97.3% of isolates belonging to the 

QFCSC race when surveyed in 2007/08 (Fetch et al. 2015). Maintaining stem rust resistance 

remains a priority of the wheat industry due to the historic devastation caused by stem rusts in 

North America, and the transportation of rust spores from the south, via the Puccinia pathway.  

Stripe (yellow) rust of wheat, caused by Puccinia striiformis f. sp. tritici, has been 

gaining virulence and prevalence since 2000 (Chen et al. 2010), and the current genetic 

resistance against stripe rust may not be enough to prevent significant damage in the future 

(McCallum et al. 2007). The current resistance genes were reported to successfully provide 

sufficient yield protection, when low to moderate disease pressure caused significant yield loss in 

susceptible cultivars (Xi et al. 2015). Rust spores have been reported to survive on winter wheat 

over the winter months if snow cover is adequate (Kumar et al. 2013), when historically the only 

source of rust spores were from Mexico and the southern wheat belt of the United States. Thirty-

three races were isolated in western Canada, with at least three sub-populations detected due to 

inoculum sources from differing regions of the United States (Brar and Kutcher 2016). The 

asexual reproduction, and clonal population structure of stripe rust in Alberta (Holtz et al. 2014) 

suggests control can be attained with adequate yellow rust (Yr) gene stacking. 

 Common bunt of wheat, caused by Tilletia tritici and Tilletia laevis, are soil borne fungi 

that overwinter as teliospores within the soil, or on the seed coat. Sufficient control of the disease 

has been obtained by use of fungal seed treatments, which began with the use of 

hexachlorobenzene in the 1950s (Hoffmann 1971). Several genetic sources of resistance exist for 

common bunt control (He and Hughes 2003), but most winter wheat varieties remain susceptible 

(Gaudet et al. 2013).  
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Loose smut of wheat, caused by Ustilago tritici, is a fungus that infects during anthesis, 

but grain quality is not reduced. The fungus is a “Priority 2” disease, and therefore sufficient 

resistance is not required for cultivar registration, but control in Canada has been successfully 

maintained through seed treatment, clean source seed, and genetic resistance (Bailey et al. 2003). 

Further enhancement of genetic resistance is desirable due to environmental, health and cost 

benefits (Menzies et al. 2009).  

Leaf spot of wheat has also been classified as a “Priority 2” disease and may be caused 

by several pathogens. The three most important in Canada include: Tan spot of wheat, caused by 

Pyrenophora tritici-repentis, the Septoria leaf blotch complex which includes Mycosphaerella 

graminicola, and Spot blotch caused by Cochliobolus sativus (Fernandez et al. 2014). Crop 

management such as rotations involving non-cereal crops have reduced the severity of leaf spot 

(Fernandez et al. 2016), but similar to loose smut, further genetic resistance will provide 

additional management options for producers. 

Fusarium head blight (FHB), caused by Fusarium species including F. graminearum, are 

fungi that overwinter in crop residue until conditions allow sexual and asexual spores to infect 

the spike between anthesis and the soft dough stage (Sutton 1982). Successful infection of FHB 

requires a humid environment for spore production, and susceptible cultivars are prone to yield 

loss and mycotoxin concentrations resulting in economic loss to the producer (Munger et al. 

2014). No single management strategy has proven to effectively control FHB (Jeannie Gilbert 

and Haber 2013), including tillage (Miller et al. 1998). The prevalence of FHB continues to shift 

across western Canada, and was first reported in Alberta in 2001 (Alberta Agriculture and 

Forestry 2018b), having previously been characterized as ‘‘infrequent'' (Turkington et al. 2011). 
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 Orange wheat blossom midge, Sitodiplosis mosellana, has developed into an important 

pest in western Canadian spring wheat cultivars (Lamb et al. 1999). The insect survives in the 

soil as a cocoon and emerges to pupate and lay eggs in wheat spikes once they reach the adult 

stage. The hatched larvae are responsible for yield and quality reduction (Kassa et al. 2016a). 

One resistance gene, Sm1, has been discovered and mapped in spring wheat on the short arm of 

2B (McKenzie et al. 2002; Thomas et al. 2005), and is currently available as a “varietal blend” 

only in several commercial cultivars. A single major R gene such as Sm1 enacts a strong 

selection pressure on wheat midge to adapt and overcome their susceptibility, and therefore by 

seeding a blend of 90% midge resistant and 10% midge susceptible, this creates a refuge system 

that reduces the selection pressure on the wheat midge. The inclusion of Sm1 has resulted in 

larger yields than susceptible cultivars, but resistant wheat still resulted in market downgrading 

(Smith et al. 2014). 

 Cereal leaf beetle, Oulema melanopus, is the most recent pest in western Canada. The 

insect originated from Europe and was first observed within Alberta in 2005 (Alberta Agriculture 

and Forestry 2014). It has since expanded to all three Prairie Provinces (Dosdall et al. 2011). 

Currently, no Canadian cultivars provide resistance against the beetle, but natural biological 

control from the parasitoid wasp Tetrastichus julis has provided adequate control (Evans et al. 

2006). Previous research provided by Gallun et al. (1966) suggests leaf pubescence has an 

important role in resistance against the cereal leaf beetle. The pest is currently in the “early 

establishment phase”, providing researchers opportunities to develop appropriate management 

strategies (Kher et al. 2016). 
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1.3 Molecular Markers 

Molecular marker technologies have proven to be a vital resource for modern wheat 

breeders by assisting with the deciphering of the wheat genome, increasing the speed and 

efficiency of screening potential cultivars, and providing selection on traits that are difficult to 

select by phenotype (Randhawa et al. 2013). These markers are an important tool for genetic 

studies and the development of linkage maps capable of showing the position of genes of interest 

on a particular chromosome. Botstein et al. (1980) originally used Restriction Fragment Length 

Polymorphisms (RFLP) markers for a mapping study within the human genome, but the markers 

were expensive to implement, and laborious to manage (Mammadov et al. 2012). The published 

method of Polymerase Chain Reaction (PCR) in the 1980s (Mullis and Faloona 1987) allowed 

researchers to begin working with molecular markers based on PCR technology, and RFLP 

markers were soon supplemented by Simple Sequence Repeats (SSR) (Litt and Luty 1989; 

Weber and May 1989), Randomly Amplified Polymorphic DNA (RAPD) (Williams et al. 1990), 

Amplified Fragment Length Polymorphisms (AFLP) (Vos et al. 1995), Single Nucleotide 

Polymorphisms (SNP) (Chee et al. 1996), and Diversity Array Technology (DArT™) markers 

(Jaccoud et al. 2001). As PCR protocols became well known, SSRs (microsatellites) replaced 

RFLPs and became the marker of choice for genetic mapping, because of the speed of processing 

afforded by PCR followed by acrylamide gel electrophoresis, and the high allelic variation that 

occurs within a microsatellite locus (Vignal et al. 2002). Over the past several years, SNPs have 

become widely adopted because of their high frequency within the genome, and the availability 

of high throughput detection technologies (Mammadov et al. 2012). 

Several important factors that will influence the choice of marker include: the level of 

polymorphism, dominant versus co-dominant inheritance, the financial costs of the marker 
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system, and the size of the population (Miah et al. 2013). Wheat breeders are faced with 

additional concerns due to the ploidy level of the genome, which has resulted in lower resolution 

maps produced by some markers (Akbari et al. 2006), and also duplication within the genome 

may result in the discovery of poor genetic markers due to paralogous loci (Mammadov et al. 

2012; Hayward et al. 2015). 

 

1.4 Linkage-Based Quantitative Trait Loci 

 Quantitative trait loci (QTL) are regions of a chromosome known to impact the 

phenotypic variation of complex traits, and the mapping of these chromosomal regions with 

genetic markers will improve breeding programs utilizing Marker Assisted Selection (MAS) 

(Singh et al. 2014). The first study contributing to the mapping of QTL can be attributed to Sax 

(1923), who concluded that the size of a bean was controlled by multiple “factors” (genes) that 

may have an additive effect on the trait. He further postulated that the genes located on different 

chromosomes might not provide an equal effect. Thoday (1961) provided the next significant 

publication on quantitative traits, and outlined a method for locating quantitative genes on the 

chromosome via markers. Lander and Botstein (1989) published a seminal paper that brought 

together the first molecular markers (RFLP), and logarithm of odds (LOD) to explain the 

phenotypic variation in QTL, and their location on a chromosome; known as interval mapping. 

The reporting of significant QTL by an LOD score has become the standard, and an LOD score 

of 3.0 is proportional to a genome-wide false positive rate of 0.05 (Lander and Kruglyak 1995). 

Haley and Knott (1992) introduced a marker regression-based method due to the computational 

burden (at the time) associated with maximum likelihood estimation. This newfound 

methodology to quantify the variation amongst QTL prompted Churchill and Doerge (1994) to 
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establish an empirical threshold for QTL significance using a permutation test. Composite 

interval mapping was introduced by Jiang and Zeng (1995) to account for correlation of traits by 

inclusion of background markers (covariates), and remove the “noise” of these markers. This 

method increased the statistical power of QTL mapping and increased the precision of 

estimation. Multiple interval mapping was proposed to model epistasis, and multiple QTL 

simultaneously (Kao et al. 1999), whereas interval and composite methods only map a single 

QTL.  

The methodologies of QTL mapping are numerous and well-reviewed in the literature 

(Broman 2001; Knapp 2001; Semagn et al. 2006; Semagn et al. 2010), and consist of three main 

steps: 1) Analysis of the phenotype data gathered in the field, 2) Creation of a linkage map using 

the marker genotype data, and 3) Combination of the trait and linkage data to estimate QTL 

location and effect. Each step has several different methods available, and the researcher will 

need to choose an appropriate course of action.  

Mixed models have become the predominant method to estimate phenotypes across 

different environments, and replicates. Restricted Estimate Maximum Likelihood (REML) and 

Best Linear Unbiased Prediction (BLUP) (as reviewed by (Thompson 2008)) are the prevalent 

estimation approaches used by plant and animal breeders, respectively. Mixed models allow for 

partitioning of variance components and the prediction of breeding values through estimates of 

additive genetic and phenotypic variances (Kennedy 1981). The modelling of unbalanced data, 

and limitations due to inference space are also addressed by mixed models (McLean et al. 1991; 

Yang 2010). There are numerous ways to analyze field trials using mixed models (as reviewed 

by Smith et al. (2005)), and the method of choice is at the discretion of the researcher. 
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Marker linkage maps are constructed by genetic map functions that estimate the distance 

between markers by the recombination frequency in offspring. Several map functions exist, and 

their differences can be attributed to how each function accounts for crossover interference 

(Zhao and Speed 1996). The Haldane (1919) and Kosambi (1944) mapping functions have been 

the most widely adopted, as the former assumes no crossover interference, and the later allows 

for crossover interference. The optimized marker order is calculated using a heuristic algorithm, 

as the true marker order (n!/2 for n loci) remains unfeasible to calculate (Mester et al. 2003). The 

algorithm used, and the criteria for optimal order is dependent on the software used to construct 

the linkage map (as reviewed by Tan and Fu (2006)). 

The final step of QTL mapping involves the combination of data (phenotype, genotype, 

and genetic/physical map), and the choice of an appropriate QTL mapping method. This is 

accomplished by mapping software, and several packages are available (Manly and Olson 1999). 

Each QTL mapping method has limitations that must be considered by the researcher (Semagn et 

al. 2010), and estimations of QTL effect and position may be compromised, as Mayer (2005) 

reported in a regression versus multiple interval mapping comparison. Increased marker density 

due to the adoption of SNP markers has increased the precision of QTL mapping, but the 

overestimation of QTL effects due to a reduced mapping population, termed the “Beavis Effect” 

(Beavis 1994; Xu 2003), remains an un-addressed issue. The publication of a QTL mapping 

study is the end point for much research (Mammadov et al. 2012), but marker validation must 

also be conducted to assess the value of proposed markers (Sharp et al. 2001). 

The methodologies associated with QTL mapping and marker selection have provided 

the foundation for emerging technologies such as genomic selection (introduced by Meuwissen 

et al. (2001) and reviewed by Heffner et al. (2009)), and the potential for characterizing the 
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variation of gene expression, known as Expression Quantitative Trait Locus (eQTL), first 

proposed by Jansen and Nap (2001). The current expenses associated with transcript profiling 

has limited the number of studies undertaken, and completed studies have small sample sizes and 

reduced statistical power (Mackay et al. 2009). Intuitively, however, this is a promising area for 

breeders as the delicacies of gene expression are just as revealing as confirming the physical 

presence of a gene.  

 

1.5 Quantitative Trait Loci in Wheat 

Plant and animal breeders focus on the improvement of complex traits including grain 

and milk yield, dough and carcass quality, and disease resistance, due to the associated economic 

incentives. These traits may be quantitatively inherited and variation is expressed via numerous 

QTL with minor effects (Mackay 2001). Non-genetic factors (such as the environment) may also 

be important (Hill 2010), which compounds the complexity facing breeders. Major variation due 

to a single locus is a rare occurrence, because many of these mutations have negative effects on 

the individual and natural selection would remove them from the population (Tanksley 1993). 

QTL mapping requires the collection of phenotypic data on the traits of interest, and the 

genotyping of a population with markers chosen by the researcher (Semagn et al. 2010). The first 

consensus map of wheat was created in 2004 from four independent studies, and once aligned, 

the map consisted of 1,235 SSR loci (Somers et al. 2004). By 2008, over 2,500 SSRs were 

mapped in wheat (Gupta et al. 2008), showcasing the widespread adoption of the technology by 

breeding groups over this short period of time. The most recent consensus map of T. aestivum 

reported the mapping of over 46,000 markers based on the combination of eight reference 

populations (Wang et al. 2014). Amongst the major cereals, wheat has been reported to have the 



 
 

17  

highest SNP frequency (Barker and Edwards 2009), but the polyploid wheat genome presents 

difficulties with SNP markers, as SNP technologies that do not require a PCR step, such as chip-

based systems, are problematic with the hexaploid genome due to primer binding to more than 

one sub-genome (Ganal and Röder 2007). The discovery of sufficient polymorphic SNPs across 

different breeding populations is also difficult, and developing chip assays that are population-

specific is not practical (Semagn et al. 2014). PCR-based SNP genotyping such as KASP 

(Kompetitive Allele Specific PCR) also have inherent difficulties, as they require pure DNA 

samples, due to contaminants (including polyphenols and polysaccharides) which may interfere 

with PCR binding. High-density SNP arrays of various size have been developed, including 9K 

(Cavanagh et al. 2013), 35K (Allen et al. 2017), 90K (Wang et al. 2014), and 820K (Winfield et 

al. 2016). 

 Genotype-by-environment interactions require additional diligence from researchers to 

ensure identified QTL are reliable amongst different environments, but the interactions have also 

suggested that a larger number of environments will produce a greater diversity of QTL 

associations, and a lack of environments may underestimate the number of QTL (Young 1996). 

The effect of a QTL may vary in different environments due to QTL-by-environment (QxE) 

interactions (El-Soda et al. 2014), and requires multi-location trials to confirm the reliability of a 

QTL as a molecular marker. The identification of inconsistent QTL for quantitative traits 

remains a significant issue when developing selection markers in plant breeding (Bernardo 

2008). 
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1.6 Quantitative Trait Loci Mapping of Canada Western Red Spring  

  QTL discovery in wheat can be directed towards essentially any trait with continuous 

variation that a researcher can collect phenotypic data on, including: grain yield (Quarrie et al. 

2005; Bennett et al. 2012a), morphological traits such as flag leaf glaucousness (Bennett et al. 

2012b), length of coleoptiles (Spielmeyer et al. 2007), flag leaf senescence (Verma et al. 2004), 

and physiological traits such as delayed senescence, known as the ‘stay green’ trait (Kumar et al. 

2010), and low temperature tolerance (Fowler et al. 2016). Researchers in western Canada have 

focused on traits that are important for increasing wheat production across the Prairie Provinces, 

and the following traits are valuable in CWRS cultivars due to their relationship with the 

producer and end-user. 

 Pre-harvest sprouting (PHS) has a negative effect on the grain yield, and the end-use 

quality, which results in a significant economic loss to the producer (DePauw et al. 2012). 

‘RL4137’ was trialed in the 1960s, and CWRS breeding has included ‘RL4137’ derived parents 

for population development since the 1990s (DePauw et al. 2012). Rasul et al. (2009) used 356 

microsatellite markers to map the PHS resistance QTL using a doubled haploid mapping 

population derived from the ‘RL4452’ × ‘AC Domain’ cross; this resulted in the discovery of six 

major QTL. They were mapped to chromosomes 3A, 3B, 4A, 4B, and 7A, and furthermore the 

QTL on 4B provided the most significant phenotypic variance - this region explained 22% of the 

total phenotypic variance of falling number, 26% of the variance of sprouting index, and 67% of 

the variance of germination index. PHS resistance within the ‘RL4452’ × ‘AC Domain’ 

population was revisited by Cabral et al. (2014), who genotyped the population with over 12,200 

markers, with 11,200 being SNPs. Interestingly, this study only revealed four significant QTL 

located on chromosomes 3B, 4A, 7B, and 7D. The largest QTL identified in each study also 
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differed, as the QTL on 4A provided the greatest amount of phenotypic variance in this study - 

26% for the falling number, 32% for the sprouting index, and 58% for the germination index. 

The sizes of the phenotypic variances are similar between both studies, but the chromosome 

responsible for the variance differed between studies. The unique results between studies may 

have been attributable to marker choice, or the statistical analysis used, as both studies used the 

same data collected from 2003 to 2005, but the model created by Rasul et al. (2009) consisted of 

four environments, and Cabral et al. (2014) used six environments. The contrasts between these 

two QTL mapping studies on the same population provide an excellent example of the need to 

discover a stable QTL in order to prove valuable in MAS. Pre-harvest sprouting resistance 

remains difficult to quantify genetically due to different QTL associated with different 

measurement types and the duration of data collection, as reported in a durum RIL population 

(Knox et al. 2012). Kumar et al. (2015) reported twenty-six QTL associated with pre-harvest 

sprouting across all twenty-one chromosomes, but 2B, 4A, 5D and 6D had QTL associated with 

all measurement traits (germination percentage at different germination durations, germination 

resistance, and germination index). 

 A review of the literature suggests QTL mapping studies for quality traits is currently not 

a large area of study when compared to agronomic traits. Huang et al. (2006) reported a grain 

protein content QTL, QGpc.crc-4D, and a flour protein content (FPC) QTL, QFpc.crc-4D, which 

explained a large percentage of phenotypic variance (32.7% and 28.6% respectively), and shared 

the same closest marker, Xwmc52. The most significant phenotypic variance regarding traits 

involved with bread quality was associated with the Glu-1 loci – which are responsible for the 

encoding of high molecular weight glutenin subunits (Anjum et al. 2007). McCartney et al. 

(2006) reported the mapping of fourteen quality QTL near the Glu-B1 locus on chromosome 1B, 
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and the cluster of QTL had a range of 50 cM. Another cluster of ten quality QTL were mapped to 

chromosome 7D, and this cluster was much closer together with a range of only 14 cM. Similar 

to Huang et al. (2006), the McCartney et al. (2006) study found QGpc.crc-4D and QFpc.crc-4D 

were the most significant GPC and FPC QTL and accounted for 30% and 29% of the phenotypic 

variance, respectively. QTL associated with GPC and FPC were also reported on chromosome 

2B, with QGpc.crc-2B explaining 10% of the phenotypic variance, and QFpc.crc-2B explaining 

17% (McCartney et al. 2006). Both studies reported the plant height QTL, QHt.crc-4D, as the 

most significant plant height QTL, which is presumably the dwarfing gene Rht-D1b, although 

only McCartney et al. (2006) reported a negative association of this height QTL with various 

end-use traits including grain and protein flour content, and reduced dough and baking quality. A 

negative association with Rht-1 and grain protein content was also reported by Chen et al. 

