
ABSTRACT 

MULKEY, STEVEN EDWARD. Improving Small Grains: Dissecting the Genetic Control of End-

Use Quality and Stagonospora Resistance in Wheat, and Freeze Tolerance in Oats (Under the 

direction of Dr. J. Paul Murphy). 

 

 Small grains production in North Carolina faces a number of challenges, from disease 

pressure to abiotic stresses.  In addition to improving varieties for these traits, breeders must seek 

to improve yield while maintaining acceptable levels of end-use quality.  The majority of these 

traits are highly quantitative in nature, with low to moderate levels of heritability.  Breeding efforts 

can potentially be facilitated through the use of molecular markers in a marker assisted selection 

scheme. 

Soft wheats are used in the production of a diverse range of food products and require 

different flour characteristics compared to hard wheats.  While the selection of varieties with 

superior end-use quality could be enhanced through marker assisted selection (MAS), few linkage 

or association mapping studies have been conducted using soft wheat germplasm.  A total of 171 

recombinant inbred lines (RILs) from the cross ‘AGS 2000’ x ‘NC-Neuse’ were assessed for eight 

milling and baking quality parameters, based on samples collected from six environments.  Trait 

heritabilities ranged from 0.71-0.93, with a significant proportion of transgressive segregation 

among the RILs for most traits.  A total of twenty significant logarithm of odds (LOD) peaks were 

detected in at least three of the six environments for the eight quality parameters and grouped into 

11 putative QTL on eight separate chromosomes.  The proportion of desirable parental alleles was 

evenly split between NC-Neuse and AGS 2000 amongst the 11 QTL, and many progeny showed 

superior quality to either parent for most of the quality traits.  These loci can be targeted for marker 

assisted selection, especially within soft red winter wheat germplasm in the southern United States.  



Stagonospora nodorum blotch (SNB; causal agent: Parastagonospora nodorum) is a 

common and potentially severe pathogen of wheat which reduces both yield and grain quality. In 

this study, a collection of 382 soft winter wheat landraces, breeding lines, and cultivars from the 

eastern United States were evaluated for resistance to SNB, and a genome-wide association 

analysis using marker data from 3492 SNP markers was conducted. Significant differences (p < 

0.01) were observed amongst lines and environments and their interaction.  Genetic association 

analyses using the LS means from within and across environments identified a total of eleven loci 

that were detected in three or more out of six environments. These loci represent a stable source 

of resistance to SNB for the southeastern United States.  

Oat is the least cold hardy small grain, and production of winter oat in North Carolina is 

frequently reduced due to severe freezing events during the winter. Access to a set of molecular 

markers linked to QTL for crown freezing tolerance could facilitate efforts to improve winter 

hardiness in elite winter oat germplasm. A panel of 213 diverse oat lines were evaluated in a 

controlled environment chamber for their survivability following freezing at -9 °C. Significant 

differences were observed both between lines, and across runs of the experiment.  However, 

analysis of the check lines only showed significant differences between lines, indicating that much 

of the variability between runs can be ascribed to the moderately freeze tolerant lines. All lines 

were previously genotyped using both a 6K Illumina Infinium SNP chip, and via genotyping by 

sequencing (GBS).  A total of eight significant markers were detected on chromosomes 5C, 6C, 

11A, and either 8A or 14D, with R2 ranging between 0.039 and 0.06.  These markers may be 

helpful in screening parents and their progeny when breeding for improved freeze tolerance in 

oats. 
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Origin of Wheat and Oat 

 Wheat (Triticum aestivum L.) is thought to have been domesticated roughly 10,000 years 

ago in the fertile crescent, a region spanning present day Iraq, Syria, Jordan, and Egypt (Bonjean 

and Angus, 2001).  Modern hexaploid wheat (2n = 6x = 42) is the result of three interspecific 

hybridization events, resulting in an allohexaploid with three genomes (AABBDD).  Emmer wheat 

(Triticum tugidum subsp. dicocoides Koern. Ex Asch and Graebn), the A and B genome 

contributor of hexaploid wheat, is thought to have resulted roughly 500,000 years ago from an 

interspecific cross between the A genome donator T. urartu Tum. Ex Grand, and an unknown 

contributor of the B genome (Dvorak et al., 1993). A number of Aegilops sp. have been proposed 

as the B-genome donor, with Ae. speltoides receiving the strongest support (Haider, 2013).  