(2016). Asif et al. (2015) reported a major QTL on chromosome 1B associated with grain test 

weight across both organic and conventional environments. The sodium dodecyl sulfate (SDS) 

sedimentation test provides a reliable indication of wheat gluten strength, and a QTL located on 

chromosome 1A was reported to explain 24% of the phenotypic variance (Chen et al. 2015). A 

study conducted on seventy-eight Canada western red spring cultivars released from 1845 to 

2004 reported that only four loci were significant for the improvement of quality related traits, 

while the average across traits was thirty-five, with yield exhibiting the highest number at sixty-

eight significant loci (Fu and Somers 2011). 

 The “Green Revolution” successfully introduced Mendelian height reducing genes, but 

many agronomic traits of interest are quantitatively inherited and require numerous mapping 

studies to ensure stability in light of epistatic relationships and GxE interactions. Significant 

plant height QTL will generally map to existing locations of Rht genes as reported by McCartney 
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et al. (2005), and Cabral et al. (2018) identified Rht-D1 in the ‘RL4452’ × ‘AC Domain’ DH 

population, to be associated with a reduction in plant height, test weight and grain weight. Height 

reducing genes are not always to source of significant QTL though, and two QTL associated with 

height were reported on chromosomes 6A and 7A, with no parent possessing semi-dwarf height 

genes (Fowler et al. 2016). Singh et al. (2016) reported two plant height QTL, one on 

chromosome 4B and another on 6D, that co-located with common bunt resistance QTL. Further 

fine mapping of these regions will provide insight into whether these may be individual genes 

that are linked, or genes with pleiotropic effects. The scenario of an agronomic trait mapping to 

the same region as a disease resistance QTL was also reported in a study conducted by 

McCartney et al. (2005), except this involved a maturity QTL on chromosome 3B and FHB 

resistance.  

Chen et al. (2015) reported two earliness per se QTL, located on chromosomes 1A and 

4A, provided an additive effect with Vrn-B1, one of the dominant vernalization genes 

differentiating spring versus winter wheat. This interaction resulted in a fitness cost in the form 

of a yield reduction with maturity four days earlier. Similarly, Kamran et al. (2013b) also 

reported an additive effect involving earliness per se QTL and Ppd-D1a, a photoperiod 

insensitive gene. This additive interaction resulted in earlier flowering and maturity, with no 

fitness penalty reported. A QTL located on chromosome 5A was reported to explain 17% of the 

phenotypic variance for both days to flowering and maturity in organic environments, resulting 

in a two to three day reduction (Zou et al. 2017a). The QTL was also reported in conventional 

environments, and explained 17% and 14% of the phenotypic variance associated with flowering 

and maturity, respectively (Zou et al. 2017b). 
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Cuthbert et al. (2008) identified fifty-three QTL associated with yield and yield 

components, with five major QTL on four chromosomes (1A, 2D, 3B, and 5A) that each 

explained between 4% and 20% of the phenotypic variance and the consistency of all five QTL 

across environment suggests they may be potential sources of stable markers. The DH population 

used for this study also segregated for the B1 gene, which provides the awned / awnless 

phenotype, and the authors concluded the awned lines produced a 6% yield increase across all 

environments. Perez-Lara et al. (2016) reported a major QTL on chromosome 2D to have a 

major effect on grain yield, maturity, and flowering, but marker density was not sufficient 

enough to conclude if more than one gene was involved. In organic environments, a major grain 

yield QTL was reported on chromosome 6A to explain 18% of the phenotypic variance, and 22% 

of the variance in conventional environments (Asif et al. 2015).  

Common bunt, caused by Tilletia tritici and T. laevis, are fungi of concern for both 

western and eastern Canada, because of the yield loss, quality downgrading, and potential 

delivery refusal (Bailey et al. 2003). Because the fungus is soil-borne, control strategies using 

cultural practices require longer crop rotations, and sanitizing machinery that may carry soil to 

un-colonized fields. Chemical control in the form of fungicidal seed treatments has been the 

primary method of minimizing infection, but the financial and environmental costs suggest 

obtaining control through genetic resistance may be the best solution. Genetic resistance to 

common bunt may be race specific, or non-specific, and several bunt resistance genes (Bt) have 

been surveyed for resistance (Gaudet and Puchalski 1989). Breeders prefer to introduce non-

specific resistance, because of the selection pressures that a particular pathogen race will put on a 

resistant plant conferring race specific resistance. The Bt10 gene, located on the short arm of 

chromosome 6D (Menzies et al. 2006), is one such example of non-specific resistance, and has 
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become a significant source of resistance within cultivars of western Canada. PCR markers have 

been developed for the screening of genotypes that confer resistance (Laroche et al. 2000), but 

the literature suggests that QTL mapping studies of common bunt resistance remain uncommon, 

presumably because of the numerous resistance sources that are currently available in the form of 

race specific, and non-specific genes. A study conducted by Singh et al. (2016) used the 

‘Carberry’ × ‘AC Cadillac’ mapping population to conclude that ‘Carberry’ contributed five 

QTL associated with common bunt resistance, while ‘AC Cadillac’ only one, corresponding to 

the Bt10 gene. The cumulative effect of the five QTL from ‘Carberry’ was unable to confer the 

same successful resistance level as the single Bt10 gene. Fofana et al. (2008) used the ‘RL4452’ 

× ‘AC Domain’ DH mapping population discussed earlier to discover three QTL associated with 

common bunt resistance. One of the QTL had a minor effect that only accounted for 3% of the 

phenotypic variance, while the other two explained 29% when combined. Wang et al. (2009) 

located a QTL on chromosome 1BS that derived from the winter wheat cultivar ‘Blizzard’, and 

Knox et al. (2013) reported a QTL on chromosome 7B, designated as QCbt.spa-7B.1, from the 

hard red spring cultivar ‘McKenzie’.  

 Loose smut (Ustilago tritici) is a yield reducing fungus, which infects the head of wheat, 

and replaces the kernels with smut spores. Loose smut resistance genes are race specific and 

therefore resistance genes need to be stacked to confer broad resistance against all races 

prevalent within Canada. The Canada Western Extra Strong cultivar ‘Glenlea’ currently 

possesses the most superior loose smut resistance of any Canadian wheat cultivar, and has been 

suggested to carry at minimum three major genes, and two minor genes (Knox et al. 2008). 

‘Glenlea’ was reported to have three QTL (on chromosome 3A, 5B, and 7B) with race specific 

resistance, which provided complete resistance against all races known in Canada (Knox et al. 
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2014). These three QTL corresponded with existing known resistance genes Ut8, Ut6, and Ut7. 

The Knox et al. (2014) study crossed eight unique lines (including ‘Glenlea’) to create four 

mapping populations, and although some of the lines also carried the same QTL as ‘Glenlea’, 

they did not have the same level of resistance. For example, ‘Glenlea’ conferred resistance 

against five races of loose smut with the Ut6 gene, but ‘AC Karma’ was only resistant against 

one race (T39), even though it also has Ut6. These results suggest that ‘Glenlea’ carries 

additional QTL that are still undiscovered, or potential gene interactions (epistasis) may exist. 

Procunier et al. (1997) previously discovered RAPD and RFLP markers that flanked a gene 

associated with race T10 resistance, and provided an error rate of only 4%. The resistance gene 

Ut6, located on the long arm of chromosome 5B (Kassa et al. 2014), has only recently been 

mapped and provides breeders with opportunities for the widespread introgression of this gene 

into future cultivars. Thirty-eight races of loose smut have been identified within Canada and 

race T10 is currently the most prevalent in hexaploid wheat (Menzies et al. 2003). 

 The damage inflicted by rust pathogens continues to remain a burden on Canadian wheat, 

but the discovery of the virulent Ug99 race in Africa (race TTKSK), has sparked a worldwide 

interest in developing greater rust resistance, because it developed virulence against Sr31, which 

provided worldwide and durable resistance for over 30 years (Wanyera et al. 2006). The 

pathogen has currently spread to thirteen countries, with several variants of the original race now 

present (CIMMYT 2016). Across Canada, it has been suggested that almost 80% of spring wheat 

cultivars are susceptible to the Ug99 race (Fetch et al. (2012), as cited by Kassa et al. (2016b)). 

One particular gene, SrCad, has proven to provide resistance against Ug99 stem rust (Hiebert et 

al. 2011), and stable SNP markers have been developed for the accurate detection of genotypes 

with the resistance gene (Kassa et al. 2016b). These markers are reliable for marker-assisted 



 
 

25  

selection because of the proven testing amongst different wheat cultivars, but additionally they 

also provide precision towards SrCad only, as SrTmp and Sr42 are also within the same 

chromosome region.  

Gene stacking, or the inclusion of several resistance genes into a single cultivar, has 

become the primary method of creating CWRS cultivars with long lasting, and durable resistance 

against the rust pathogens (Singh et al. 2014). Durability of resistance is also obtained by 

combining three to five adult plant resistance (APR) genes in a single cultivar, as APR genes 

have an additive effect and are generally non-race specific (Singh et al. 2000). On the other hand, 

seedling resistance genes have generally been viewed as race specific and non-durable (Singh et 

al. 2013), as the selection pressure against susceptible races will inevitably result in a virulent 

new race.  

 Canadian breeders have been developing rust resistant cultivars since the first stem rust 

resistant cultivar ‘Thatcher’ was released in 1935, and ‘Renown’ was released in 1937 with leaf 

rust resistance (McCallum et al. 2016). Over two hundred rust resistance genes and alleles have 

been characterized throughout the world (Park 2015), with at least sixty-nine conveying leaf rust 

resistance (McCallum et al. 2012), sixty-five numerically designated resistance genes or alleles 

against stem rust (Yu et al. 2014), and seventy stripe rust resistance genes (Xi et al. 2015). These 

resistance genes have also been known to confer resistance against more than one type of rust, or 

even other diseases – for example, Lr34/Yr18/Pm38, is the same gene that confers resistance 

against leaf rust, stripe (yellow) rust, and powdery mildew (Lagudah et al. 2009); also known as 

Sr57 for the resistance conferred against stem rust (Kerber and Aung 1999). Several QTL with 

broad rust resistance across different countries have been reported by Singh et al. (2014), 

suggesting genes similar to Lr34’s versatility. Lr34 has been deployed in many modern cultivars 
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including ‘CDC Imagine’, ‘CDC Stanley’, ‘CDC Teal’, ‘Carberry’, ‘Lillian’, and ‘Peace’ 

(Randhawa et al. 2013), but continues to provide strong resistance since introduction in the 

1970s (McCallum et al. 2016). Resistance conferred by Lr34 is enhanced due to synergistic 

effects when stacked with additional rust resistance genes (German and Kolmer 1992; Hiebert et 

al. 2016). Stripe rust resistance genes Yr24, Yr32, and YrSP have shown to provide resistance 

across several countries, but Yr5 and Yr15 currently provide resistance against all races that were 

collected in thirteen countries (Sharma-Poudyal et al. 2013). QTL associated with stripe rust 

were identified in five mapping populations derived from registered Canadian cultivars, and 

several parents contributed QTL located on the same chromosomes (Bokore et al. 2017). Results 

such as these are important contributions to the literature, as they provide assurance to the 

stability and consistency of identified QTL. 

 

1.7 Conclusion 

Modern wheat breeders use molecular techniques and technologies supported by 

phenotype selection in order to develop T. aestivum cultivars which benefits producers and end 

users, including consumers and bakers. The mapping of QTL associated with CWRS 

characteristics of importance has provided breeders with the chromosomal region of many loci 

that could potentially become diagnostic markers for MAS if stability is ensured. Ultimately, the 

current lack of stability suggests that wheat breeders have much more to learn about the wheat 

genome, and for quantitative traits, QTL mapping results are largely statistical, and not 

biological (Bernardo 2016). As these technologies involving gene expression and transcriptome 

analysis become more widespread and the associated costs decrease, this area will provide a 

valuable next step in understanding the biological basis of quantitative traits (Mackay et al. 
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2009). The discovery of a sequence of nucleotides does not give the necessary details regarding 

the intimacies of gene regulation including expression and gain or loss of function, and therefore 

the ability to locate a locus of interest is only the beginning of molecular wheat breeding, and the 

pursuit of CWRS cultivars with superior disease resistance, yield, and end-use quality. 
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1.8 Thesis Objectives 

 

Due to the segregating traits of the ‘Peace’ × ‘Carberry’ population, this thesis is based on the 

desire to discover further knowledge related to disease resistance, and agronomic traits in 

different environments. 

 

I propose the following thesis objectives: 

 

1) Determine if there are minor disease resistance QTL associated with stripe rust, leaf rust, and 

leaf spotting, and estimate their location and effect. 

2) Determine if there are QTL associated with agronomic and quality related traits in organic and 

conventional environments and estimate their location and effect. 

 

 

These objectives will be tested with the following hypotheses: 

 

1) Null: Minor disease resistance QTL do not exist. 

2) Null: No QTL are associated with agronomic and quality related traits in organic and 

conventional environments. 
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2 Mapping QTL associated with stripe rust, leaf rust, and leaf 

spotting in a Canadian spring wheat population1 

 

2.1 Introduction 

Western Canada is a significant contributor to the worldwide supply of wheat, ranking 5th 

in the world for total tonnage produced (Food and Agriculture Organization of the United 

Nations 2018), and the prairie provinces, comprising of Manitoba, Saskatchewan and Alberta, 

were responsible for over 97% of total spring wheat production across Canada in 2017 (Statistics 

Canada 2018). The management and control of diseases that affect wheat yield and quality will 

help ensure Canadian producers remain global leaders in wheat production, and genetic host 

resistance remains the most efficient and successful method to provide protection against 

diseases, due to the input costs associated with fungicide applications, and the environmental 

concerns (McCallum et al. 2007; Bokore et al. 2017). The management of leaf diseases through 

fungicide control is further complicated due to the relationship between disease development and 

climatic conditions, and the success of many fungicides being dependent on an application in the 

early stages of disease development (Kutcher et al. 2011).  

Canadian wheat breeders have been concerned with obtaining disease resistance since the 

early 1900s, as stem rust epidemics repeatedly swept across the prairies and destroyed the crop 

of early settlers (Buller 1919; McCallum et al. 2007). Today, leaf rust (Puccinia triticina) and 

stripe rust (Puccinia striiformis f. sp. tritici), along with the leaf spot complex consisting of tan 

                                                        
1 A version of this chapter with the same title has been submitted to Crop Science in May 2018; authored as 
Bemister et al. 
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spot (Pyrenophora tritici-repentis), septoria leaf blotch (Phaeosphaeria nodorum, 

Mycosphaerella graminicola, and Phaesosphaeria avenaria), and spot blotch (Cochliobolus 

sativus) are the prominent leaf diseases in western Canada, and an active area of research for 

genetic resistance. Leaf and stripe rust are “Priority 1” diseases (along with stem rust, common 

bunt, and Fusarium head blight) and require at least an Intermediate level of resistance in order 

to be registered under bread wheat classes, including the Canada Western Red Spring (CWRS) 

class, and the leaf spot complex is “Priority 2”, meaning resistance is desirable (Prairie 

Recommending Committee for Wheat Rye and Triticale 2015). Over 86% of the spring wheat 

acres were seeded to CWRS in 2017 (Canadian Grain Commission 2018), and there is a constant 

need to search for novel resistance genes, because of the continually evolving disease 

populations (Singh et al. 2014), and reduced genetic diversity in registered cultivars (Zwart et al. 

2010). 

 Stripe rust of wheat (yellow rust) caused by Puccinia striiformis f. sp. tritici has become 

an increasing concern across the western provinces, and these epidemics result in a reduction of 

yield and grain quality, as the pathogen reduces the green leaf tissue and photosynthetic ability of 

the plant (Wellings 2011; Singh et al. 2014). Due to changing weather patterns, and an increased 

number of virulent races, the risk posed by stripe rust has elevated since the year 2000 (Lyon and 

Broders 2017; Liu et al. 2017). These new races produced a greater number of urediniospores 

and a shorter latency period in warmer temperatures, with an average sporulation being two days 

early, and twice the germination percentage (Milus et al. 2006). Traditionally, rust spores have 

been carried through the wind from the Pacific Northwest, or along the Puccinia Pathway, but 

given the appropriate conditions, stripe rust has the ability to overwinter with winter wheat, and 

use a “green bridge” to inoculate spring wheat the following season (Xi et al. 2015). The ability 
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of stripe rust to overwinter adds complexity to the successful management of the disease, which 

already requires an understanding of host resistance, inoculum source, distribution, frequency, 

and race structure (Xi et al. 2015). Further improvements in genetic host resistance will provide 

the most reliable method to manage stripe rust. Randhawa et al. (2012) screened CWRS varieties 

for stripe rust resistance and found that 60% possessed resistance against the disease, but most 

resistance was conferred by only one gene, Yr18. The authors also concluded that 

uncharacterized sources of additional stripe rust resistance were present in spring wheat 

cultivars. To date, over 80 numerically designated stripe rust (Yr) genes have been catalogued 

(McIntosh et al. 2017), but an ineffectiveness in the currently deployed genes has recently been 

reported, such as Yr10 in southern Alberta (Puchalski and Gaudet 2011). 

 Leaf rust of wheat (brown rust) caused by Puccinia triticina is a much older leaf disease 

on the Canadian prairies and the first leaf rust resistance gene (Lr14A) was introduced in the 

1930s (McCallum et al. 2007). Over 100 leaf rust (Lr) genes have been numerically designated 

(McIntosh et al. 2017), but many older Lr genes have reduced effectiveness (such as Lr13, and 

Lr16) due to evolving pathogen populations (McCallum et al. 2007). These race-specific genes 

must be supplemented with durable, long-lasting resistance genes such as Lr34, and Lr46, as 

they confer slow-rusting resistance (Singh et al. 1998; Singh and Huerta-Espino 2003). The 

ineffectiveness of older Lr genes suggests the importance of continual discovery of novel 

resistance genes, and further characterization of genetic factors beyond main effects including 

genetic interactions and synergistic relationships (Singh et al. 2014). When comparing historic 

and modern cultivars, Martens et al. (2014) reported modern cultivars possessing partial or 

complete resistance against leaf rust, with historic cultivars highly susceptible. The modern 

cultivars involving Lr21, Lr22a, and large gene stacks with Lr34 were highly resistant to 
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infection, but the effectiveness of Lr34 was not consistent across cultivars, and some were 

reported to have intermediate susceptibility. It was previously reported by Kolmer (1996) that “ 

… Lr13 and Lr34 singly and together have provided the most durable resistance to leaf rust in 

wheat throughout the world”, but today this statement no longer holds, as races of P. triticina 

have continued to adapt over the past twenty years.  

 Leaf spot of wheat is caused by a number of different pathogens, and the most significant 

leaf spot diseases in western Canada include tan spot (Pyrenophora tritici-repentis), septoria leaf 

blotch (Phaeosphaeria nodorum, Mycosphaerella graminicola, and Phaesosphaeria avenaria), 

and spot blotch (Cochliobolus sativus). It may be difficult to visually distinguish between these 

diseases, and laboratory analysis may be required as they all produce leaf lesions as the symptom 

of infection. These pathogens have similar characteristics as crop residue is the most significant 

source of primary inoculum, and weather conditions are a significant contributor to successful 

disease development (Bailey et al. 2003). Currently, the registration of a CWRS cultivar does not 

require resistance against leaf spots, and therefore most CWRS cultivars have moderate 

susceptibility, or intermediate resistance against leaf spotting (Alberta Seed Guide 2018; 

Government of Saskatchewan 2018). In Australia, yield loses between 18% to 31% have been 

reported (Bhathal et al. 2003), but generally within western Canada, leaf spots remains a minor 

leaf disease complex compared to leaf and stripe rust. The frequency and prevalence of leaf spot 

diseases are associated with warmer and wetter regions (Gilbert and Woods 2001), and tan spot 

has been reported as the most prevalent in western Canada due to the reduced humidity 

requirement for disease development (Fernandez et al. 2010). This disease forms tan-coloured 

lesions that are frequently surrounded by chlorotic haloes and depending on the eight 

characterized races and their host-selective toxins, leaf tissue may be necrotic and / or chlorotic 
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(Lamari et al. 2003; Faris et al. 2013). It is yet to be determined if the shift towards minimal and 

no-till systems, along with a changing climate will have a significant impact on the future of leaf 

spot severity and prevalence across the prairies, but it would be wise if breeders were proactive 

and considered leaf spot resistance in their breeding programs. 

 Single gene resistance is not durable, nor long-lasting, and therefore breeders must look 

for horizontal resistance – resistance that is conferred by several genes. Both parents used in this 

study, ‘Peace’ and ‘Carberry’, are moderately resistant to stripe rust (Alberta Seed Guide 2018), 

confer rust resistance from Lr34/Yr18, but additionally each carry unique resistance genes. 

Conducting linkage-based QTL analysis on this population allows for the same / similar genetic 

region to be mapped for multiple diseases, and gaining knowledge on the clustering of traits can 

increase selection in breeding programs (Singh et al. 2016). QTL analysis is an effective first 

step into the discovery of markers that are tightly linked to gene(s) associated with trait 

improvement (Singh et al. 2014). Marker assisted selection (MAS) has become a tool in breeding 

programs due to the low-cost and high-throughput genotyping that has become available. The 

DArTseq platform used in our study is a genotyping by sequencing (GBS) method, that uses 

restriction enzymes to separate the informative sequences from the repetitive portions of the 

wheat genome (Li et al. 2015), and genotyping costs are kept low, because this method relies on 

complexity reduction and multiple sequencing. 

The objectives of this present study were to: (1) identify and genetically map quantitative 

trait loci (QTL) associated with leaf rust, stripe rust, and leaf spot, (2) locate genomic regions 

associated with multiple traits, in the ‘Peace’ × ‘Carberry’ recombinant inbred line population. 
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2.2 Materials and Methods 

2.2.1 Population Development and Phenotyping 

The population in this study consisted of 208 recombinant inbred lines (RILs) that were 

advanced to F6 by single seed descent method. Seed from the RILs and two parents were sown in 

2015 as double head rows for seed multiplication purposes, and F6-derived F7 seed was used in 

this study. The population was derived from a cross involving two registered Canadian spring 

wheat cultivars, ‘Peace’ and ‘Carberry’. Both parents meet the end-use quality specifications of 

the Canada Western Red Spring market class. ‘Peace’ (Humphreys et al. 2014) is a tall, awnless 

cultivar with the SrCad gene, which confers resistance against the highly virulent Ug99 race 

(Hiebert et al. 2011), and also the rust resistance gene, Lr34/Yr18 (Humphreys et al. 2014) and 

Lr1, Lr13, and Lr27 (Randhawa et al. 2013). ‘Carberry’ (DePauw et al. 2011) is an awned, high 

yielding semi-dwarf wheat with Lr34/Yr18, and Lr16 (Randhawa et al. 2013). 

 Stripe rust was assessed from 2014 – 2017 in disease nurseries that were located near 

Creston, British Columbia, Lethbridge, Alberta and in Edmonton, Alberta. All environments 

were exposed to natural infection, but stripe rust infection levels were only sufficient in 2016 for 

analysis. These three environments were replicated twice and consisted of the RIL population, 

parents, and five checks planted in hill plots. Spreader rows of the susceptible cultivar (‘Park’) 

was planted around, and within the nursery to increase the level of epidemic. The proportion of 

rust pustules on leaf tissue was assessed visually on a 1 – 9 scale (ranging from no infection to 

highly susceptible), based on the Cobb scale (Peterson et al. 1948), when spreader rows reached 

a highly susceptible level of infection. 

 Leaf rust was assessed in Edmonton, Alberta from 2014 to 2017, and near Creston, 

British Columbia during the 2016 field season. The trials were single replicate in 2014 and 2015, 
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and two replicates in 2016 and 2017. The Edmonton leaf rust nursery was artificially inoculated 

by spraying the spreader rows with urediniospores of the prevalent races in the region, that were 

collected from infected plants the previous field season. The visual assessment was conducted in 

the same manner as stripe rust, on a 1 – 9 scale, and the Edmonton nursery included ‘Park’ as the 

susceptible check, and ‘Carberry’ as the resistant check. Insufficient disease pressure was present 

in Edmonton 2016, and the data was excluded from analysis. 

Leaf spot was assessed in Edmonton, Alberta from 2014 to 2017, and consisted of single 

replicates in 2014 and 2015 and two replicates in 2016 and 2017. The spores from two isolates 

(AB50-2 and AB7-2) of Pyrenophora triciti-repentis were sprayed as inoculant over the nursery 

to enhance the level of infection. These isolates contain the ToxA gene and belong to Race 1, 

which is the most common race in Alberta (Aboukhaddour et al. 2013). The level of severity was 

assessed visually in the same manner as stripe and leaf rust, on a 1 – 9 scale. 

 

2.2.2 Genotyping and QTL Analysis 

Four seeds from each RIL and the two parents were sown in trays containing professional 

growing mix (Sun Gro Horticulture Canada Ltd., Seba Beach AB) and grown in a greenhouse. The 

greenhouse growth conditions consisted of a 16-hour photoperiod, and a temperature of 21°C. 

Approximately 100-200 mg fresh leaf tissue was collected at the two-leaf grown stage, and frozen 

with liquid nitrogen in 2-mL nuclease-free tubes. Samples were stored in a -80°C freezer until 

DNA extraction. Genomic DNA was extracted following the Cetyl Trimethylammonium Bromide 

(CTAB) protocol supplied by Diversity Arrays Technology (DArT, Bruce Australia). One hundred 

microliters of DNA from each RIL and the two parents was sent to Diversity Arrays Technology 

for genotyping using sequencing-based DArT (DArTseq), which generated both dominant 
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(silicoDArT), and co-dominant (SNP) markers (Akbari et al. 2006). Allele scoring, and quality 

control was conducted by the service provider. 

 Least squares means were calculated for each individual using a mixed effects model: 

Υ𝑖𝑏𝑙𝑡 =  𝜇𝑡 + 𝐺𝑖𝑡 + 𝑅𝑏𝑙𝑡 + 𝐸𝑡 + 𝐺𝐸𝑖𝑙𝑡 +  𝜀𝑖𝑏𝑙𝑡 

where Υ𝑖𝑏𝑙𝑡 is the observation of genotype i in replicate b in environment l of trait t, 𝜇𝑡 is the 

mean effect of trait t, 𝐺𝑖𝑡 is the effect of genotype i on trait t, 𝑅𝑏𝑙𝑡 is the effect of replicate b in 

environment l on trait t, 𝐸𝑡 is the effect of environment on trait t, 𝐺𝐸𝑖𝑙𝑡 is the interaction of 

genotype i and environment l of trait t, and 𝜀𝑖𝑏𝑙𝑡 is the residual error. The effect of genotype was 

treated as a fixed effect, and the effects of replication, environment, and G×E interaction were 

treated as random. Analysis was conducted in SAS version 9.4 (SAS Institute, Cary NC) using 

PROC MIXED and the Restricted Maximum Likelihood (REML) method. Plots of residuals 

were displayed through the SAS Output Delivery System (ODS), and frequency distributions 

were displayed using R statistical software (version 3.2.3) and the ggplot2 package (Wickham 

2009). Boxplots and histograms of frequency distribution were used to identify outliers, and 

extreme phenotypes were removed from QTL analysis. SAS code published by Holland (2003; 

2006) was used to calculate genetic and phenotypic correlation and broad-sense heritability on a 

line mean basis.  

Linkage maps were constructed using silicoDArT and SNP markers that have positions 

confirmed in ‘Wheat consensus map version 4.0’ provided by Diversity Arrays Technology 

(2018). The genotyping data was curated as follows: SNP markers with heterozygous calls were 

replaced with missing values, all markers with > 20% missing data were removed, markers with 

extreme segregation distortion (1:1, p-value < 0.01) were removed, and genotypes with > 20% 

missing calls were removed. Linkage groups were created by a two-step process, in which ‘draft’ 
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groups were first identified with MSTmap (Wu et al. 2008), and marker order and distances 

within these groups were calculated in MapDisto 2.0 (Heffelfinger et al. 2017) using the 

Kosambi mapping function (Kosambi 1944), a minimum logarithm of odds (LOD) threshold of 

3.0, and a minimum recombination frequency threshold of 0.35. The order of markers was 

calculated with the ‘seriation’ algorithm, and the SARF (Sum of Adjacent Recombination 

Frequencies) criteria. Linkage groups and their orientation were assigned to the 21 chromosomes 

using the prior information provided by the consensus map. 

QTL analysis was performed using the least squares means of disease severity combined 

across environments, and in each individual environment using QTL IciMapping v4.1 (Meng et 

al. 2015) and the Inclusive Composite Interval Mapping Additive (ICIM-ADD) model (Li et al. 

2007). The minimum LOD threshold was 2.5 with a 1.0 cM walking step; missing phenotypes 

were replaced with the mean value of the trait, and the genetic maps were drawn using MapChart 

v2.32 (Voorrips 2002). Putative QTL were labelled as per the Recommended Rules for Gene 

Symbolization in Wheat and begin with ‘Q’ (symbol for QTL), followed by the trait designator, 

laboratory designator (dms = Dean Michael Spaner), and the chromosome, respectively. 

 

2.3 Results 

2.3.1 Disease Severity Assessment 

 The frequency distribution of least squares means for combined environments are shown 

in Figure 2.6.1, with severity scores of the parents shown as a dotted line for ‘Carberry’, and 

solid line for ‘Peace’, and transgressive segregation was present in the RIL population and seen 

in all three disease severity assessments. As expected due to the rust resistance conferred by the 
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parents, the RIL population was generally resistant, with a skewed tail towards increased disease 

severity scores of leaf and stripe rust. The leaf spot distribution is approximately normal, as both 

parents are moderately susceptible to the disease complex. Figure 2.6.2 shows the frequency 

distribution of disease severity in the single environments (four leaf rust, four leaf spot, and three 

stripe rust environments). In the single environments, the leaf rust severity scores ranged from 1 

– 2.25 for ‘Carberry’, and 2 – 5.75 for ‘Peace’, the stripe rust severity scores ranged from 1.75 – 

3 for ‘Carberry’, and 3.75 – 4 for ‘Peace’, and the leaf spot severity scores ranged from 3.5 – 6 

for ‘Carberry’, and 3.8 – 4.25 for ‘Peace’. ‘Park’ was the susceptible check for leaf and stripe 

rust, with leaf rust scores ranging from 6.6 – 9, and stripe rust scores ranging from 5 – 7. ‘AC 

Barrie’ was one of the moderately susceptible checks for leaf spot, and scores ranged from 3 – 6, 

and ‘Lillian’ was the moderately resistant check for leaf spot, and scores ranged from 2 – 6. The 

descriptive statistics of the least squares means for combined environments were calculated and 

shown in Table 2.6.1 for both parents, and the RIL population. The least squares means for 

combined environments of leaf spot was 4.4 for ‘Peace’, 5.1 for ‘Carberry’, and 5.3 for the RIL 

population across the four environments, leaf rust was 4.3 for ‘Peace’, 1.7 for ‘Carberry’, and 2.5 

for the RIL population across the four environments, and stripe rust was 3.9 for ‘Peace’, 2.3 for 

‘Carberry’, and 2.7 for the RIL population across the three environments. Broad-sense 

heritability was calculated on a line mean basis for each disease and ranged from 0.50 – 0.73 

(Table 2.6.2). 

 

2.3.2 QTL Analysis 

After curating ~ 36,500 markers received from the service provider, 8,413 polymorphic 

markers were used for linkage map construction (approximately 23% of the original dataset), and 
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the final population size used for analysis consisted of 204 individuals after four individuals were 

removed due to > 20% missing genotype data. Markers showing sufficient linkage were 

separated into the 21 chromosomes of T. aestivum, with a final genetic map length of 2,851 cM, 

and 4,439 markers (consisting of 1,015 SNPs and 3,424 DArTs). Only a single marker was kept 

if markers mapped to the same position. The shortest linkage group (4D) has a distance of 27 

cM, and density of 24 markers, while the longest linkage group (7A) has a distance of 219 cM, 

and a density of 416 markers. The average marker density across the entire linkage map is 1.6 

markers per cM, with individual linkage groups ranging from 0.7 to 2.3 markers per cM. A 

summary of the genetic map is shown in Table 2.6.3. 

 By using the inclusive composite interval mapping (ICIM) additive model and the least 

squares means of the combined environments, a total of ten QTL were identified: three being 

associated with leaf spot, four with leaf rust, and three with stripe rust (Table 2.6.4; Figure 

2.6.3). ICIM was also conducted on each individual environment to provide insight into the 

stability of identified QTL, and a total of thirty QTL were identified (Table 2.6.5). 

Three QTL were identified to be associated with leaf spot, and together explained 28% of 

total phenotypic variance (Table 2.6.2). ‘Carberry’ was the primary source of resistance, as 

QLs.dms-2A (with an LOD of 5.7 and located at 75 cM on 2A) and QLs.dms-7D (with an LOD 

of 5.9 and located at 13 cM on 7D) each explained 10% of the phenotypic variance. These alleles 

from ‘Carberry’ reduced the disease score by 0.6 and 0.7, respectively, in homozygous RILs 

carrying them. QLs.dms-4B at 43 cM on 4B originated from ‘Peace’ and explained 8% of the 

phenotypic variance and was responsible for a 0.7 reduction in severity scores. A total of twelve 

QTL associated with leaf spot were identified in the individual environment analysis (Table 

2.6.5). QTL on 4B were identified in two individual environments (Edmonton 2014, and 



 
 

 40 

Edmonton 2016) that map to the same position as QLs.dms-4B, and QTL suggestive of QLs.dms-

2A were also identified in three individual environments (Edmonton 2015, Edmonton 2016, and 

Edmonton 2017). QLs.dms-7D was identified in two individual environments (Edmonton 2016 

and Edmonton 2017). 

 Four QTL were identified to be associated with leaf rust and together explained 25% of 

the total phenotypic variance (Table 2.6.2). The most significant QTL was QLr.dms-5B, with an 

LOD of 4.3, located at 123 cM on 5D, and explaining 8% of the phenotypic variance. This 

resistance allele was contributed by ‘Peace’, and RILs that were homozygous for this allele 

reduced their severity scores by 0.3. Additionally, ‘Peace’ was the parental source for QLr.dms-

2A located at 71 cM on 2A, which explained 5% of the phenotypic variance. ‘Carberry’ was the 

parental source of two QTL associated with leaf rust, QLr.dms-4A and QLr.dms-3D, located at 

64 cM on 4A, and 45 cM on 3D, respectively. The QTL on 4A explained 6% of the phenotypic 

variance, and the QTL on 3D explained 5%. A total of eleven QTL associated with leaf rust were 

identified in the individual analysis (Table 2.6.5). A QTL on 3D was identified in two 

environments (Creston 2016, and Edmonton 2017) that mapped to the same position, or near the 

leaf rust QTL, QLr.dms-3D, located at 45 cM. QLr.dms-4A was identified in Creston, and no 

QTL were identified in any environments that correspond to QLr.dms-2A and QLr.dms-5B. 

Three QTL were identified to be associated with stripe rust and together explained 27% 

of the total phenotypic variance (Table 2.6.2). The most significant QTL was QYr.dms-4B, with 

an LOD of 7.9, located at 21 cM on 4B, and explaining 16% of the phenotypic variance. This 

allele was contributed by ‘Carberry’, and RILs that were homozygous at the flanking markers 

had a reduction of 0.7 in their disease severity score. In addition to this QTL, ‘Carberry’ was the 

parental source of QYr.dms-3A, located at 70 cM on 3A, which explained 6% of the phenotypic 
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variance, and reduced the severity score of homozygous RILs by 0.5. ‘Peace’ was the source of a 

single relatively minor stripe rust QTL, QYr.dms-2A, that was located at 75 cM on 2A, and 

explained 5% of the phenotypic variance. A total of seven QTL associated with stripe rust were 

identified in the individual environment analysis (Table 2.6.5). QYr.dms-4B was identified in all 

three individual environments, QYr.dms-2A was identified in two environments (Creston 2016, 

and Edmonton 2016), and QYr.dms-3A was identified in a single environment (Creston 2016), 

and  

 

2.4 Discussion 

In our study, QYr.dms-4B, was the largest QTL identified and explained 16% of the 

phenotypic variance associated with stripe rust and was located at 21 cM on chromosome 4B. 

This QTL was also the most stable of the stripe rust QTL and was identified in all three 

individual environments, in addition to the combined analysis. An extensive review of stripe rust 

QTL conducted by Rosewarne et al. (2013) reported eight published identifications of QTL 

located between 12 cM – 27 cM on 4B. More recently, Naruoka et al. (2015) identified two 

minor stripe rust QTL on 4B (Qyr.wpg-4B.1 and Qyr.wpg-4B.2) by association mapping of 402 

winter wheat accessions, and Bokore et al. (2017) conducted linkage-based QTL mapping on the 

‘Carberry’ × ‘AC Cadillac’ doubled haploid (DH) population and identified a single QTL on 4B 

(QYr.spa-4B). QTL associated with stripe rust have also been identified on 3A (Lillemo et al. 

2008; Singh et al. 2014; Zou et al. 2017c) and 2A (Jighly et al. 2015; Maccaferri et al. 2015; 

Naruoka et al. 2015; Vazquez et al. 2015) and in this study we identified a QTL on 3A, QYr.dms-

3A, that explained 6% of the phenotypic variance, and a QTL on 2A , QYr.dms-2A, that 
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explained 5% of the variance. In addition to the combined analysis, QYr.dms-2A was identified 

in two individual environments, and QYr.dms-3A was identified in one. 

QLs.dms-7D and QLs.dms-2A were the second largest QTL identified in our study, and 

each explained 10% of the phenotypic variance associated with leaf spotting. Studies have 

reported QTL on 7D for leaf spot (Adhikari et al. 2012), tan spot (Gurung et al. 2011), and 

septoria tritici blotch (Mycosphaerella graminicola) (Kosellek et al. 2013), and on 2A for 

septoria tritici blotch (Adhikari et al. 2015; Ando et al. 2018), but in our study we were unable to 

look at disease specific QTL, because the leaf spot complex is difficult to phenotype due to the 

large number of diseases that produced similar symptoms. QTL associated with leaf spotting 

have also been identified on 4B (Zwart et al. 2010; Gurung et al. 2014) and we identified a QTL 

on 4B, QLs.dms-4B, that explained 8% of the phenotypic variance. In addition to the combined 

analysis, this QTL was identified in two of the four individual environments. 