Hexaploid wheat resulted in the subsequent interspecific cross of emmer wheat with D genome 

donator Aegilops tauschii (Kihara, 1954; Dvorak et al., 2012).  

 During the process of domestication, production of wheat spread to Asia, the 

Mediterranean, and into Europe.  The progenitor of modern oat, (Avena sterilis) was likely 

disseminated along with domesticated wheat and barley through weedy seed mixtures (Murphy 

and Hoffman, 1992).  Various species of oat were probably domesticated through selection 

pressure on the weedy mixtures and separation from other wild relatives. Two species of hexaploid 

oat (2n = 6x = 42) are cultivated globally.  Spring-sown oats (Avena byzantina C. Koch) were 

generally domesticated in the Mediterranean while fall-sown oats (Avena sativa L.) were 

domesticated in northern Europe.  Though certain translocations and genome rearrangements are 

characteristic of each species (Zhou et al., 1999; Jellen and Beard, 2000), they are inter-fertile. 
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Production of Wheat and Oats 

 Wheat is one of the most important sources of calories consumed by humans worldwide.  

In 2016 more hectares of wheat (220 million) were harvested globally than any other crop 

including rice (159 million) and maize (188 million) (www.fao.org/faostat).  Though total global 

acreage planted has changed little over the last two decades, production has risen steadily from 

about 614 million tonnes in 1997 to 749 million tonnes in 2016. The United States was the fourth 

largest producer of wheat in 2016 following China, India, and Russia, but is the world’s largest 

exporter.  In 2016 the United States produced approximately 63 million metric tonnes of wheat on 

17.8 million hectares.  Approximately two thirds of the wheat produced in the United States is 

exported (Badkar, 2011), with an estimated $5.4 billion worth of exports in 2016.   

Six major classes of wheat are produced in the United States including hard red winter 

wheat, hard red spring wheat, soft red winter wheat, hard white wheat, soft white wheat, and 

durum.  Winter wheats make up the 70-80% of the total wheat production.  Production occurs in 

four broad geographic regions.  Hard red winter and hard white wheats are grown primarily in the 

Great Plains.  Hard red spring, hard red winter, and durum wheats are produced in the northern 

United States. The Pacific northwest produces a small amount of each class of wheat. Soft red 

winter and soft white wheats are grown in the eastern United States. 

 Oats have historically been used primarily as feed for livestock, but can also be used for 

human consumption.  In 2016 15.5 million hectares of oat were planted worldwide, with the 1.15 

million hectares planted in the United States (www.fao.org/faostat). Like wheat, oat are either fall-

sown or spring-sown.  The majority of oat produced worldwide are spring oats (Marshall, 1992). 

Though production of oat has been steadily declining over the last century due to replacement by 

corn as feed and the advent of cars which reduce the need for feed (Buerstmayr et al., 2007), the 
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development of niche uses in personal care product and its marketing as ‘heart healthy’ have 

helped to improve public interest (Wood et al., 2007; Nilsson et al., 2008). Approximately 2.4 

million tonnes of oat were produced in the US in 2016. 

North Carolina 

 In North Carolina, 355,000 and 9,000 acres of wheat and oat, respectively, were planted in 

2016. The majority of wheat and oat grown in North Carolina are the fall-sown winter type.  Small 

grains are commonly planted between September 20th and December 20th, and harvested between 

May 30th and July 25th.  Small grains in North Carolina grow vegetatively during the fall and go 

dormant during the winter. As temperatures begin to warm in the spring plants resume growth and 

eventually initiate flowering in the late spring. 

 Production of wheat in North Carolina is hampered by a number of pests and diseases. 