All four leaf rust QTL identified in our combined analysis were relatively minor, and 

each explained < 10% of the phenotypic variance. QTL associated with leaf rust have been 

identified on 3D (Singh et al. 2009; Rosewarne et al. 2015) and in our study we identified a QTL 

on 3D, QLr.dms-3D, that explained 5% of the phenotypic variance, and in addition to the 

combined analysis, was the most stable leaf rust QTL and was identified in two of the four 

individual environments. QLr.dms-4A explained 6% of the phenotypic variance, and was 

identified in a single environment, but to our knowledge, only one other study has identified a 

QTL on 4A (Zhang et al. 2017). The QTL they reported, QLr.hebau-4AL, was identified in three 

environments and explained between 3% to 8% of the phenotypic variance. QTL associated with 

leaf rust have been identified on 5B (Messmer et al. 2000; Zhou et al. 2014), and in our study we 

identified QLr.dms-5B to explain 8% in the combined analysis, and a QTL similar to QLr.dms-
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5B was identified in one environment. No QTL were identified on 2A in the individual 

environments, and therefore the stability of QLs.dms-2A remains unknown, but QTL on 2A have 

been identified by others. Rosewarne et al. (2012) reported a QTL on 2A in two environments 

that explained 5% and 7% of the phenotypic variance, and Schnurbusch et al. (2004) identified a 

QTL on 2A that explained 12% of the infection response. The ‘Carberry’ × ‘AC Cadillac’ DH 

population was analyzed by Singh et al. (2014) and ‘Carberry’ was reported to be the source of 

leaf rust resistance on 2B and 4B. The leaf rust QTL they identified on 4B, QLr.spa-4B, was 

located between 0 – 18 cM, and our results identified a QTL at 21 cM on 4B in one of the four 

leaf rust environments (Creston 2016) originating from ‘Carberry’, and may be the same QTL 

identified by Singh et al. (2014). In our study, this QTL explained 8% phenotypic variance, and 

their QTL was identified in one environment and explained 5% of the phenotypic variance.  

QTL that map to the same or similar position for different traits can be indicative of tight 

linkage, or pleiotropy, and the pleiotropic effects of rust resistance genes have been well 

recognized for several genes including Lr34/Yr18 (Lagudah et al. 2009), Lr46/Yr29 (Kolmer et 

al. 2015) and Lr27/Sr2 (Mago et al. 2011). In our study, we found the same QTL that mapped to 

21 cM on 4B associated with leaf rust in Creston 2016, and stripe rust in Edmonton 2016 and 

Lethbridge 2016. ‘Carberry’ was the parental source of this resistance allele, and it explained 8% 

of the phenotypic variance associated with leaf rust, and 8 – 10% of the variance associated with 

stripe rust. ‘Carberry’ was the source of resistance for a QTL that explained 9% of the 

phenotypic variance associated with stripe rust was also identified at 20 cM on 4B in Creston 

2016. In the combined analysis, QYr.dms-4B was identified at 21 cM, and associated with stripe 

rust, but this QTL was not detected in the combined analysis associated with leaf rust. In the 

combined analysis, QLs.dms-2A was associated with leaf spotting, and co-located with the stripe 
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rust QTL QYr.dms-2A, but these QTL originated from different parents, and therefore this region 

on 2A may consist of tightly linked QTL. 

The mapping population we used in our study, ‘Peace’ × ‘Carberry’, has very similar 

genetics to the ‘Carberry’ × ‘AC Cadillac’ population used by Singh et al. (2014) and Bokore et 

al. (2017), because in addition to ‘Carberry’ being a parent in both populations, ‘AC Cadillac’ is 

a close relative to ‘Peace’ due to both cultivars originating from BW90 and BW553. ‘Peace’ and 

‘AC Cadillac’ both inherited the stem rust resistance gene, SrCad, from BW553 (Hiebert et al. 

2011), providing further evidence of related genetics. Bokore et al. (2017) reported that ‘AC 

Cadillac’ contributed stripe rust QTL from chromosomes 2A, 2B, 3B, and 5B, while Singh et al. 

(2014) reported stripe rust QTL from ‘AC Cadillac’ on chromosomes 2A, 2B, 3A, 3B, 5B, and 

7B, and a single leaf rust QTL on 2A. Singh et al. ( 2014) found the leaf rust QTL on 2A, 

QLr.spa-2A, to explain 6% of the phenotypic variance, and located at 127.8 cM, which may be 

the same leaf rust QTL as identified in our study’s combined analysis (QLr.dms-2A was 

identified at 71 cM and explained 5% variance). They also identified a stripe rust QTL, QYr.spa-

2A, nearby at 111.8 cM that explained 6% of the stripe rust infection response, and the authors 

concluded that further research would be needed to confirm if this region had multiple genes, or 

a single gene with pleiotropic effects. Bokore et al. (2017) only conducted QTL analysis 

associated with stripe rust, but confirmed the significance of QYr.spa-2A (located at 50.5 cM in 

their study) in conferring resistance. We identified QYr.dms-2A only 4 cM away from QLr.dms-

2A, which also originated from ‘Peace’, and explained 5% of the phenotypic variance. The two 

QTL we identified from ‘Peace’ in our combined analysis, QYr.spa-2A and QLr.dms-2A, 

correspond with the two QTL identified by Singh et al. (2014) and confirm the presence of minor 

QTL on 2A that confer leaf and stripe rust resistance. The largest QTL in our combined analysis, 
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QYr.dms-4B, originated from ‘Carberry’, but the position of this QTL was ~ 100 cM from the 

stripe rust QTL on 4B from ‘Carberry’ that was reported in other studies (Singh et al. 2014; 

Bokore et al. 2017). Further research is required to clarify if ‘Carberry’ contributes two alleles 

associated with stripe rust resistance on 4B, but in our study we did identify two stripe rust QTL 

on 4B in the single environment analysis (Edmonton 2016). One of the QTL corresponds to 

QYr.dms-4B at 21 cM, but the second QTL was located at 44 cM and providing evidence that 

‘Carberry’ may indeed confer stripe rust resistance from two QTL on 4B.  

The comparison of QTL studies becomes difficult due to a number of issues, including 

different markers used for linkage map construction, reduced recombination due to population 

development (RIL versus DH population), potential genotype by environment interaction, and 

the choice of software used for QTL analysis. The markers deployed by both Singh et al. (2014) 

and Bokore et al. (2017) were different from our study, the ‘Carberry’ × ‘AC Cadillac’ 

population was doubled haploid, and QTL mapping software utilized was different. Although 

there was not a direct agreement between the QTL identified in our study and the previously 

published studies using ‘Carberry’ as a parental source, there is significance evidence to suggest 

that 4B is a source of leaf and stripe rust resistance, and this study has provided further evidence 

that there are two rust resistance QTL on 2A, and these alleles were contributed by ‘Peace’. 

‘Peace’ has been reported to carry Lr1, Lr13 Lr27, Lr34/Yr18 and ‘Carberry’ to carry 

Lr16, Lr34/Yr18 (Randhawa et al. 2013), but virulence towards Lr13 and Lr16 has been reported, 

making these genes no longer durable sources of resistance (McCallum et al. 2016). Lr34 

remains an effective source of resistance since being introduced in ‘Glenlea’ during the 1970s, 

and is a very important resistance gene because of the resistance it confers against stripe rust, 

stem rust, powdery mildew, and barley yellow dwarf virus in addition to leaf rust (McCallum et 
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al. 2012). Lr1 is located on 5D (Cloutier et al. 2007), Lr13 is located on 2BS (Zhang et al. 2016), 

Lr16 on the distal end of 2BS, and Lr27 on 3BS (Singh and McIntosh, 1992). In both the 

combined and individual analysis, no QTL associated with leaf rust were identified on 

chromosomes 5D, 2B, or 3B that could correspond to the leaf rust genes that are segregating in 

the RIL population. Possible reasons these genes were not identified in the QTL analysis may be 

because the genetic map is not comprehensive and recombination regions are not adequately 

mapped, and / or these genes may not confer resistance against the modern races that are in the 

wild. Gene-specific primers were not developed to screen the RIL population for the segregating 

rust resistance genes, but future research using this population could address the reported 

synergistic effect of Lr34 on other resistance genes (German and Kolmer 1992). The interaction 

of resistance genes has been recognized to enhance resistance (Kolmer 1996), and in this study 

we did not consider synergistic relationships, or complementary genes, which may both 

contribute to explaining additional genetic factors. 

The linkage map constructed in our study, with a density of 4,439 markers, a total length 

of 2,851 cM, and an average of 1.6 markers per cM is very similar to recently published studies. 

Zou et al. (2017c) produced a map consisting of 1,203 markers, over 27 linkage groups with total 

length of 3,442 cM (0.4 markers per cM), and Steffan et al. (2017) constructed a map 

considering of 34 linkage groups using 1,734 markers with a total of 2,882 cM (0.60 markers per 

cM). The genetic map produced by McCartney et al. (2016) was a higher density map with 3,081 

markers over 2,467 cM across 25 linkage groups (1.2 markers per cM), but Dong et al. (2017) 

published a much lower density map using only 689 unique markers over 2,425 cM (0.3 markers 

per cM). Lastly, Vazquez et al. (2015) constructed linkage maps for two populations, and both 

these maps had an average density of 0.2 markers per cM, across 49 and 32 linkage groups using 
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229 and 198 markers, respectively. The literature suggests that our constructed genetic map is 

very appropriate compared to recently published studies.  

 

2.5 Conclusion 

As the resistance conferred by currently deployed major genes continues to decline, there 

is an increasing need to discover minor resistance QTL and begin characterizing and 

implementing them into current breeding programs. The objective of this study was to identify 

QTL associated with disease resistance in the ‘Peace’ × ‘Carberry’ RIL population that did not 

segregate for Lr34/Yr18, and both parents carried moderate resistance to stripe rust. Through 

ICIM analysis we reported four QTL associated with leaf rust, three QTL associated with stripe 

rust, and three QTL associated with leaf spot in the combined analysis. ‘Carberry’ provided the 

majority of resistance alleles to the RIL population, and these alleles were also responsible for 

explaining the majority of total phenotypic variance. The leaf spot QTL, QLs.dms-2A and 

QLs.dms-7D, the leaf rust QTL, QLr.dms-5B, and the stripe rust QTL, QYr.dms-4B, explained 

the highest proportion of phenotypic variance for each respective trait, contributing 10%, 10%, 

8% and 16% of the variance, respectively. The leaf spot and stripe rust QTL were also the most 

stable, as they were repeatedly identified in the individual environment analysis. QYr.dms-4B 

was identified in all three of the stripe rust environments; QLs.dms-2A and QLs.dms-7D were 

identified in two of the four leaf spot environments. This study also confirmed the results of 

related studies by identifying QTL on 4B that were contributed by ‘Carberry’ (QYr.dms-4B), and 

two QTL on 2A contributed by ‘Peace’ (QYr.dms-2A and QLr.dms-2A). The ‘Peace’ × 

‘Carberry’ RIL population has shown to be segregating for several alleles associated with leaf 

rust, stripe rust, and leaf spot, but the leaf rust QTL we identified were all relatively minor and 
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explained only between 5 – 8% of the phenotypic variance. The largest QTL identified in this 

study were contributed by ‘Carberry’ and associated with leaf spotting and stripe rust resistance, 

suggesting that ‘Carberry’ may be an attractive parental source for breeders looking to enhance 

resistance against stripe rust and leaf spot with minor resistance alleles.  
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2.6 Tables and Figures 

Table 2.6.1. Summary of descriptive statistics of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) 

mapping population using the least squares (LS) means of the combined environments. 

Trait 
No. of 

Environments 

Mean disease score of 

parents 

 RIL population descriptive 

stats 

 
LS means F-Value 

‘Peace’ ‘Carberry’ 
 

Min Max Mean SD 
 

F-Value Significance 

Leaf Spot 3 4.4 5.1 
 

3.0 7.5 5.3 1.1 
 

2.89 <0.0001 

Leaf Rust 4 4.3 1.7 
 

1.2 5.5 2.5 0.8 
 

2.03 <0.0001 

Stripe Rust 3 3.9 2.3 
 

1.2 6.7 2.7 1.1 
 

3.05 <0.0001 
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Table 2.6.2. Summary of quantitative trait loci (QTL) identified in the combined environment 

analysis of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) 

mapping population. Broad-sense heritability was calculated on a line-mean basis, with standard 

error shown in brackets. The total phenotypic variance was calculated using the sum of 

individual QTL phenotypic variances. 

Trait Heritability 
No. of QTL 

Identified 

Total phenotypic 

variance explained (%) 

Leaf Spot 0.70 (0.04) 3 27.7 

Leaf Rust 0.50 (0.06) 4 24.5 

Stripe Rust 0.73 (0.04) 3 27.1 
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Table 2.6.3. Summary of DArT and single nucleotide polymorphism (SNP) markers used in the 

‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping 

population. The average marker density across the genetic map is 1.6 per cM (centimorgan). 

Chromosome Linkage Map (cM) Total Markers 
Markers per 

cM 

1A 132 268 2.0 

2A 129 183 1.4 

3A 158 306 1.9 

4A 129 182 1.4 

5A 140 156 1.1 

6A 101 214 2.1 

7A 219 416 1.9 

Sub-Genome A Total 1008 1725  

1B 145 339 2.3 

2B 189 412 2.2 

3B 202 239 1.2 

4B 104 143 1.4 

5B 214 450 2.1 

6B 177 345 1.9 

7B 149 200 1.3 

Sub-Genome B Total 1180 2128  

1D 97 73 0.8 

2D 89 99 1.1 

3D 139 118 0.8 

4D 27 24 0.9 

5D 71 66 0.9 

6D 105 107 1.0 

7D 135 99 0.7 

Sub-Genome D Total 663 586  

Total cM 2851   

Total Markers 4439   
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Table 2.6.4. Detailed summary of quantitative trait loci (QTL) identified in the combined environment analysis of the ‘Peace’ × 

‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. Flanking markers are identified by the 

“Clone ID” provided by Diversity Arrays Technology. (D) and (S) designates a DArT or SNP marker, respectively. 

Trait QTL Chr.† 
Position 

(cM) 

Confidence 

Interval 

(cM) 

Left Marker 
Right 

Marker 

LOD

‡ 

R2 

(%) 

Additive 

Effect 

Difference

§ 

Parental 

Resistance 

Allele 

Leaf Spot QLs.dms-2A 2A 75 74.5 - 75.5 2A_d1117218 2A_d1089684 5.7 10 0.3 0.6 Carberry 

Leaf Spot QLs.dms-4B 4B 43 41.5 - 44.5 4B_d3384830 4B_s4991673 4.3 8 -0.3 -0.7 Peace 

Leaf Spot QLs.dms-7D 7D 13 11.5 - 14.5 7D_s1047233 7D_s1022494 5.9 10 0.3 0.7 Carberry 

Leaf Rust QLr.dms-2A 2A 71 70.5 - 71.5 2A_d3958592 2A_d3953769 2.9 5 -0.1 -0.3 Peace 

Leaf Rust QLr.dms-4A 4A 64 63.5 - 64.5 4A_d1164232 4A_s1118950 3.4 6 0.1 0.3 Carberry 

Leaf Rust QLr.dms-5B 5B 123 122.5 - 123.5 5B_s4991398 5B_d2278329 4.3 8 -0.2 -0.3 Peace 

Leaf Rust QLr.dms-3D 3D 45 44.5 - 45.5 3D_d977229 3D_d1269275 2.9 5 0.1 0.2 Carberry 

Stripe Rust QYr.dms-2A 2A 75 74.5 - 75.5 2A_d1117218 2A_d1089684 2.9 5 -0.2 -0.5 Peace 

Stripe Rust QYr.dms-3A 3A 70 66.5 - 72.5 3A_s3948706 3A_d1103494 3.4 6 0.2 0.5 Carberry 

Stripe Rust QYr.dms-4B 4B 21 20.5 - 21.5 4B_d1111841 4B_d1087899 7.9 16 0.3 0.7 Carberry 

† Chromosome 

‡Logarithm of odds 

§Difference is calculated using the mean disease score difference between flanking markers that have the same parental allele at both 

markers (AA – BB). 
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Table 2.6.5. Detailed summary of quantitative trait loci (QTL) identified in the individual environment analysis of the ‘Peace’ × 

‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. Flanking markers are identified by the 

“Clone ID” provided by Diversity Arrays Technology. (D) and (S) designates a DArT or SNP marker, respectively. 

Trait Environment Chr.† 
Position 

(cM) 

Confidence 

Interval 

(cM) 

Left Marker Right Marker LOD‡ 
R2 

(%) 

Additive 

Effect 

Leaf Spot Edmonton 2014 4B 43 41.5 - 44.5 4B_d3384830 4B_s4991673 2.8 6 -0.5 

Leaf Spot Edmonton 2015 2A 75 74.5 - 75.5 2A_d1117218 2A_d1089684 5.0 10 0.6 

Leaf Spot Edmonton 2015 5A 15 13.5 - 16.5 5A_d2275889 5A_d3034030 2.7 5 -0.4 

Leaf Spot Edmonton 2015 5A 119 118.5 - 120.5 5A_d2303648 5A_s1228740 2.9 6 -0.4 

Leaf Spot Edmonton 2016 1A 51 50.5 - 51.5 1A_s1217762 1A_d3948456 3.9 6 0.2 

Leaf Spot Edmonton 2016 2A 64 62.5 - 66.5 2A_d1118293 2A_d1164587 4.2 6 0.2 

Leaf Spot Edmonton 2016 5A 85 84.5 - 85.5 5A_d3022239 5A_d1126765 4.0 6 -0.2 

Leaf Spot Edmonton 2016 4B 43 42.5 - 44.5 4B_d3384830 4B_s4991673 8.6 14 -0.3 

Leaf Spot Edmonton 2016 3D 40 39.5 - 40.5 3D_d1163317 3D_d3064748 3.5 5 -0.2 

Leaf Spot Edmonton 2016 7D 12 11.5 - 12.5 7D_d1105401 7D_s1047233 3.0 4 0.2 

Leaf Spot Edmonton 2017 2A 76 75.5 - 76.5 2A_d1128367 2A_d4004105 6.2 10 0.4 

Leaf Spot Edmonton 2017 4B 20 18.5 - 21.5 4B_d1111841 4B_d1087899 3.8 5 -0.3 

Leaf Spot Edmonton 2017 2D 22 20.5 - 22.5 2D_d1160995 2D_d3939639 3.7 5 0.3 

Leaf Spot Edmonton 2017 3D 34 32.5 - 37.5 3D_d2251907 3D_d1089277 2.8 4 -0.3 

Leaf Spot Edmonton 2017 7D 12 11.5 - 12.5 7D_d1105401 7D_s1047233 7.7 11 0.5 

- - - - - - - - - - 

Leaf Rust Edmonton 2014 2D 22 20.5 - 23.5 2D_d1160995 2D_d3939639 2.8 6 0.2 

Leaf Rust Edmonton 2015 1A 56 55.5 - 56.5 1A_d1124870 1A_d1764604 3.6 5 0.3 

Leaf Rust Edmonton 2015 4B 24 21.5 - 26.5 4B_d3025629 4B_d2276030 4.5 8 -0.3 

Leaf Rust Creston 2016 1A 108 106.5 - 108.5 1A_d3024760 1A_s1864148 4.0 5 0.3 

Leaf Rust Creston 2016 4A 63 62.5 - 63.5 4A_s1397352 4A_d1106380 3.0 3 0.3 
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Trait Environment Chr.† 
Position 

(cM) 

Confidence 

Interval 

(cM) 

Left Marker Right Marker LOD‡ 
R2 

(%) 

Additive 

Effect 

Leaf Rust Creston 2016 4B 21 20.5 - 22.5 4B_d1111841 4B_d1087899 6.4 8 0.4 

Leaf Rust Creston 2016 5B 172 170.5 - 173.5 5B_d2276721 5B_d3959142 3.6 5 -0.3 

Leaf Rust Creston 2016 3D 45 44.5 - 45.5 3D_d977229 3D_d1269275 2.8 3 0.3 

Leaf Rust Edmonton 2017 3A 74 73.5 - 74.5 3A_s5323857 3A_s1012499 3.1 6 0.2 

Leaf Rust Edmonton 2017 7B 141 140.5 - 141.5 7B_s100008598 7B_d3034274 3.0 6 0.2 

Leaf Rust Edmonton 2017 3D 63 62.5 - 63.5 3D_d1109776 3D_d3027742 5.5 11 0.3 

- - - - - - - - - - 

Stripe Rust Creston 2016 2A 76 75.5 - 76.5 2A_d1128367 2A_d4004105 6.8 12 -0.3 

Stripe Rust Creston 2016 3A 70 67.5 - 72.5 3A_s3948706 3A_d1103494 4.3 7 0.3 

Stripe Rust Creston 2016 4B 20 19.5 - 21.5 4B_d1111841 4B_d1087899 5.4 9 0.3 

Stripe Rust Creston 2016 7B 7 6.5 - 7.5 7B_s100006160 7B_d1059164 2.6 4 0.2 

Stripe Rust Creston 2016 3D 46 45.5 - 46.5 3D_d1265681 3D_s1058686 5.1 8 0.3 

Stripe Rust Edmonton 2016 2A 75 74.5 - 75.5 2A_d1117218 2A_d1089684 3.4 6 -0.3 

Stripe Rust Edmonton 2016 4B 21 18.5 - 21.5 4B_d1111841 4B_d1087899 5.7 10 0.4 

Stripe Rust Edmonton 2016 4B 44 42.5 - 44.5 4B_s4991673 4B_d1258252 3.2 6 0.3 

Stripe Rust Lethbridge 2016 4B 21 20.5 - 22.5 4B_d1111841 4B_d1087899 4.1 8 0.4 

Stripe Rust Lethbridge 2016 5B 91 90.5 - 91.5 5B_d1106609 5B_d1193595 4.0 7 -0.4 

†Chromosome 

‡Logarithm of odds 
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Figure 2.6.1. Frequency distribution of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping 

population for stripe rust, leaf rust, and leaf spot severity using the least squares means of the combined environments, on a 1 to 9 

scale. The horizontal lines represent the mean disease scores of the parents, with the dotted line representing ‘Carberry’, and the solid 

line representing ‘Peace’. 
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Figure 2.6.2. Frequency distribution of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping 

population for stripe rust, leaf rust, and leaf spot severity in each individual environment, on a 1 to 9 scale. Disease severity scores 

were taken in field nurseries located in Edmonton Alberta, and near Creston British Columbia, and Lethbridge Alberta from 2014 to 

2017. 