Hessian fly (Mayetiola destructor Say), powdery mildew (Blumeria graminis (DC) Speer f.sp. 

tritici Em. Marchal (Bgt)), leaf rust (Puccinia triticina Erikss), Stagonospora nodorum leaf blotch 

(Parastagonospora nodorum (Berk.)), and barley yellow dwarf virus are all common diseases for 

North Carolina which reduce plant vigor and can significantly reduce yield for susceptible 

varieties.  Fusarium head blight (Fusarium graminearum) infects developing wheat heads, both 

reducing yield and producing the mycotoxin deoxynivalenol which is dangerous for human and 

animal consumption (McMullen et al., 2012). Production of oats in North Carolina are limited in 

part by barley yellow dwarf virus and oat crown rust (Puccinia coronata var. avenae W.P. Fraser 

and Ledingham), but also by winter damage. Oat are the least winter hardy of the small grains and 

can be severely damaged or killed by freezing temperatures. 
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Physical and genetics factors of milling and baking quality in wheat 

In wheat destined for human consumption, released varieties must maintain quality 

standards for both milling and baking.  Wheat cultivars are classified as either soft or hard, and red 

or white, each with separate desired quality characteristics dictated by their end-uses.  Hard wheats 

have greater levels and strength of protein which facilitates more elastic gluten and doughs suitable 

for breads.  Soft wheats have lower protein levels and strength, and produce viscous doughs and 

batters that are ideal for cookies, cakes, crackers, and pastries. 

Grain Hardness and Milling Quality 

Kernel hardness, the most important predictor of milling performance in wheat, is governed 

by the Hardness locus (Ha) located on the short arm of chromosome 5D (Symes 1965; Mattern et 

al. 1973; Baker, 1977; Law et al. 1978). This locus is associated with puroindolines a and b (Pin a 

and Pin b), which together form the protein known as friabilin (Csotí et al, 2005). Friabilin acts to 

bind phospholipids to the surface of starch granules, resulting in reduced starch damage and 

smaller flour particles following milling (Hog et al, 2004). All soft wheats have the soft type alleles 

Pina-D1a and Pinb-D1a, whereas hard wheats have a mutation at one or both of these genes, 

resulting in harder kernel texture (Morris et al., 2001). While soft wheats tend to have lower total 

flour yield compared to hard wheats (Souza et al., 2010), they typically have a greater proportion 

of high quality break flour from early in the milling process (Hogg et al., 2005).  The proportion 

of break flour relative to total flour is referred to as the softness equivalence (Russel and Hartley, 

1975; Finney, 1986).  

Components of Baking Quality 

A number of papers have been published that examine the ideal characteristics of soft wheat 

flour for doughs and baking (Pareyt and Delcour, 2008; HadiNezhad and Butler, 2009; Moiraghi 
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et al., 2011; Souza et al., 2012).  The end-use performance of wheat flours can be predicted through 

dough rheology methods such as farinography, mixography, and alveography, and through bread, 

cookie, and cake baking tests (Kweon et al., 2011). While these tests are reliable and accurate, they 

are time intensive and require large grain samples.  An additional pitfall of these methods is that 

they fail to provide insight into the flour components contributing to overall baking performance. 

For example, the amount of water absorbed by flour is strongly influenced by the proportion of 

damaged starch and non-starch polysaccharides such as arabinoxylans (Manley, 2000; Barrera et 

al, 2007; Guttieri et al, 2008). In cookie and cake doughs, water absorption by these components 

increases viscosity and reduces spread, and is considered undesirable.   

Flour protein concentration is also important as it is the primary predictor of gluten 

strength. Gluten storage proteins in the form of gliadins and glutenins determine most of the 

rheological properties of dough as it is mixed.  Glutenins consist of high- (HMW) and low-

molecular weight (LMW) subunits which are capable of forming intermolecular disulfide bonds. 

High molecular weight glutenin subunits are encoded by the Glu-A1, Glu-B1, and Glu-D1 genes 

on the long arms of group one chromosomes (Payne et al., 1984).  Through the mechanical action 

of mixing, these proteins for massive polymers which confer dough with its elasticity and strength.  