 

 



 
 

 57 

Figure 2.6.3. The location of the ten quantitative trait loci (QTL) identified in the combined environment analysis of the ‘Peace’ × 

‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. The map position is located on the left side 

in centimorgans (cM), and the horizontal lines on each chromosome represent mapped markers. QTL are shown on the right side of 

the chromosome with the position and 95% confidence interval. 
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3 Mapping QTL associated with agronomic traits under 

conventionally and organically managed systems in a Canadian 

spring wheat population2 

 

3.1 Introduction 

 

The Canada Western Red Spring (CWRS) class of wheat is the most produced wheat type 

in western Canada, and was responsible for 69% of total wheat acres across British Columbia, 

Alberta, Saskatchewan and Manitoba in 2017 (Canadian Grain Commission 2018). Wheat 

breeders must focus on the improvement of both agronomic and quality traits, as this will ensure 

that CWRS remains an attractive class for producers, and a sought-after product for millers in the 

international export market. The relationship between agronomic and quality traits is complex 

though, and the most well-known being the negative relationship between grain yield and grain 

protein (Metzger 1935) and the positive relationship between grain yield and maturity. 

Therefore, cultivar development requires a thorough understanding of genetic factors affecting 

the traits that are important to the producer and end-user. The development of a genetic mapping 

population from two elite parents minimizes the chance for linkage drag, and creates individuals 

that are well-adapted to growing in western Canada (Singh et al. 2014). 

The identification of novel quantitative trait loci (QTL) associated with agronomic and 

quality traits in CWRS germplasm is a first step to enable breeders to deploy marker assisted 

                                                        
2 A version of this chapter with the same title has been submitted to Crop Science in August 2018; authored as 
Bemister et al. 
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selection (MAS) in their breeding programs. Several studies on identifying QTL for agronomic 

traits have been conducted using Canadian germplasm (McCartney et al. 2005; Cuthbert et al. 

2008; Chen et al. 2015; Perez-Lara et al. 2016; Zou et al. 2017a, 2017b), but QTL associated 

with quality has been less studied (Fowler et al. 2016; Cabral et al. 2018). Agronomic traits of 

particular interest for western Canada include early maturity, because of potential frost damage 

in the Spring and Fall occurs regularly across the prairies. McCartney et al. (2005) identified four 

QTL associated with maturity, as did Chen et al. (2015) and Perez-Lara et al. (2016). Arguably, 

grain yield is the most important consideration for producers as it’s directly related to economic 

profit, and Cuthbert et al. (2008) identified five QTL associated with grain yield, and Perez-Lara 

et al. (2016) identified two. 

Crop competitiveness has been recognized as an important characteristic for wheat 

development under organic environments (as reviewed by Mason and Spaner (2006)), and traits 

such as height, seedling ground cover, early maturity, leaf size and tillers were associated with 

grain yield in competitive environments (Huel and Hucl 1996; Lemerle et al. 1996; Mason et al. 

2007). The differences in ideal genotypes for wheat cultivars growing in conventional versus 

organic environments has resulted in the registration of organic-specific cultivars (Rolland et al. 

2017), and the mapping of QTL in organic environments has been reported (Asif et al. 2015; Zou 

et al. 2017a). Although many breeding objectives are comparable regardless of management 

system (Asif et al. 2015), it has been suggested that direct selection of germplasm in organic 

environments produced genotypes superior in yield in organic environments versus genotypes 

selected under conventional environments (Kirk et al. 2012). Management-specific QTL were 

identified by Asif et al. (2015), but consistent QTL were also identified across management 

systems, and associated with grain yield, test weight, thousand kernel weight, and flowering. The 
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stability and consistency of identified QTL remains a problematic concern for plant breeding 

(Bernardo 2008), but due to the significant differences in biotic and abiotic stresses between 

conventional and organic systems (such as soil nutrients, soil moisture, and weed competition) 

QTL that are identified across management systems may be highly stable, and reliable markers 

for breeders. 

The objectives of the present study were to: 1) map QTL associated with agronomic and 

quality traits, and 2) compare QTL identified in conventional and organic environments in a 

recombinant inbred line (RIL) mapping population derived from two registered CWRS cultivars, 

‘Peace’ and ‘Carberry’. 

 

3.2 Materials and Methods 

3.2.1 Population Development and Phenotyping 

The population in this study remains the same as Chapter 2 of this thesis, and consisted of 

208 recombinant inbred lines (RILs) that were advanced to F6 by single seed descent. The 

population was derived from two registered Canadian spring wheat cultivars, ‘Peace’ and 

‘Carberry’, and both parents meet the end-use quality specifications of the Canada Western Red 

Spring market class. ‘Peace’ (Humphreys et al. 2014) is a tall, awnless cultivar that carries the 

Vrn-A1a allele (Iqbal et al. 2007c) in addition to the SrCad gene, which confers resistance 

against the highly virulent Ug99 race (Hiebert et al. 2011). ‘Carberry’ (DePauw et al. 2011) is a 

awned, high yielding semi-dwarf that carries the Vrn-A1a, Ppd-D1b and Rht-B1b alleles (Chen et 

al. 2016). Both parents carry the resistance gene Lr34/Yr18/Pm38 (Randhawa et al. 2013). 
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 Field experiments were conducted at the University of Alberta South Campus Crop 

Research station in Edmonton, AB, Canada (Latitude: 53° 29’ N, Longitude: 113° 32’ W). The 

208 RILs, two parents, and five check CWRS cultivars including ‘Glenn’, ‘Go Early’, ‘CDC 

Kernen’, ‘Parata’, and ‘Splendor’ were seeded on May 11th in 2016, and May 20th in 2017 on 

conventionally and organically managed land as paired trials each year. The trials were designed 

as randomized incomplete block design with two replicates both years. Experimental plots were 

seeded at a rate of 300 seeds m-2 with the 2016 plot size of 3m × 1.14m and consisting of 6 rows 

with 19 cm spacing. Plot size in 2017 was increased to 4m long due to increased seed available. 

Soil samples were taken each year in the early spring and analyzed for nutrient content and soil 

quality. Nutrient levels of Nitrogen (N), Phosphorus (P), Potassium (K), Sulfate (S) of 

conventional land in 2016 were 34, 53, >600, 17 ppm, respectively, and pH was 6.0 with 13.1% 

organic matter. The 2016 organic land levels were 24, >60, 426, 11 ppm, respectively, and pH 

was 6.7 with 11.8% organic matter. In 2017, conventional land levels were 12, 14, 198, 6 ppm, 

respectively, and pH was 6.1 with 11.0% organic matter. The 2017 organic land levels were 

taken in the fall and were 59, >60, 310, 14 ppm, respectively, and pH was 6.6 with 12.9% 

organic matter. In both years, conventional trials were broadcast fertilized with 70 kg ha-1 of 46-

0-0 (N-P2O5-K2O) in early spring, and band fertilized during seeding with 36 kg ha-1 of 11-52-0 

(N-P2O5-K2O). Weed control in the conventional trials was maintained through local 

recommendations (Alberta Agriculture and Forestry 2018a) by appropriate use of registered 

herbicides according to directions on the label. Organic land did not receive any inputs, and the 

four-year rotation was wheat, rye plough-down, field peas, canola. The conventional land 

followed a three-year rotation of wheat, field peas, canola. 
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 Phenotypic data was collected for days to heading, physiological maturity, plant height, 

lodging, grain yield, grain protein content, sodium dodecyl sulfate (SDS) sedimentation volume, 

thousand kernel weight (TKW), and test weight (TWt). Days to heading was recorded when 50% 

of the plants in a plot had heads fully emerged from the flag leaf sheath, and days to flowering 

was recorded when 50% of the plants in a plot had begun displaying anthers outside the floret. 

Physiological maturity of the plant was recorded when 50% of peduncles lost their green colour. 

Plant height was recorded from the base of the plant to the tip of the head excluding awns. 

Lodging was recorded at time of harvest, on a 1 – 9 scale, with 1 representing zero lodging, and 

9 as completely lodged. Plots were harvested using Wintersteiger Nursery Master Elite plot 

combine (Wintersteiger Inc., Salt Lake City, UT), and grain was dried and subsequently weighed 

to obtain grain yield. Grain protein content was determined with near-infrared reflectance 

spectroscopy using a Monochromator NIR system model 6500 (NIRSystems, Inc., Silver 

Springs, MD). SDS sedimentation volume was measured on whole grain flour samples gathered 

from a Udy cyclone mill (UDY Corporation, Fort Collins, CO) as per AACC International 

method 56-70.01 (http://methods.aaccnet.org/). Thousand kernel weight was measured by 

randomly selecting 200 seeds using a digital seed counter (Agriculex Inc., Guelph, ON) and 

multiplying the weight by five. Test weight was measured by filling a standard one-pint cup with 

a sample of clean grain using a hopper and stand (Seedburo Equipment Co., Des Plaines, IL) and 

recording the weight. 

 

3.2.2 Genotyping and QTL Analysis 

Section 2.2.2 of this thesis provides detailed information regarding the methods related to 

DNA extraction, genotyping, and linkage map construction. Briefly, genomic DNA was delivered 
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to Diversity Arrays Technology (DArT, Bruce Australia) for DArTseq genotyping by sequencing. 

The least squares means were estimated for each individual in the population using a mixed effects 

model. The effect of genotype was fixed, and effects of replicate, environment, and genotype by 

environment interact were random. Analysis was conducted in SAS version 9.4 (SAS Institute, 

Cary NC) using PROC MIXED and the Restricted Maximum Likelihood (REML) method. 

Linkage maps were constructed using silicoDArT and SNP markers that have positions confirmed 

in ‘Wheat consensus map version 4.0’ provided by Diversity Arrays Technology (2018). Linkage 

groups were created by a two-step process, in which linkage groups were identified in MSTmap 

(Wu et al. 2008), and marker order and distances within these groups were calculated in MapDisto 

2.0 (Heffelfinger et al. 2017) using the Kosambi mapping function (Kosambi 1944). Refer to 

Section 2.2.2 for details relating to curation of genotypic data, and linkage map thresholds. 

QTL analysis was performed using the least squares means of the trait measurement 

combined across environments, the least squares means of management system (conventional 

and organic), and each individual environment using QTL IciMapping v4.1 (Meng et al. 2015) 

and the Inclusive Composite Interval Mapping Additive (ICIM-ADD) model (Li et al. 2007). 

Logarithm of Odds threshold and walking step remain the same as Chapter Two (LOD = 2.5 and 

1.0 cM step) and the genetic maps were drawn using MapChart v2.32 (Voorrips 2002). Putative 

QTL were labelled as per the Recommended Rules for Gene Symbolization in Wheat and begin 

with ‘Q’ (symbol for QTL), followed by the trait designator, laboratory designator (dms = Dean 

Michael Spaner), and the chromosome, respectively. 
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3.3 Results 

3.3.1 Phenotype Assessment 

 The descriptive statistics of the least squares means for combined environments and 

management system are presented in Table 3.6.1 for both parents, and the RIL population. In the 

combined environments (two conventional and two organic) ‘Carberry’ began heading 3 days 

earlier than ‘Peace’, matured 1 day later, was 14 cm shorter, yielded 150 kg ha-1 less, had a test 

weight that was 0.9 kg hL-1 heavier, 1.3% less grain protein content, 1 gram heavier thousand 

kernel weight, and the same sedimentation measurement of 20 ml. The RIL population on 

average had a lodging score of two, began heading at 52 days, matured at 91 days, was 89 cm 

tall, yielded 4.28 ton ha-1, had a test weight of 80.6 kg hL-1, a protein content of 16.1%, a 

thousand kernel weight of 38.2 grams, and a sedimentation of 20 ml. Genetic correlations ranged 

from -0.68 (grain protein – grain yield) to 0.84 (heading – maturity), and phenotypic correlations 

ranged from -0.27 (test weight – lodging) to 0.68 (maturity – heading) (Table 3.6.2). Broad sense 

heritability was calculated on a line mean basis for each trait and ranged from 0.35 (lodging) to 

0.78 (heading) in combined environments, 0.32 (lodging) to 0.82 (sedimentation) in conventional 

environments, and 0.40 (grain yield) to 0.80 (heading) in organic environments (Table 3.6.3). 

 

3.3.2 QTL Analysis 

The linkage map used in this study remains the same as Chapter Two (Section 2.3.2), 

which consisted of 8,413 polymorphic markers (approximately 23% of the original dataset), and 

the final population size used for analysis consisted of 204 individuals after four individuals were 

removed due to > 20% missing genotype data. Markers that exhibited sufficient linkage were 
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separated into the 21 chromosomes of T. aestivum, with a final genetic map length of 2,851 cM, 

and 4,439 markers (consisting of 1,015 SNPs and 3,424 DArTs). Only a single marker was kept 

if markers mapped to the same position. The average marker density across the entire linkage 

map was 1.6 markers per cM, with individual linkage groups ranging from 0.7 - 2.3 markers per 

cM (Table 3.6.4). 

 By using the inclusive composite interval mapping (ICIM) additive model and the least 

squares means of the combined environments, a total of thirty-eight QTL were identified: four 

being associated with lodging, three with heading, four with maturity, four with plant height, five 

with grain yield, five with test weight, four with grain protein, seven with thousand kernel 

weight, and two with sedimentation (Table 3.6.5; Figure 3.6.1). A detailed summary of the QTL 

identified in the combined environment is provided in Table 3.6.6, and the total phenotypic 

variance explained by the QTL identified in the combined analysis ranged from 28 to 72% 

depending on the trait (Table 3.6.7). ICIM was also conducted for each management system 

(conventional and organic) and each individual environment to provide insight into the stability 

of identified QTL, and a total of forty-seven QTL were identified in the conventional 

environment (Table 3.6.8), and forty-three in the organic environment (Table 3.6.9).  

A total of four QTL were identified in combined environments that were associated with 

lodging (QLdg.dms-4A, QLdg.dms-7A, QLdg.dms-3B, and QLdg.dms-4B), and explained 28% of 

the total phenotypic variance. These QTL were located on chromosomes 4A, 7A, 3B, and 4B and 

each explained 10%, 6%, 5% and 8% of the phenotypic variance, respectively. Out of the four 

lodging QTL identified, none of these QTL were also found in the organic environment, but two 

were found in the conventional environment (QLdg.dms-7A and QLdg.dms-3B).  
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Three QTL associated with heading were identified in combined environments 

(QHd.dms-1A, QHd.dms-5A, and QHd.dms-7D), and explained 29% of the total phenotypic 

variance. These QTL were located on chromosomes 1A, 5A, and 7D and each explained 4%, 5% 

and 20% of the phenotypic variance, respectively. Of the three QTL associated with heading, one 

QTL (QHd.dms-1A) was also identified in the organic environment, and one QTL (QHd.dms-

7D) was identified in both the conventional and organic environments.  

Four QTL associated with maturity were identified in the combined analysis (QMat.dms-

3A, QMat.dms-4B, QMat.dms-5B, and QMat.dms-7D) and explained a total of 40% of the total 

phenotypic variance. These QTL were located on chromosomes 3A, 4B, 5B, and 7D and each 

explained 6%, 15%, 10%, and 10% of the phenotypic variance, respectively. Three of these QTL 

(QMat.dms-4B, QMat.dms-7D, QMat.dms-3A) were also identified in both the conventional and 

organic environments.  

Four QTL associated with plant height were identified in the combined analysis 

(QPht.dms-5A, QPht.dms-4B, QPht.dms-7D.1, and QPht.dms-7D.2) and explained a total of 72% 

of the phenotypic variance. These QTL were located on chromosomes 5A, 4B, and 7D, and each 

explained 4%, 53%, 11%, and 5% of the phenotypic variance, respectively. All four of the QTL 

associated with plant height were identified in both the conventional and organic environments.  

Five QTL associated with grain yield were identified in the combined analysis 

(QYld.dms-6A, QYld.dms-4B.1, QYld.dms-4B.2, QYld.dms-5B, and QYld.dms-7D) and explained 

28% of the total phenotypic variance. These QTL were located on chromosomes 6A, 4B, 5B, and 

7D and each explained 3%, 5%, 5%, 8%, and 6% of the phenotypic variance, respectively. The 

two QTL on 4B, QYld.dms-4B.1 and QYld.dms-4B.2, were identified in both the conventional 
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and organic environments, and one QTL was also identified in the organic environment 

(QYld.dms-7D).  

Five QTL associated with test weight were identified (QTwt.dms-1A, QTwt.dms-3A, 

QTwt.dms-4B, QTwt.dms-6D, and QTwt.dms-7D) and explained a total of 34% of the total 

phenotypic variance. These QTL were located on chromosomes 1A, 3A, 4B, 6D, and 7D and 

each explained 7%, 7%, 5%, 10% and 5% of the phenotypic variance, respectively. Two of the 

five QTL were identified in the conventional environment (QTwt.dms-1A and QTwt.dms-3A), 

two were identified in the organic environment (QTwt.dms-4B and QTwt.dms-7D), and one was 

identified in both the conventional and organic environments (QTwt.dms-6D). 

Four QTL associated with grain protein content (GPC) were identified in the combined 

environments (QGpc.dms-2A, QGpc.dms-3A, QGpc.dms-7A, and QGpc.dms-1B) and explained 

30% of the total phenotypic variance. These QTL were located on chromosomes 2A, 3A, 7A and 

1B and each explained 5%, 6%, 9%, and 9% of the phenotypic variance, respectively. Two of the 

four GPC QTL were identified in both conventional and organic environments (QGpc.dms-7A 

and QGpc.dms-1B).  

Seven QTL associated with thousand kernel weight (TKW) were identified in the 

combined environments (QTkw.dms-5A, QTkw.dms-7A, QTkw.dms-4B, QTkw.dms-6B.1, 

QTkw.dms-6B.2, QTkw.dms-2D, and QTkw.dms-5D) and explained a total of 41% of the 

phenotypic variance. These QTL were located on chromosomes 5A, 7A, 4B, 6B, 2D, and 5D and 

each explained 10%, 5%, 6%, 4%, 4%, 7%, and 4% of the phenotypic variance, respectively. 

Two of the seven QTL were identified in both the conventional and organic environments 

(QTkw.dms-5A and QTkw.dms-4B), four were identified in the organic environment (QTkw.dms-
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6B.1, QTkw.dms-6B.2, QTkw.dms-2D, and QTkw.dms-5D), and one was identified in the 

conventional environment (QTkw.dms-7A).  

Two QTL associated with sedimentation volume were identified in the combined 

environments (QSds.dms-1A and QSds.dms-1B) and explained 58% of the total phenotypic 

variance. These QTL were located on chromosomes 1A and 1B and each explained 41% and 

17% of the phenotypic variance, respectively. QSds.dms-1A was identified in both the 

conventional and organic environments, and QSds.dms-1B was identified in the conventional 

environment.  

 

3.4 Discussion 

This study was conducted to identify QTL associated with agronomic traits that were 

stable across management-specific environments. We identified a total of thirty-eight QTL 

associated with nine agronomic traits, and sixteen of these QTL were consistently identified in 

both conventional and organic environments.  

QTL associated with lodging are not frequently reported in the literature, which may be 

due to the low heritability of the trait and the significant role of the environment to induce 

lodging (such as wind and rain). However, McCartney et al. (2005) reported a heritability of 0.19 

for lodging, and also identified a QTL on 4B associated with lodging, QLd.crc-4B, that explained 

10% of the phenotypic variance. Lodging had a very low heritability estimate in our study as 

well, and across all environments (0.35 combined, 0.32 in the conventional, and 0.43 in the 

organic environment). The lodging QTL on 4B identified by McCartney et al. (2005) also 

mapped to the same genomic region as a QTL associated with plant height and test weight. In 

our study, we did identify a plant height QTL (QPht.dms-4B) that was 10 cM away from the 
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lodging QTL, QLdg.dms-4B, and a test weight QTL (QTwt.dms-4B) that was 7 cM away, and 

‘Carberry’ was the contributor of all three alleles. 

Due to the short growing season in western Canada (~95 to 125 days), wheat cultivars 

must be early maturing in order to minimize potential frost, drought, or heat damage, and 

successfully set seed (King and Heide 2009). The environmental adaptability of wheat is 

controlled by three gene groups (Snape et al. 2001): vernalization (Vrn), photoperiod (Ppd) and 

earliness per se (Eps) genes, and this complex genetic network receives signals from the 

environment such as temperature and light for the downregulation and upregulation of these 

genes (Distelfeld et al. 2009). In our combined analysis, several QTL clustered near the heading 

QTL, QHd.dms-7D, and were associated with maturity, plant height, grain yield, and test weight; 

this clustering also occurred in the organic environment, and to a lesser extent in the 

conventional environment (no QTL associated with grain yield and test weight were identified 

on 7D). QTL clustering associated with heading, maturity, grain yield, and thousand kernel 

weight was also identified by Tahmasebi et al. (2017) on chromosome 7D. Additionally, QTL 

associated with heading on 7D, 1A, and 5A have been reported by others (Bennett et al. 2012b; 

Lopes et al. 2013; Fowler et al. 2016).  

VRN-B3 has been mapped to the short arm of chromosome 7B (Chao et al. 1989; Yan et 

al. 2006), but the heading (QHd.dms-7D) and maturity QTL (QMat.dms-7D) we identified were 

located on 7D. This region on 7D appears to be associated with earliness and reduction in plant 

height (QPht.dms-7D.1) and lower grain yield (QYld.dms-7D). The maturity QTL on 4B, 

QMat.dms-4B, co-localized with the plant height QTL, QPht.dms-4B, and grain yield QTL 

QYld.dms-4B.1 (in the conventional and organic environments), and also increased days to 

maturity by two days. ‘Peace’ was the contributor of the allele on 7D associated with reduced 
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maturity, and the height reduction allele on 4B was contributed by ‘Carberry’, but even though 

the QTL co-located for the same traits (maturity, height and grain yield), the ‘Peace’ allele 

reduced height and days to maturity at the expense of yield, while the ‘Carberry’ allele reduced 

height and increased the days to maturity with an increase in grain yield. The positive 

relationship between days to maturity and grain yield has been previously reported in spring 

wheat (Iqbal et al. 2007d). Several studies have identified QTL associated with maturity on the 

same chromosomes as our study, including 7D (McCartney et al. 2005; Carter et al. 2011; 

Tahmasebi et al. 2017), 4B (Asif et al. 2015; Zou et al. 2017a, 2017b), 5B (Asif et al. 2015; Zou 

et al. 2017b), and 3A (Tahmasebi et al. 2017).  

One of the parents of the RIL population used in this study, ‘Carberry’, is a semi-dwarf 

cultivar, and therefore we expected this population to segregate for height. Previously, Chen et 

al. (2016) screened spring wheat cultivars, including ‘Carberry’, and confirmed the presence of 

the height reducing mutant allele Rht-B1b. In our study we have identified the plant height QTL, 

QPht.dms-4B, to be the Rht-B1b gene due to its large effect, and location on 4BS (Sourdille et al. 

1998). This QTL is flanked by markers 4B_s4991673 and 4B_d1258252, and to the author’s 

knowledge, are the first reported DArTseq markers to be identified in the Canadian literature 

associated with Rht-B1b. Several other studies have reported plant height QTL on chromosome 

4B (McCartney et al. 2005; Asif et al. 2015; Singh et al. 2016; Tahmasebi et al. 2017; Yu et al. 

2017; Zou et al. 2017a, 2017b; Cabral et al. 2018), and to a lesser extent on 5A (Zou et al. 

2017b) and 7D (Tahmasebi et al. 2017).  

Grain yield and GPC are important traits for successful CWRS cultivars because 

producers desire high-yielding cultivars, and export markets demand high protein content, which 

provides producers with a premium price. We reported a genetic correlation of -0.68 between 
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grain yield and GPC in the present study, which is very similar to the correlation of -0.63 

reported by others (Asif et al. 2015). The grain yield QTL we identified in our combined analysis 

were all relatively minor, and each explained less than 10% of phenotypic variance. Minor effect 

grain yield QTL in wheat are frequently reported in the literature (McCartney et al. 2005; 

Cuthbert et al. 2008; Zou et al. 2017a). We did not identify any grain yield QTL with moderate 

effects (greater than 10%), unlike some studies (Carter et al. 2011; Fowler et al. 2016). The 

identification of stable and consistent grain yield QTL is critical, because these QTL are heavily 

affected by the environment, and many QTL associated with grain yield are due to the genotype 

being adapted to the environment (Carter et al. 2011). We identified only one grain yield QTL 

(QYld.dms-4B.1) that was consistent across the combined, conventional and organic 

environments, but it was present in only one of the two respective individual environments. 

Many studies also report environment-specific grain yield QTL (Cuthbert et al. 2008; Carter et 

al. 2011; Zou et al. 2017b). QTL associated with grain yield have been reported on chromosomes 

5B (Perez-Lara et al. 2016; Assanga et al. 2017; Zou et al. 2017a; Liu et al. 2018), 6A (Asif et al. 

2015; Fowler et al. 2016; Assanga et al. 2017), and 7D (Tahmasebi et al. 2017; Zou et al. 2017b), 

but further testing in different environments is necessary to confirm the stability of any of the 

grain yield QTL we identified.  

Three of the four GPC QTL we identified were contributed by ‘Peace’ and reduced the 

grain protein content by 0.4 to 0.5% but did not co-locate with any other QTL. Co-location of 

QTL including GPC has been reported in some studies (Zou et al. 2017b), but not in others (Zou 

et al. 2017a). QTL associated with GPC have been identified on chromosomes 3A (Fowler et al. 

2016; Zou et al. 2017b) and 7A (Zou et al. 2017a), but a review of the literature suggests that 

QTL analysis on GPC has not been conducted in many studies. The results of this study suggest 
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that ‘Peace’ may possess several alleles that have a detrimental effect on protein content with no 

recognizable benefit. 

In this study, we identified management-specific QTL associated with test weight, but to 

the author’s knowledge, only one other similar study exists to draw comparisons. Asif et al. 

(2015) identified a test weight QTL on 1B in both conventional and organic environments, but a 

QTL on 1A was only identified in the conventional environment. In our study, QTwt.dms-7D 

was identified in the organic environment, and QTwt.dms-3A was identified in the conventional 

environment. Test weight QTL have been located on all the same chromosomes as we found, 

except for 6D (McCartney et al. 2005; Asif et al. 2015; Zou et al. 2017a).  

 QTL associated with TKW have been identified on all the chromosomes we identified in 

the combined analysis, including 5A (Cuthbert et al. 2008; Fowler et al. 2016; Assanga et al. 

2017; Zou et al. 2017b), 7A (Cuthbert et al. 2008; Raman et al. 2009; Asif et al. 2015; Cabral et 

al. 2018), 6B (Raman et al. 2009; Assanga et al. 2017; Zou et al. 2017a), 2D (Cuthbert et al. 

2008; Liu et al. 2018; Cabral et al. 2018), 4B (McCartney et al. 2005; Yu et al. 2017), and 5D 

(Liu et al. 2018). In our study, TKW had moderate genetic correlations with plant height, grain 

yield, and test weight (0.33, 0.39, and 0.37, respectively), and the TKW QTL we identified 

(QTkw.dms-4B) mapped near the QTL cluster on 4B that was associated with several traits 

including plant height, grain yield and test weight. McCartney et al. (2005) identified a cluster of 

QTL on 4D that were associated with several agronomic traits including TKW, and Cuthbert et 

al. (2008) identified a similar cluster on 5A. These clusters of QTL are attractive regions for 

future research, as their reliability is confirmed partially by the genetic correlation of traits, and 

they have the prospect of a single allele affecting several agronomic traits important for 

Canadian wheat breeders. 
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 The sodium dodecyl sulfate (SDS) sedimentation test provides a reliable indication of 

wheat gluten strength, but very few studies have conducted QTL analysis associated with this 

measure of gluten. The two sedimentation QTL we identified, QSds.dms-1A and QSds.dms-1B, 

both had a large effect on gluten strength, and are, therefore, important alleles for future CWRS 

cultivars. This is one of the very few studies to provide analysis on this important trait, but QTL 

associated with sedimentation have been reported on chromosome 1A previously (Chen et al. 

2015; Yu et al. 2017). Chen et al. (2015) reported their QTL, QSed.dms-1A, at 18.83 cM and 

explaining 24% of the phenotypic variance in their overall analysis, Yu et al. (2017) reported 

their QTL, Qsed.swust-1A.1, at 46 cM explaining 38% of the phenotypic variance in their overall 

analysis. Despite few in number, the mentioned studies reporting QTL for sedimentation have 

strong similarities to our results on 1A, as we identified our QTL at 3 cM, and it explained 41% 

of the phenotypic variance. The Glu-1 genes (high-molecular weight glutenin subunits) are 

responsible for glutenin protein in wheat and are located on the long arms of chromosome 1A, 

1B, and 1D. Therefore, the positioning of QSds.dms-1A does not correspond with Glu-A1, but in 

our study, QSds.dms-1B was identified at 96 cM on 1B, which is positioned at the expected 

location of Glu-B1. Additional storage protein genes Gli-A1, Gli-B1, and Gli-D1 are located on 

the short arms of 1A, 1B, and 1D (Payne et al. 1984), and correspond to the location of our QTL 

on 1A. Diagnostic DNA markers exist for quality traits including protein storage genes (Gale 

2005), but a review of the literature suggests that these genes are largely neglected in QTL 

analysis, and therefore further research using this population would provide much needed insight 

and knowledge towards this important quality trait. 

 Organic farming is a low-input system where producers have limited management 

options compared to conventional systems that rely heavily on synthetic and chemical inputs. It 
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has been suggested that crops must possess different archetypes for success in organic systems, 

and characteristics such as weed competition, disease resistance, tolerance to mechanical weed 

control, and efficient nutrient use are important considerations (Wolfe et al. 2008; Van Bueren et 

al. 2011). Furthermore, the lack of cultivars adapted to organic environments is considered one 

of the reasons of lower yields in organic agriculture (Yousef et al. 2015). The literature suggests 

there are indeed characteristics that improve the yield of crops grown in organic systems, and 

organic environments have increased diversity and richness in soil microbial communities 

(Nelson et al. 2011), but the effects of management system on agronomic traits of wheat remains 

less clear, and conflicting. Earliness has been identified as an important trait in spring wheat to 

increase organic yields (Mason et al. 2007), but Kamran et al. (2014c) did not find early maturity 

to improve yield. Mason et al. (2006) reported no difference in the grain protein content of spring 

wheat between management systems, but Nelson et al. (2011) found that organically managed 

spring wheat had an average 1.3% increase. Not all traits have management-specific effects, as 

Mikó et al. (2014) identified only seven of fifteen traits in winter wheat with significant genotype 

by management interactions. Kamran et al. (2014c) reported three of nine traits in spring wheat 

had significant genotype by management interactions, including grain yield, and grain protein 

content, but Mikó et al. (2014) did not find grain protein content to have a significant interaction. 

To the author’s knowledge, only one study has been published that has identified 

management-specific QTL in organic and conventional systems (Asif et al. 2015). They 

identified consistent QTL under organic and conventional systems but did not combine data from 

the two systems for QTL analysis. We conducted QTL analysis using the least squares means of 

all environments, in addition to management-specific QTL analysis and have identified several 

agronomic QTL that were stable and consistent across both systems. QTL mapping using diverse 
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environments has been previously conducted under drought and heat stress (Lopes et al. 2013; 

Tahmasebi et al. 2017). Management-specific QTL were to be expected and were identified in 

this study for all traits, but plant height was notably consistent across environments, and all four 

of the plant height QTL identified in the combined analysis were also found in the management-

specific analysis. Additionally, QTL were found on 7D that were consistent across organic and 

conventional environments and were associated with earlier heading (QHd.dms-7D) and maturity 

(QMat.dms-7D), and reduced plant height (QPht.dms-7D.1). ‘Peace’ was the parental source of 

these stable QTL, and they were found in all four of the individual environments. ‘Carberry’ was 

the parental source of a QTL on 4B that was consistently identified across environments and is 

most likely the Rht-B1b height reducing gene. This allele reduced height (QPht.dms-4B), and 

increased days to maturity (QMat.dms-4B), grain yield (QYld.dms-4B.1), and test weight 

(QTwt.dms-4B). The plant height and maturity QTL were consistently expressed in all individual 

environments, but the grain yield and test weight QTL were not. 

The heritability of traits differed by management system, as reported by others (Asif et al. 

2015). The estimates were higher in the conventional environments for all traits except lodging 

(0.32 versus 0.43), heading (0.75 versus 0.80), and plant height (0.73 versus 0.76). In the organic 

environments, the RIL population had an average lodging score of two (versus three in the 

conventional environments), matured seven days earlier, was 6 centimetres shorter and TKW 

was 0.7 grams heavier. On average, the conventional environments yielded 1.3 t/ha greater, test 

weight was 0.8 kg/hL heavier, protein content was 1.5% and the measure of gluten strength was 

one millilitre greater. 

Generally, large effect QTL have been the focus of plant breeders due to inconsistency 

across environments (Bernardo 2008), but in our study, the effects of the QTL on 7D were not 
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large, but they were still consistently identified. A total of thirty-eight QTL were identified in the 

combined analysis, but sixteen of these QTL were also identified in both management-specific 

environments. All traits except lodging were represented in these sixteen QTL, but the number of 

QTL per trait differed and ranged from one to four. One QTL each for heading (QHd.dms-7D), 

test weight (QTwt.dms-6D), and gluten strength (QSds.dms-1A); two QTL each for grain yield 

(QYld.dms-4B.1, QYld.dms-4B.2), grain protein content (QGpc.dms-7A, QGpc.dms-1B), and 

thousand kernel weight (QTkw.dms-5A, QTkw.dms-4B); three QTL for maturity (QMat.dms-3A, 

QMat.dms-4B, QMat.dms-7D), and four QTL for plant height (QPht.dms-5A, QPht.dms-4B, 

QPht.dms-7D.1, QPht.dms-7D.2) were identified across management systems. The LOD scores 

of these consistent QTL ranged from 3.4 to 45.7 and the phenotypic variance explained ranged 

from 4% to 53%.  

These results suggest that QTL stability across diverse environments do not require large 

effects, and minor QTL may show stability as markers. Additional research is necessary to 

understand why some, but not all QTL, are consistently identified, and if some traits (such as 

heading, maturity and plant height) have a predisposition to becoming stable and reliable QTL.  

 

3.5 Conclusion 

 CWRS is the most important class of wheat in western Canada, and breeders must 

consider several important agronomic and quality traits as they work to improve future cultivars. 

We identified thirty-nine QTL across nine traits in the combined analysis, and we also identified 

sixteen QTL that were consistently identified across conventional and organic environments. The 

largest QTL we identified was associated with plant height (QPht.dms-4B) and is most likely the 

plant height reducing gene, Rht-B1b, as it explained 53% of the phenotypic variance, and the 
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allele was contributed by ‘Carberry’. The second largest QTL was associated with sedimentation 

volume (QSds.dms-1A) and explained 41% of the phenotypic variance. QTL clusters were found 

on 4B at ~ 44 cM, and 7D at ~ 11 cM and associated with several agronomic traits including 

heading, maturity, height, grain yield, and test weight. Consistent QTL were identified across 

both organic and conventional environments, even though they were minor effect QTL with 

LOD scores as low as 3.4. Consistent QTL were found for all traits except lodging, and these 

results provide evidence that minor effect QTL may be as consistent as large effect QTL. 

Additionally, the large effect QTL associated with sedimentation volume on 1A was identified in 

all environments, and previously published studies collaborate our results, but further research is 

necessary to confirm that it is the Gli-1 protein storage gene. Additional field experiments should 

be conducted using this population, as it segregates for traits of importance, such as earliness, 

and the QTL on 7D was consistently identified across diverse environments and may be a useful 

marker for selection. 
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3.6 Tables and Figures 

Table 3.6.1a. Summary of descriptive statistics of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) 

mapping population using the least squares means of the combined environments. 

Trait 
Parental Descriptive 

Statistics 

RIL Population Descriptive Statistics F Statistics 

 'Peace' 'Carberry' Min Max Mean SD CV (%) F-Value Significance 

Lodging 3 2 1 6 2 0.7 28 4.2 <.0001 

Heading (days) 53 50 46 66 52 3.1 6 25.6 <.0001 

Maturity (days) 91 92 85 104 91 3.4 4 12.7 <.0001 

Height (cm) 96 82 69 111 89 8.6 10 19.8 <.0001 

Yield (t ha-1) 4.8 4.6 1.81 5.54 4.28 0.7 16 8.5 <.0001 

TWt (kg hL-1) 81.0 81.9 74.6 83.0 80.6 1.4 2 14.3 <.0001 

Protein (%) 16.2 15.5 13.1 19.8 16.1 1.0 6 7.5 <.0001 

TKW (g) 38.3 39.3 31.6 46.5 38.2 2.6 7 18.4 <.0001 

SDS (ml) 20 20 15 27 20 2.3 12 18.0 <.0001 

Min: Minimum; Max: Maximum; SD: Standard Deviation; CV: Coefficient of Variation; TWt: Test Weight; TKW: Thousand Kernel 

Weight; SDS: Sedimentation. 
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Table 3.6.1b. Summary of descriptive statistics of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) 

mapping population using the least squares means of the conventional environments. 