Alternatively, gliadins only form intramolecular disulfide bonds, remaining in monomeric form 

during dough development and acting to reduce viscosity.  Gliadins and LMW glutenin subunits 

are encoded by gene families on the short arms of group one chromosomes.  Both the total protein 

concentration and relative proportion of gliadins to glutenins impact dough strength, elasticity, and 

viscosity. Higher levels of protein are undesirable in cookies and cakes, but beneficial in the 

production of crackers and some pastries (Gaines et al, 2006). 
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A series of solvent retention capacity (SRC) tests (AACC 56-11.02, 2010) were developed 

by Slade and Levine (1994) which can be used to quickly assess baking performance using 

relatively small samples of seed (Guttieri et al, 2001; Haynes et al, 2009).  Lactic acid, sodium 

carbonate, and sucrose SRC can be used to estimate the relative proportions of glutenins, damaged 

starch, and pentosans (a component of many non-starch polysaccharides), respectively, in a sample 

of flour.  Compared to dough rheology or alveography tests, SRC tests have the benefit of 

evaluating specific flour components independently of each other, providing more power in 

detecting differences among varieties for specific flour properties. 

Genetic Components 

Though major differences among market classes of wheat can largely be explained by the 

actions of specific genes such as the Ha locus, differences within hard and soft market classes 

exist and are often highly heritable (Guttieri and Souza, 2003; Souza et al, 2008). A significant 

amount of research has been conducted to investigate differences for key end-use parameters 

among genotypes within hard wheats (Parker et al., 1999; Mares and Campbell, 2001; Prasad et 

al., 2003; Groos et al., 2003; Arbelbide and Bernardo, 2006; Huang et al., 2006; Nelson et al., 

2006; McCartney et al., 2006; Ma et al., 2007; Kunert et al., 2007), and among soft x hard wheat 

crosses (Campbell et al., 2001; Breseghello et al., 2005).  Among these studies, QTL controlling 

milling or baking quality were identified on 20 of the 21 wheat chromosomes.  

Only a few bi-parental or association mapping studies have been conducted using soft 

wheat populations (Breseghello and Sorrells, 2006; Reif et al., 2011; Smith et al., 2011; Wang et 

al., 2012; Cabrera et al., 2015).  In order to meet the alternative needs of soft wheat end-users, a 

better understanding of the genetic mechanisms controlling quality parameters must be understood 

within this germplasm.   
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Stagonospora nodorum Leaf Blotch in Wheat 

Disease Life Cycle 

Stagonospora nodorum blotch (SNB) is a common and potentially severe disease of wheat 

which reduces both yield and grain quality.  The disease is caused by the pathogen 

Parastagonospora nodorum (Berk.) (Quaedvlieg, et al., 2013), an ascomycete fungus that prefers 

moderate temperatures, humid conditions, and frequent rainfall.  Parastaganospora nodorum can 

be spread through infected seeds or overwinter on infected wheat residue or some weed species 

(Shah and Bergstrom 2000; Bockus et al., 2010).  Initial infection requires 12 to 18 hours of leaf 

wetness and temperatures between 20 to 27 °C, after which small black lesions will begin to form.  

In winter wheat this usually occurs during the fall and is followed by a dormant period during the 

winter until conditions become favorable again in the spring.  Lens shaped legions will continue 

to expand and can eventually whither entire leaves.  Multiple infection cycles usually occur as 

asexual pycnidiospores are splashed further up the plant during successive rain events.  Under 

ideal conditions, susceptible varieties of wheat have reported yield losses of up to fifty percent 

(Duveiller and Sharma, 2012; Gurung et al., 2012), though loss estimates between two to six 

percent are more common (Bockus, 1998). 

Necrotrophic Effectors 

Development of SNB symptoms is contingent, at least in part, upon the action of host 

selective toxins, or, necrotrophic effectors (NE), which are released by the fungus into the plant 

(Friesen et al., 2009; Liu et al., 2004b).  It was hypothesized that the NEs encourage a defense 

response in the host plant via an interaction with a susceptibility gene.  In the host’s attempt to 

defend itself, localized cell death would actually allow the necrotrophic pathogen to colonize and 

spread.    
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The first gene for gene systems to be characterized in this pathosystem, Snn1-SnTox1, 

accounted for up to 58% of the observed variation for SNB in the population under study (Liu et 

al., 2004a).  An additional wheat gene, Tsn1, which confers susceptibility to tan spot (Pyrenophora 

tritici-repentis), was found to confer susceptibility to the SnToxA NE produced by P. nodorum 

(Friesen et al., 2006; Liu et al., 2006).  Five other gene for gene interactions, Snn2-SnTox2 (Friesen 

et al., 2007), Snn3-SnTox3 (Friesen et al., 2008), Snn4-SnTox4 (Abeysekara et al., 2009), Snn5-

SnTox5 (Friesen et al., 2012), and Snn6-SnTox6 (Gao et al., 2015), have since been identified 

which follow the same mechanistic model.   These seven sensitivity genes have been identified in 

on chromosomes 1B (Snn1), 2DS (Snn2), 5BS (Snn3), 1A (Snn4), 4BL (Snn5), 6AL (Snn6), and 

5B (Tsn1).  Unlike other disease systems such as leaf rust (Puccinia triticina) where gene for gene 

interactions have a very large impact on disease incidence and severity, the impact of NE’s is 

quantitative in nature.  For example, the Snn3 susceptibility allele only accounted for six percent 

of the variation observed among wheat lines in one association mapping study (Liu et al., 2015).  

Crook et al. (2012) concluded that numerous unidentified NEs were being produced by 

Parastagonospora races and contributing to SNB in the southeastern United States.  They further 

proposed that mechanisms other than NE sensitivity contribute to cultivar resistance to P. 

nodorum. 

Resistance QTL 

A number of additional QTL for resistance to SNB have been identified throughout the 

wheat genome. Quantitative trait loci have been reported on 2A (Francki et al., 2011), 3A (Aguilar 

et al., 2005; Abeysekara et al., 2009; Gurung et al., 2014), 3B (Schnurbusch et al., 2003; Lu and 

Lillemo, 2014; Shatalina et al., 2014; Aguilar et al., 2005; Adhikari et al., 2011; Czembor et al., 

2003), 5A (Gurung et al., 2014; Liu et al., 2015; Aguilar et al., 2005; Cockram et al., 2015), 6A 
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(Arseniuk et al., 2004; Adhikari et al., 2011), and 6B (Schnurbusch et al., 2003).  Though the loci 

reported in these studies have explained as much as 50% of genetic components of variation (Liu 

et al., 2004b), the experimental methods have made use of growth chambers, single isolate 

inoculation, recombinant inbred line (RIL) or doubled haploid (DH) populations, or some 

combination of the above.  Though effective at reducing the influence of environment and GxE, 

these methods also simplify the polygenic nature of susceptibility among wheat lines and the 

complex isolate mixture found under field conditions.  Studies which have used mixed isolate 

inoculations under field conditions generally report QTL with lower R2, ranging from 5% (Uphaus 

et al., 2007) to 20% (Francki et al. 2011).  Other recent studies which have employed association 

analysis to evaluate P. nodorum resistance have identified QTL with R2 values >10% (Adhikari et 

al., 2011), >14.5% (Gurung et al., 2014), and >15% (Liu et al., 2015).  