Trait 
Parental Descriptive 

Statistics 

RIL Population Descriptive Statistics F Statistics 

 'Peace' 'Carberry' Min Max Mean SD CV (%) F-Value Significance 

Lodging 3 2 2 7 3 0.9 30 2.4 <.0001 

Heading (days) 53 50 46 67 52 3.2 6 10.7 <.0001 

Maturity (days) 94 97 88 111 95 3.7 4 9.0 <.0001 

Height (cm) 101 84 69 117 92 9.0 10 8.2 <.0001 

Yield (t ha-1) 5.3 5.3 1.8 6.5 4.9 0.8 16 7.9 <.0001 

TWt (kg hL-1) 81.6 82.7 73.3 83.7 81.2 1.5 2 9.3 <.0001 

Protein (%) 17.1 15.9 14.2 20.4 16.8 1.0 6 10.9 <.0001 

TKW (g) 38.0 38.4 30.3 46.9 37.9 2.8 7 10.5 <.0001 

SDS (ml) 20 21 15 29 20 2.5 12 14.6 <.0001 

Min: Minimum; Max: Maximum; SD: Standard Deviation; CV: Coefficient of Variation; TWt: Test Weight; TKW: Thousand Kernel 

Weight; SDS: Sedimentation. 
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Table 3.6.1c. Summary of descriptive statistics of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) 

mapping population using the least squares means of the organic environments. 

Trait 
Parental Descriptive 

Statistics 

RIL Population Descriptive Statistics F Statistics 

 'Peace' 'Carberry' Min Max Mean SD CV (%) F-Value Significance 

Lodging 2 1 1 5 2 0.6 31 3.6 <.0001 

Heading (days) 53 50 45 65 52 3.0 6 15.7 <.0001 

Maturity (days) 87 88 81 99 88 3.3 4 4.8 <.0001 

Height (cm) 91 79 65 106 86 8.6 10 12.0 <.0001 

Yield (t ha-1) 4.2 3.9 1.5 5.2 3.6 0.7 18 3.2 <.0001 

TWt (kg hL-1) 80.4 81.2 75.3 82.8 80.0 1.4 2 6.9 <.0001 

Protein (%) 15.3 15.0 12.1 19.3 15.3 1.1 7 3.2 <.0001 

TKW (g) 38.6 40.3 32.6 46.2 38.6 2.6 7 12.3 <.0001 

SDS (ml) 19 20 14 25 19 2.3 12 7.3 <.0001 

Min: Minimum; Max: Maximum; SD: Standard Deviation; CV: Coefficient of Variation; TWt: Test Weight; TKW: Thousand Kernel 

Weight; SDS: Sedimentation. 
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Table 3.6.2. Genetic (above diagonal) and phenotypic (below diagonal) correlation of agronomic and quality traits in the ‘Peace’ × 

‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population.  

 Ldg Head Mat PHt GY TWt GPC TKW SDS 

Ldg - 0.25* 0.12 0.23* -0.44* -0.32* 0.07 -0.25* -0.03 

Head 0.14* - 0.84* 0.21* -0.13 -0.25* 0.07 -0.03 -0.02 

Mat 0.09 0.68* - -0.12 -0.08* -0.18* -0.06 -0.04 -0.13 

PHt 0.16* 0.16* -0.10 - 0.14* 0.38* 0.15* 0.33* -0.02 

GY -0.23* -0.14 -0.04 0.18* - 0.70* -0.68* 0.39* -0.14* 

TWt -0.27* -0.20* -0.18* 0.29* 0.55* - -0.26* 0.37* -0.12 

GPC 0.11 0.04 0.10 0.12 -0.21* -0.21* - 0.03 0.16* 

TKW -0.21* -0.06 -0.04 0.26* 0.39* 0.36* 0.10 - 0.09 

SDS 0.01 -0.05 -0.07 -0.01 -0.03 -0.11 0.30* 0.09 - 

* Statistically Significant (∝ = 0.05) 

Ldg: Lodging; Head: Heading; Mat: Maturity; PHt: Plant Height, GY: Grain Yield; TWt: Test Weight; GPC: Grain Protein Content; 

TKW: Thousand Kernel Weight; SDS: Sedimentation.
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Table 3.6.3. Broad-sense heritability estimates on a line-mean basis of agronomic and quality 

traits of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) 

mapping population. 

Combined Environments 

Trait Heritability Standard Error 

Lodging 0.35 0.03 

Heading 0.78 0.02 

Maturity 0.64 0.03 

Plant Height 0.75 0.02 

Grain Yield 0.54 0.03 

Test Weight 0.71 0.02 

Grain Protein 0.48 0.03 

TKW 0.74 0.02 

Sedimentation 0.72 0.02 
   

Conventional Environments 

Trait Heritability Standard Error 

Lodging 0.32 0.05 

Heading 0.75 0.03 

Maturity 0.68 0.03 

Plant Height 0.73 0.03 

Grain Yield 0.69 0.03 

Test Weight 0.75 0.03 

Grain Protein 0.77 0.02 

TKW 0.77 0.02 

Sedimentation 0.82 0.02 
   

Organic Environments 

Trait Heritability Standard Error 

Lodging 0.43 0.04 

Heading 0.80 0.02 

Maturity 0.57 0.04 

Plant Height 0.76 0.02 

Grain Yield 0.40 0.04 

Test Weight 0.67 0.03 

Grain Protein 0.37 0.04 

TKW 0.76 0.02 

Sedimentation 0.63 0.03 

TKW: Thousand Kernel Weight. 
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Table 3.6.4. Summary of DArT and single nucleotide polymorphism (SNP) markers used in the 

‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping 

population. The average marker density across the genetic map is 1.6 per cM (centimorgan). 

Chromosome Linkage Map (cM) Total Markers Markers / cM 

1A 132 268 2.0 

2A 129 183 1.4 

3A 158 306 1.9 

4A 129 182 1.4 

5A 140 156 1.1 

6A 101 214 2.1 

7A 219 416 1.9 

Sub-Genome A 1008 1725  

1B 145 339 2.3 

2B 189 412 2.2 

3B 202 239 1.2 

4B 104 143 1.4 

5B 214 450 2.1 

6B 177 345 1.9 

7B 149 200 1.3 

Sub-Genome B 1180 2128  

1D 97 73 0.8 

2D 89 99 1.1 

3D 139 118 0.8 

4D 27 24 0.9 

5D 71 66 0.9 

6D 105 107 1.0 

7D 135 99 0.7 

Sub-Genome D 663 586  

Total cM 2851   

Total Markers 4439   
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Table 3.6.5. Summary of quantitative trait loci (QTL) identified in each environment of the ‘Peace’ × ‘Carberry’ RIL (recombinant 

inbred line) spring wheat (T. aestivum) mapping population. 

Environment 
Total 

QTL 

Number of QTL Identified 

Lodging Heading Maturity 
Plant 

Height 

Grain 

Yield 

Test 

Weight 

Grain 

Protein 
TKW Sedimentation 

Combined 38 4 3 4 4 5 5 4 7 2 

           

Conventional 47 4 2 6 5 4 6 12 6 2 

Conventional 2016 37 5 2 6 5 3 3 5 5 3 

Conventional 2017 41 4 4 5 4 5 5 4 7 3 

           

Organic 43 4 3 5 6 5 6 6 7 1 

Organic 2016 33 2 2 7 3 4 3 7 4 1 

Organic 2017 34 3 3 3 5 2 5 5 5 3 

TKW: Thousand Kernel Weight.
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Table 3.6.6. Detailed summary of quantitative trait loci (QTL) identified in the combined environment analysis of the ‘Peace’ × 

‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. Flanking markers are identified by the 

“Clone ID” provided by Diversity Arrays Technology. (d) and (s) in marker names designate a DArT or SNP marker, respectively. 

Difference is calculated using the mean disease score difference between flanking markers that have the same parental allele at both 

markers (AA – BB). 

Trait QTL Chr 
Pos 

(cM) 
C.I. (cM) Left Marker Right Marker LOD 

R2 

(%) 

Add 

Effect 
Diff 

Parental Allele 

Reducing Score 

Lodging QLdg.dms-4A 4A 76 75.5 - 76.5 4A_d3533210 4A_d1094320 5.8 10 0.2 0.3 Carberry 

Lodging QLdg.dms-7A 7A 46 44.5 - 47.5 7A_d4733607 7A_d2372979 3.3 6 -0.1 -0.1 Peace 

Lodging QLdg.dms-3B 3B 112 111.5 - 112.5 3B_s1008939 3B_d1023777 2.9 5 -0.1 -0.3 Peace 

Lodging QLdg.dms-4B 4B 54 53.5 - 54.5 4B_d1254295 4B_d4405282 4.6 8 0.1 0.4 Carberry 

Heading QHd.dms-1A 1A 122 121.5 - 123.5 1A_d1125646 1A_d1009935 2.8 4 0.4 0.7 Carberry 

Heading QHd.dms-5A 5A 106 105.5 - 106.5 5A_d1101279 5A_d3384817 3.3 5 0.5 1.5 Carberry 

Heading QHd.dms-7D 7D 13 11.5 - 14.5 7D_s1047233 7D_s1022494 12.8 20 -1.0 -2.2 Peace 

Maturity QMat.dms-3A 3A 56 55.5 - 57.5 3A_d1096296 3A_d1036906 3.8 6 0.7 1.2 Carberry 

Maturity QMat.dms-4B 4B 44 43.5 - 45.5 4B_s4991673 4B_d1258252 9.9 15 -1.1 -2.3 Peace 

Maturity QMat.dms-5B 5B 122 121.5 - 122.5 5B_s3029177 5B_d1112858 6.8 10 0.9 1.9 Carberry 

Maturity QMat.dms-7D 7D 12 11.5 - 12.5 7D_d1105401 7D_s1047233 6.9 10 -0.9 -2.2 Peace 

Plant Height QPht.dms-5A 5A 84 83.5 - 84.5 5A_d1100228 5A_d1108380 5.3 4 1.5 4.5 Carberry 

Plant Height QPht.dms-4B 4B 44 42.5 - 44.5 4B_s4991673 4B_d1258252 45.7 53 5.8 12.9 Carberry 

Plant Height QPht.dms-7D.1 7D 12 11.5 - 12.5 7D_d1105401 7D_s1047233 14.4 11 -2.6 -6.2 Peace 

Plant Height QPht.dms-7D.2 7D 56 55.5 - 56.5 7D_d1049127 7D_d2303374 6.7 5 -1.8 -2.6 Peace 

Grain Yield QYld.dms-6A 6A 79 78.5 - 79.5 6A_d4992823 6A_d4395023 2.5 3 0.1 0.2 Carberry 

Grain Yield QYld.dms-4B.1 4B 49 48.5 - 50.5 4B_d1083787 4B_d3534171 4.0 5 -0.1 -0.2 Peace 
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Trait QTL Chr 
Pos 

(cM) 
C.I. (cM) Left Marker Right Marker LOD 

R2 

(%) 

Add 

Effect 
Diff 

Parental Allele 

Reducing Score 

Grain Yield QYld.dms-4B.2 4B 102 101.5 - 103 4B_d4404439 4B_d1113608 3.4 5 0.1 0.3 Carberry 

Grain Yield QYld.dms-5B 5B 159 158.5 - 159.5 5B_s1205825 5B_d1256946 6.0 8 -0.2 -0.3 Peace 

Grain Yield QYld.dms-7D 7D 11 8.5 - 11.5 7D_s1215756 7D_d4262395 4.4 6 -0.1 -0.3 Peace 

Test Weight QTwt.dms-1A 1A 130 129.5 - 131 1A_d1119273 1A_d1105551 4.1 7 -0.3 -0.8 Peace 

Test Weight QTwt.dms-3A 3A 48 46.5 - 50.5 3A_d1104125 3A_d3026062 4.4 7 0.3 0.6 Carberry 

Test Weight QTwt.dms-4B 4B 47 45.5 - 47.5 4B_d3935712 4B_d1048997 3.2 5 0.3 0.5 Carberry 

Test Weight QTwt.dms-6D 6D 27 26.5 - 27.5 6D_s1091343 6D_s1085677 6.4 10 -0.4 -0.7 Peace 

Test Weight QTwt.dms-7D 7D 6 4.5 - 6.5 7D_d1119043 7D_d3935878 3.0 5 -0.2 -0.4 Peace 

Grain Protein QGpc.dms-2A 2A 30 26.5 - 32.5 2A_s1053961 2A_d1400152 2.9 5 0.2 0.4 Carberry 

Grain Protein QGpc.dms-3A 3A 115 114.5 - 115.5 3A_d1130719 3A_d1117269 3.6 6 -0.2 -0.5 Peace 

Grain Protein QGpc.dms-7A 7A 197 196.5 - 197.5 7A_d1101008 7A_d1092869 5.4 9 -0.3 -0.4 Peace 

Grain Protein QGpc.dms-1B 1B 115 114.5 - 115.5 1B_d1672015 1B_d1095529 5.3 9 -0.3 -0.4 Peace 

TKW QTkw.dms-5A 5A 138 137.5 - 140 5A_d4542591 5A_d993093 6.4 10 -0.8 -1.6 Peace 

TKW QTkw.dms-7A 7A 218 217.5 - 218 7A_d1114756 7A_d1109546 3.1 5 -0.5 -1.6 Peace 

TKW QTkw.dms-4B 4B 69 68.5 - 69.5 4B_s1094836 4B_d3534297 4.5 6 0.6 1.4 Carberry 

TKW QTkw.dms-6B.1 6B 16 15.5 - 16.5 6B_d1126615 6B_d1103792 2.8 4 -0.5 -1.4 Peace 

TKW QTkw.dms-6B.2 6B 147 145.5 - 149.5 6B_d989571 6B_d1094956 2.7 4 0.5 1 Carberry 

TKW QTkw.dms-2D 2D 62 60.5 - 67.5 2D_d1134631 2D_d1109826 4.4 7 -0.7 -1.1 Peace 

TKW QTkw.dms-5D 5D 45 43.5 - 45.5 5D_d4539071 5D_d2244762 3.0 4 0.5 0.5 Carberry 

SDS QSds.dms-1A 1A 3 2.5 - 3.5 1A_d1077302 1A_s1106928 34.1 41 -1.5 -3 Peace 

SDS QSds.dms-1B 1B 96 95.5 - 96.5 1B_d5970172 1B_s1110494 17.2 17 0.9 -1.9 Carberry 

Chr: Chromosome; Pos: Position; C.I.: Confidence Interval; LOD: Logarithm of Odds; Add Effect: Additive Effect; Diff: Difference; 

TKW: Thousand Kernel Weight; SDS: Sedimentation. 
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Table 3.6.7. Summary of quantitative trait loci (QTL) identified in the combined environment analysis of the ‘Peace’ × ‘Carberry’ 

RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. Broad-sense heritability was calculated on a line-mean 

basis. The total phenotypic variance was calculated using the sum of individual QTL phenotypic variances.  

Trait Heritability 
No. of QTL 

Identified 

Total phenotypic 

variance explained (%) 

Lodging 0.35 4 28 

Heading 0.78 3 29 

Maturity 0.64 4 40 

Plant Height 0.75 4 72 

Grain Yield 0.54 5 28 

Test Weight 0.71 5 34 

Grain Protein 0.48 4 30 

TKW 0.74 7 41 

Sedimentation 0.72 2 58 

TKW: Thousand Kernel Weight. 
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Table 3.6.8. Detailed summary of quantitative trait loci (QTL) identified in the conventional environment analysis of the ‘Peace’ × 

‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. Flanking markers are identified by the 

“Clone ID” provided by Diversity Arrays Technology. (d) and (s) in marker names designate a DArT or SNP marker, respectively. 

Difference is calculated using the mean disease score difference between flanking markers that have the same parental allele at both 

markers (AA – BB). 

Trait Chr 
Pos 

(cM) 
C.I. (cM) Left Marker Right Marker LOD 

R2 

(%) 

Add 

Effect 

Individual 

Env 

Lodging 3A 39 38.5 - 39.5 3A_d1235934 3A_s1111138 2.7 4 0.2 1/2 

Lodging 4A 76 75.5 - 76.5 4A_d3533210 4A_d1094320 6.0 10 0.2 0/2 

Lodging 7A 46 44.5 - 47.5 7A_d4733607 7A_d2372979 4.3 7 -0.2 0/2 

Lodging 3B 112 111.5 - 112.5 3B_s1008939 3B_d1023777 4.8 8 -0.2 0/2 

Heading 5B 122 121.5 - 122.5 5B_s3029177 5B_d1112858 14.0 21 1.1 1/2 

Heading 7D 13 11.5 - 13.5 7D_s1047233 7D_s1022494 13.0 20 -1.1 2/2 

Maturity 3A 56 55.5 - 57.5 3A_d1096296 3A_d1036906 3.4 2 0.7 0/2 

Maturity 4A 21 20.5 - 21.5 4A_d1230298 4A_d4543987 3.9 3 -0.7 0/2 

Maturity 5A 132 129.5 - 137.5 5A_d2258770 5A_d4542591 2.7 2 -0.6 0/2 

Maturity 4B 44 43.5 - 45.5 4B_s4991673 4B_d1258252 9.9 7 -1.2 2/2 

Maturity 5B 118 117.5 - 118.5 5B_s1125898 5B_d3959851 25.0 21 -2.1 1/2 

Maturity 7D 13 11.5 - 14.5 7D_s1047233 7D_s1022494 12.1 9 -1.4 2/2 

Plant Height 5A 84 83.5 - 84.5 5A_d1100228 5A_d1108380 4.0 3 1.4 0/2 

Plant Height 4B 43 42.5 - 44.5 4B_d3384830 4B_s4991673 45.4 54 6.3 2/2 

Plant Height 1D 66 65.5 - 66.5 1D_d1111633 1D_s3021667 3.0 2 -1.2 0/2 

Plant Height 7D 12 11.5 - 12.5 7D_d1105401 7D_s1047233 13.9 10 -2.8 2/2 

Plant Height 7D 54 52.5 - 54.5 7D_d1108030 7D_d994906 4.9 3 -1.6 2/2 
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Trait Chr 
Pos 

(cM) 
C.I. (cM) Left Marker Right Marker LOD 

R2 

(%) 

Add 

Effect 

Individual 

Env 

Grain Yield 7A 197 196.5 - 197.5 7A_d1101008 7A_d1092869 4.7 7 0.2 1/2 

Grain Yield 4B 43 41.5 - 44.5 4B_d3384830 4B_s4991673 4.7 8 -0.2 0/2 

Grain Yield 4B 102 101.5 - 103 4B_d4404439 4B_d1113608 5.3 8 0.2 1/2 

Grain Yield 6D 34 33.5 - 34.5 6D_d1241743 6D_d4439991 2.8 4 -0.1 0/2 

Test Weight 1A 50 49.5 - 50.5 1A_d1125251 1A_d1113511 3.3 4 0.2 1/2 

Test Weight 1A 127 126.5 - 127.5 1A_d3024089 1A_d1117369 6.5 10 -0.4 1/2 

Test Weight 3A 48 46.5 - 49.5 3A_d1104125 3A_d3026062 5.3 8 0.3 1/2 

Test Weight 5A 8 7.5 - 10.5 5A_d1108615 5A_d4008619 3.1 4 -0.2 1/2 

Test Weight 4B 102 101.5 - 103 4B_d4404439 4B_d1113608 4.2 6 0.3 1/2 

Test Weight 6D 27 26.5 - 27.5 6D_s1091343 6D_s1085677 5.7 8 -0.3 1/2 

Grain Protein 1A 36 35.5 - 36.5 1A_d1138691 1A_d3938417 7.8 4 -0.2 0/2 

Grain Protein 2A 54 53.5 - 54.5 2A_s993063 2A_d3935452 8.4 4 0.2 0/2 

Grain Protein 3A 14 13.5 - 14.5 3A_d2289860 3A_d3949168 7.4 4 -0.2 0/2 

Grain Protein 6A 79 78.5 - 79.5 6A_d4992823 6A_d4395023 31.8 20 -0.5 0/2 

Grain Protein 7A 194 193.5 - 194.5 7A_s1213119 7A_s1090541 5.2 3 -0.2 0/2 

Grain Protein 1B 114 113.5 - 114.5 1B_s4910661 1B_d1672015 6.4 3 -0.2 0/2 

Grain Protein 2B 142 141.5 - 143.5 2B_d1094913 2B_d3533636 12.9 7 -0.3 0/2 

Grain Protein 4B 44 42.5 - 44.5 4B_s4991673 4B_d1258252 11.8 6 0.3 2/2 

Grain Protein 3D 77 72.5 - 80.5 3D_d1050189 3D_d2270346 5.3 3 -0.2 0/2 

Grain Protein 3D 116 113.5 - 116.5 3D_d1205852 3D_d1212202 4.9 2 0.2 0/2 

Grain Protein 6D 30 29.5 - 31.5 6D_d1160681 6D_s994751 6.6 3 0.2 1/2 

Grain Protein 6D 104 103.5 - 104 6D_d1248579 6D_d1102905 4.9 3 0.2 0/2 

TKW 5A 138 137.5 - 140 5A_d4542591 5A_d993093 5.3 9 -0.8 2/2 

TKW 7A 165 164.5 - 166.5 7A_d976804 7A_d4539336 2.9 4 0.5 0/2 

TKW 7A 218 217.5 - 218 7A_d1114756 7A_d1109546 3.6 6 -0.6 0/2 

TKW 4B 69 68.5 - 69.5 4B_s1094836 4B_d3534297 3.8 6 0.6 1/2 

TKW 6B 43 42.5 - 43.5 6B_d1113473 6B_s1121615 3.8 6 -0.6 0/2 
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Trait Chr 
Pos 

(cM) 
C.I. (cM) Left Marker Right Marker LOD 

R2 

(%) 

Add 

Effect 

Individual 

Env 

TKW 2D 35 34.5 - 36.5 2D_d1137522 2D_d1039425 3.6 6 -0.6 1/2 

Sedimentation 1A 3 2.5 - 3.5 1A_d1077302 1A_s1106928 31.6 38 -1.5 2/2 

Sedimentation 1B 97 96.5 - 97.5 1B_s987187 1B_d1276568 18.7 19 1.1 2/2 

Env: Environment; Chr: Chromosome; Pos: Position; C.I.: Confidence Interval; LOD: Logarithm of Odds; Add Effect: Additive 

Effect; TKW: Thousand Kernel Weight. 
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Table 3.6.9. Detailed summary of quantitative trait loci (QTL) identified in the organic environment of the ‘Peace’ × ‘Carberry’ RIL 

(recombinant inbred line) spring wheat (T. aestivum) mapping population. Flanking markers are identified by the “Clone ID” provided 

by Diversity Arrays Technology. (d) and (s) in marker names designate a DArT or SNP marker, respectively. Difference is calculated 

using the mean disease score difference between flanking markers that have the same parental allele at both markers (AA – BB). 

Trait Chr 
Pos 

(cM) 
C.I. (cM) Left Marker Right Marker LOD 

R2 

(%) 

Add 

Effect 

Individual 

Env 

Lodging 2A 82 80.5 - 82.5 2A_d4004105 2A_d3936135 2.6 4 -0.1 0/2 

Lodging 4B 42 40.5 - 43.5 4B_d3384830 4B_s4991673 5.9 12 0.1 1/2 

Lodging 4B 54 53.5 - 54.5 4B_d1254295 4B_d4405282 7.0 13 0.2 0/2 

Lodging 3D 47 46.5 - 48.5 3D_s1058686 3D_d4393992 2.7 5 -0.1 0/2 

Heading 1A 122 121.5 - 124.5 1A_d1125646 1A_d1009935 3.8 4 0.5 0/2 

Heading 1B 11 9.5 - 13.5 1B_d1120108 1B_d1265591 3.5 4 0.5 1/2 

Heading 7D 12 11.5 - 12.5 7D_d1105401 7D_s1047233 14.4 17 -1.0 2/2 

Maturity 3A 56 55.5 - 56.5 3A_d1096296 3A_d1036906 12.7 10 1.1 1/2 

Maturity 4B 44 43.5 - 45.5 4B_s4991673 4B_d1258252 10.6 8 -1.0 2/2 

Maturity 5B 119 118.5 - 119.5 5B_s1125898 5B_d3959851 20.8 18 -1.5 1/2 

Maturity 4D 26 24.5 - 26 4D_d1111555 4D_d2271901 3.6 3 0.6 0/2 

Maturity 7D 13 11.5 - 14.5 7D_s1047233 7D_s1022494 9.5 7 -0.9 2/2 

Plant Height 3A 62 61.5 - 62.5 3A_s1111624 3A_d1279592 4.7 3 1.5 0/2 

Plant Height 5A 84 83.5 - 84.5 5A_d1100228 5A_d1108380 6.9 5 1.8 2/2 

Plant Height 4B 44 43.5 - 44.5 4B_s4991673 4B_d1258252 42.9 49 5.6 2/2 

Plant Height 6B 124 122.5 - 124.5 6B_s3024454 6B_s2277702 3.0 2 -1.2 0/2 

Plant Height 7D 11 10.5 - 11.5 7D_s1215756 7D_d4262395 14.2 11 -2.7 2/2 

Plant Height 7D 56 55.5 - 56.5 7D_d1049127 7D_d2303374 5.0 4 -1.5 0/2 

Grain Yield 2A 83 82.5 - 83.5 2A_d2299870 2A_d3023429 2.6 4 -0.1 0/2 
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Trait Chr 
Pos 

(cM) 
C.I. (cM) Left Marker Right Marker LOD 

R2 

(%) 

Add 

Effect 

Individual 

Env 

Grain Yield 4B 44 43.5 - 45.5 4B_s4991673 4B_d1258252 3.5 5 -0.1 1/2 

Grain Yield 4B 102 101.5 - 103 4B_d4404439 4B_d1113608 3.6 5 0.1 0/2 

Grain Yield 5B 159 158.5 - 159.5 5B_s1205825 5B_d1256946 4.5 6 -0.1 0/2 

Grain Yield 7D 11 10.5 - 11.5 7D_s1215756 7D_d4262395 4.3 6 -0.1 1/2 

Test Weight 5A 121 120.5 - 125.5 5A_d1090968 5A_d4536234 2.7 4 -0.2 0/2 

Test Weight 4B 44 43.5 - 45.5 4B_s4991673 4B_d1258252 4.3 6 0.3 1/2 

Test Weight 7B 26 25.5 - 26.5 7B_d2256891 7B_s16530556 4.6 7 -0.3 1/2 

Test Weight 2D 6 5.5 - 6.5 2D_s1095078 2D_d1088274 5.6 9 0.3 1/2 

Test Weight 6D 27 26.5 - 27.5 6D_s1091343 6D_s1085677 5.5 8 -0.3 2/2 

Test Weight 7D 12 11.5 - 12.5 7D_d1105401 7D_s1047233 4.4 7 -0.3 1/2 

Grain Protein 1A 35 34.5 - 35.5 1A_d1100401 1A_d7345050 3.4 6 -0.2 0/2 

Grain Protein 3A 154 153.5 - 154.5 3A_s1296360 3A_d1212480 2.6 4 -0.2 0/2 

Grain Protein 4A 70 69.5 - 70.5 4A_s990343 4A_d2322968 2.7 4 -0.2 1/2 

Grain Protein 7A 194 193.5 - 194.5 7A_s1213119 7A_s1090541 3.2 6 -0.2 0/2 

Grain Protein 1B 113 112.5 - 113.5 1B_d1123036 1B_d1160821 6.7 12 -0.3 2/2 

Grain Protein 5B 130 129.5 - 130.5 5B_d1088234 5B_d2279136 3.4 6 0.2 1/2 

TKW 4A 40 38.5 - 40.5 4A_d3952176 4A_d3950696 2.5 4 -0.5 0/2 

TKW 5A 138 137.5 - 140 5A_d4542591 5A_d993093 6.5 10 -0.8 2/2 

TKW 4B 69 68.5 - 70.5 4B_s1094836 4B_d3534297 4.9 7 0.7 1/2 

TKW 6B 16 15.5 - 16.5 6B_d1126615 6B_d1103792 3.3 5 -0.6 1/2 

TKW 6B 142 141.5 - 143.5 6B_d3954836 6B_d2280668 4.5 7 0.7 2/2 

TKW 2D 62 60.5 - 63.5 2D_d1134631 2D_d1109826 4.5 8 -0.7 2/2 

TKW 5D 45 43.5 - 45.5 5D_d4539071 5D_d2244762 3.2 5 0.6 0/2 

Sedimentation 1A 3 2.5 - 3.5 1A_d1077302 1A_s1106928 30.6 41 -1.5 2/2 

Env: Environment; Chr: Chromosome; Pos: Position; C.I.: Confidence Interval; LOD: Logarithm of Odds; Add Effect: Additive 

Effect; TKW: Thousand Kernel Weight. 
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Figure 3.6.1a. The location of the fifteen quantitative trait loci (QTL) identified in the combined environment analysis on sub-genome 

A of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. The map position is 

located on the left side in centimorgans (cM), and the horizontal lines on each chromosome represent mapped markers. QTL are 

shown on the right side of the chromosome with the position and 95% confidence interval. 
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Figure 3.6.1b. The location of the fourteen quantitative trait loci (QTL) identified in the combined environment analysis on sub-

genome B of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. The map 

position is located on the left side in centimorgans (cM), and the horizontal lines on each chromosome represent mapped markers. 

QTL are shown on the right side of the chromosome with the position and 95% confidence interval. 
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Figure 3.6.1c. The location of the nine quantitative trait loci (QTL) identified in the combined environment analysis on sub-genome D 

of the ‘Peace’ × ‘Carberry’ RIL (recombinant inbred line) spring wheat (T. aestivum) mapping population. The map position is located 

on the left side in centimorgans (cM), and the horizontal lines on each chromosome represent mapped markers. QTL are shown on the 

right side of the chromosome with the position and 95% confidence interval. 
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4 General Discussion and Conclusions 

 

4.1 Introduction 

Western Canada, encompassing Manitoba, Saskatchewan and Alberta, was responsible 

for over 90% of total 2017 wheat production in Canada (Statistics Canada 2018), and over 82% 

of common wheat was attributed to the Canada Western Red Spring (CWRS) class (Canadian 

Grain Commission 2018). CWRS is the predominant class of wheat in Canada due to several 

factors including cultivar adaptability, attractive milling characteristics, and flexibility when 

producing baked goods (McCallum and DePauw 2008). CWRS requires a complex assortment of 

traits to remain desirable to producers, and end-users, including agronomic traits such as early 

maturity, grain yield, and protein content, and disease resistance against important pathogens in 

western Canada including leaf rust, and stripe rust. Quantitative trait loci (QTL) analysis is an 

effective first step into the discovery of markers that are tightly linked to gene(s) associated with 

trait improvement (Singh et al. 2014), and marker assisted selection has become a tool in 

breeding programs due to the low-cost and high-throughput genotyping that has become 

available. 

 Canadian wheat breeders have been concerned with obtaining disease resistance since the 

early 1900s, as stem rust epidemics repeatedly swept across the prairies and destroyed crops of 

early settlers (Buller 1919; McCallum et al. 2007). Today, leaf rust (Puccinia triticina) and stripe 

rust (Puccinia striiformis f. sp. tritici), along with the leaf spot complex consisting of tan spot 

(Pyrenophora tritici-repentis), septoria leaf blotch (Phaeosphaeria nodorum, Mycosphaerella 

graminicola, and Phaesosphaeria avenaria), and spot blotch (Cochliobolus sativus) are the 
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prominent leaf diseases in western Canada, and an active area of research for genetic resistance. 

Single gene resistance is not durable, nor long-lasting, and therefore breeders must look for 

horizontal resistance – resistance that is conferred by several genes. 

 Due to the short growing season in western Canada (~95 to 125 days), CWRS cultivars 

must be early maturing in order to minimize potential frost, drought, or heat damage, and 

successfully set seed (King and Heide 2009). Additionally, bakers admire the dough strength and 

mixing tolerances produced by CWRS due to its high protein content and resulting gluten 

strength; the premium world market looks for a protein content greater than 13.5% (Prairie Grain 

Development Committee 2016), and grain producers are rewarded with a price premium if 

protein content is acceptable. Complex traits such as grain yield are quantitatively inherited and 

variation is expressed via numerous QTL with minor effects (Mackay 2001), and non-genetic 

factors (such as the environment) may also be important (Hill 2010). The stability and 

consistency of identified QTL remains a problematic concern for plant breeding (Bernardo 

2008), but due to the significant differences in biotic and abiotic stresses between conventional 

and organic systems (such as soil nutrients, soil moisture, and weed competition), QTL that are 

identified across management systems may be highly stable, and reliable markers for breeders. 

The objectives of this thesis were to: (1) identify and genetically map QTL associated 

with leaf rust, stripe rust, and leaf spot, (2) locate genomic regions associated with multiple 

traits, (3) identify and genetically map QTL associated with agronomic and quality traits, and (4) 

compare QTL identified in conventional and organic environments, in the ‘Peace’ × ‘Carberry’ 

recombinant inbred line population. 
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4.2 Contribution to Knowledge 

 In the first study (Chapter Two), we identified three QTL associated with leaf spotting, 

four QTL associated with leaf rust, and three QTL associated with stripe rust. The total 

phenotypic variance explained was 28% for the leaf spot QTL, 25% for the leaf rust QTL, and 

27% for the stripe rust QTL. The leaf spot QTL were located on chromosomes 2A, 4B and 7D 

and individually explained 8 to 10% of the phenotypic variance. The leaf rust QTL were located 

on 2A, 4A, 5B, and 3D and individually explained 5 to 8% of the phenotypic variance. The stripe 

rust QTL were located on chromosomes 2A, 3A and 4B and individually explained 5 to 16% of 

the phenotypic variance. The stripe rust QTL on 4B (QYr.dms-4B) was the largest QTL 

identified in the study and was identified in all three individual environments. Previous studies 

have also identified a stripe rust QTL on 4B that was contributed by ‘Carberry’ (Singh et al. 

2014; Bokore et al. 2017). QYr.dms-2A and QLr.dms-2A were both contributed by ‘Peace’, and 

associated with stripe rust and leaf rust resistance, respectively. Both these QTL correspond with 

two QTL identified by Singh et al. (2014), who used a mapping population derived from a close 

relative of ‘Peace’. Results of this study suggest that ‘Carberry’ may be an attractive parental 

source for breeders to enhance resistance against stripe rust and leaf spotting, and ‘Peace’ 

contributed alleles associated with stripe and leaf rust resistance that had been previously 

identified in a close relative. 

 In the second study (Chapter Three), we identified a total of thirty-eight QTL associated 

with nine agronomic traits. Clusters of QTL were found on chromosomes 4B and 7D, and 

associated with maturity, plant height, grain yield, and test weight. Of the thirty-eight QTL 

identified, sixteen were consistently identified across management systems, and associated with 

all traits except lodging. The LOD scores of these QTL ranged from 3.4 to 45.7 and the 
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phenotypic variance explained ranged from 4 to 53%. The largest QTL (QPht.dms-4B) explained 

53% of the phenotypic variance and was associated with plant height. This allele was contributed 

by ‘Carberry’ and is most likely the Rht-B1b height reduction gene. In addition to reducing 

height by thirteen centimetres, QPht.dms-4B / Rht-B1b increased the days to maturity by two and 

grain yield by 200 kg ha-1. The second largest QTL (QSds.dms-1A) was associated with 

sedimentation volume, explained 41% of the phenotypic variance and was contributed by 

‘Peace’. The QTL identified on 7D were contributed by ‘Peace’, and this allele reduced height 

by six centimetres, days to maturity by two days, and grain yield by 300 kg ha-1. Results of this 

study suggest that QTL with minor effects may be stable and consistent QTL, even though large 

effect QTL have predominantly been the focus of plant breeders (Bernardo 2008). 

 

4.3 General Discussion 

 The largest stripe rust resistance QTL, QYr.dms-4B, originated from ‘Carberry’, but the 

position of this QTL was ~ 100 cM from the stripe rust QTL on 4B from ‘Carberry’ that was 

reported in other studies (Singh et al. 2014; Bokore et al. 2017). Further research is required to 

clarify if ‘Carberry’ contributes two alleles associated with stripe rust on 4B, but in our study we 

did identify two stripe rust QTL on 4B in the single environment analysis (Edmonton 2016). One 

of the QTL corresponds to QYr.dms-4B at 21 cM, but the second QTL was located at 44 cM and 

provides evidence that ‘Carberry’ may indeed confer stripe rust resistance from two alleles on 

4B. It is a rare opportunity to compare QTL analysis results with another study that derived a 

mapping population from the same parent and this provides a unique perspective on QTL 

stability in light of the numerous differences between studies such as genetic markers and 

software utilized.  
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Previous research has identified QTL associated with sedimentation volume at a similar 

position to QSds.dms-1A (Chen et al. 2015), and the Gli-A1 gene located on the short arm of 1A 

corresponds to the same location (Payne et al. 1984). Few studies have analyzed QTL associated 

with gluten strength, and the identification of this possible storage protein gene remains 

unknown. A previous study has identified management-specific QTL (Asif et al. 2015), and 

therefore it was expected that we would also produce similar results, but the relatively large 

number of consistent QTL that we identified across management systems was surprising. The 

literature suggests that QTL analysis in conventionally and organically managed systems is an 

unexplored area of research, and further research is warranted. 
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4.4 Future Research 

I. The consistency of QTL across management systems, and why QTL within traits are not 

consistent. Potential QTL-by-environment interactions should be explored in order to 

gain knowledge of QTL stability. 

II. Several leaf rust genes segregate in the ‘Peace’ × ‘Carberry’ population (Lr1, Lr13, Lr16, 

and Lr27), but no leaf rust QTL were identified on chromosomes 5D, 2B, or 3B that 

could correspond to these leaf rust genes. Screening this population for leaf rust genes 

and exploring synergistic relationships with Lr34 (non-segregating), and the reported 

virulence towards Lr13 and Lr16 should be explored. 

III. Molecular analysis of QSds.dms-1A, and identification of this unknown storage protein 

gene. The fact that this major QTL associated with gluten strength is segregating within 

elite CWRS cultivars may suggest a negative correlation with another trait of importance. 

Development of a DArTseq molecular marker may aid in germplasm development. 

IV. Additional phenotyping in leaf rust nurseries should be conducted to further investigate 

whether ‘Carberry’ is the parental source of one or two leaf rust resistance alleles on 

chromosome 4B. 

V. Validation of DArTseq molecular markers for QPht.dms-4B, the height reducing gene 

Rht-B1b, for deployment in marker assisted selection. 
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