Field Evaluation and Environmental Variability 

In the handful of studies that have used field conditions to map resistance for SNB, 

significant variation due to environment was frequently noted (Aguilar et al., 2005; Francki et al., 

2011; Lu Lillemo et al., 2014; Schnurbusch et al., 2003; and Shatalina et al., 2014).    It is likely 

that differences between year and location contribute to the prevalence of specific strains, as well 

as variation for the conditions promoting disease development.  This may lead to the detection of 

different QTL depending on the year or location.  Additionally, differences in heading date are 

known to correlate with the start of disease development, with later heading lines showing 

symptoms later in the season.  This can result in late heading lines being scored as resistant before 

symptoms have had time to develop.  These observations have practical implications for additional 

field-based studies.  In addition to accounting for the variation between lines for heading date, it 

is important to evaluate the disease in as many environments as possible for multiple seasons. 
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It should also be noted that the studies which have characterized specific NEs have used 

isolates originating in either Nebraska or Switzerland (Francki, 2013), and likely do not reflect the 

populations present in the eastern United States.  Examination of a global collection of P. nodorum 

isolates revealed multiple haplotypes for the SnToxA gene which may result in differences for 

gene activity and efficacy (Stuckenbrock and McDonald, 2007).  Crook et al. (2012) recently 

evaluated NEs and their corresponding host sensitivities using both P. nodorum isolates and winter 

wheat germplasm from the southeastern United States.  In their study, low frequencies of isolates 

produced SnToxA, SnTox1, and SnTox3, while nearly half produced NEs that have not yet been 

characterized. Similarly, out of twenty nine cultivars, only two possessed known Snn genes.   

While SNB can be controlled effectively through the use of triazole and strobilurin 

fungicides, farmers have few other options for managing the disease.  Low- and no-till practices 

which promote healthy soils also preserve infected plant tissues that act as a source of inoculum 

in successive years (Eyal, 1999). Additionally, most widely grown varieties display only moderate 

resistance to the disease (Nelson and Marshall, 1990). Molecular markers closely linked to genetic 

regions contributing to SNB resistance could be used to transfer multiple sources of resistance to 

elite germplasm.  Though a number of specific wheat genes have been identified which contribute 

to development of SNB, most of these studies rely on controlled environment chambers using 

pathogen isolates collected from very specific geographical regions.  To date, very few studies 

have been done to evaluate field resistance to P. nodorum, especially in soft winter wheats. 

 

Genetics and Physiology of Winter Hardiness in Oat 

 

In North Carolina the winters are usually mild enough to allow the production of fall-sown, 

or, ‘winter’ oats.  Compared to spring-sown oats (Avena sativa L.), winter oats have a longer 
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growth cycle, earlier maturity, and typically produce higher yields.  Production of winter oats, 

however, is limited by low levels of winter hardiness.  Winter hardiness is a complex trait that can 

be measured in a number of ways, but can generally be considered the ability to tolerate low-

temperature stresses without significant loss to yield.  Key components of winter hardiness include 

avoidance mechanisms such as vernalization requirement and photoperiod sensitivity which delay 

production of cold sensitive flowering tissue, as well as physiological processes such as cold 

acclimation/hardening which help to reduce cellular damage resulting from freezing stress.  Crown 

freezing tolerance (CFT) is one of the most important components of winter hardiness (Olien, 

1967) and is affected by multiple concurrently operating mechanisms which interact with the 

environment to prevent the formation and spread of ice (Livingston and Tuong, 2014).   

Mechanics of Freezing Stress 

 In species with adaptation to freezing temperatures, damage usually occurs through three 

pathways as a result of ice formation within the plant (Olein, 1967). In the first pathway, rapid 

formation of intracellular ice as a result of super-cooling can kill cells.  In cold acclimated plants 

this form of freezing damage is avoided by the formation of ice in the extracellular spaces (Olein 

and Smith, 1997; Levitt, 1980).  As extracellular ice is formed, water diffuses out of the cells to 

maintain equilibrium of the water potential.  Intracellular ice may still form if temperatures drop 

faster than this equilibrium can be maintained (Steponkus, 1984). In the second pathway, adhesion 

stress can occur as free water becomes scarce and hydrophilic portions of the cell membrane adhere 

to growing ice crystals.  This can result in severe distortion of the membrane and cell death (Olein 

and Smith, 1977).  In the third pathway, temperatures below -10°C can result in freeze dehydration 

(Olein, 1967; Levitt, 1980).  Freeze dehydration may cause damage through multiple mechanisms 

including changes in cellular pH and solute concentrations, a reduction of osmotic responsiveness 
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of the plasma membrane, and weakening of membranes that rupture as water refills the cell during 

thawing (Dowgert and Steponkus, 1984; Dowgert et al., 1987).  

Avoidance Mechanisms 

Much of our current understanding of the genetic control of winter hardiness in cereals 

stems from research on wheat and barley (Hordeum vulgare L.).  Winter hardiness for these crops 

is driven largely by adaptation of flowering time to the environment, which is chiefly regulated 

through vernalization and photoperiod sensitivity or insensitivity. The most important genes 

affecting vernalization occur on homeologous group 5 (Vrn-1 and Vrn-2) and 7 (Vrn-3) 

chromosomes, whereas the major photoperiod in/sensitivity genes occur on group 2 (Ppd-1) 

chromosomes (Distelfield et al., 2009).  Additional QTL for winter hardiness components such as 

CFT have also been identified and are often linked with vernalization or photoperiod sensitivity 

(Sutka and Snape, 1989; Francia et al., 2004; Galiba et al., 2009).  In addition to directly promoting 

the switch from vegetative to reproductive growth, the Vrn-1 locus has been shown to account for 

a number of winter-hardiness QTL by initiating a regulatory cascade that down-regulates ‘cold 

regulated’ (COR) genes, thus reducing cold hardiness (Dhillon et al., 2010).   

Cold Acclimation 

 In plants classified as cold or winter hardy, freezing tolerance is acquired by exposure to 

low non-freezing temperatures. Cold acclimation can be improved in some species by subsequent 

exposure to temperatures just below freezing through a process called subzero acclimation 

(Trunova, 1965; Livingston, 1996).  Cold acclimation is an important part of winter hardiness in 

fall-sown cereals (Livingston, 1996; Fowler et al., 1999), and sensitivity to acclimation may drive 

some of the differences seen between oat varieties for freezing tolerance (Livingston, 1996). 
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 One of the primary ways in which acclimation appears to improve freezing tolerance is by 

enhancing the resilience of cell membranes.  Following acclimation the proportion of unsaturated 

lipids and free phospholipids in the plasma membrane increase, resulting in better fluidity under 

low temperature conditions.  Acclimation also appears to change the metabolism of simple sugars 

(Livingston, 1996; Livingston and Henson, 1998), which may be involved in several forms of 

‘cryoprotection’.  The depolymerization of fructans during freezing is thought to decrease the 

cell’s water potential, helping to avoid water loss and maintain cell volume and shape.  Simple 

sugars have also been detected in increased concentrations extracellularly (Olein and Lester, 1985; 

Livingston and Henson, 1998) and may confer resistance to adhesive stress by protecting 

hydrophilic portions of the cell membrane. The conversion of fructans to soluble sugars has also 

been shown to prevent ice formation and protect organelles within crown cells (Livingston et al., 

2006; Livingston and Tallury, 2009; Livingston et al., 2013).  Crown freeze tolerance is heavily 

influence by cold hardening, and this potential to adapt to cold stress drives many of the differences 

observed both between different cereal species, and between varieties within a species. 

Genetics of Winter Hardiness in Oat 

Relatively few studies have examined the genetic origins of winter hardiness or freeze 

tolerance in oat.  One of the most important genetic regions identified thus far is the 7CS-17AL 

translocation, which occurs frequently in spring sewn oats and is uncommon in winter types (Jellen 

et al., 2000; Zhou et al., 1999).  However, the translocation is present in some of the most winter 

hardy of the fall sewn, winter oat varieties, including Winter Turf, Wintock, and Norline. It has 

been consistantly associated with improved crown freeze tolerance and field survival, and in some 

cases with vernalization and photoperiod sensitivity (Holland et al., 2002; Santos et al., 2006; 
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Wooten et al., 2007).  A few studies have identified additional QTL with smaller effects on other 

chromosomes (Wooten et al., 2008; Wooten et al., 2009; Maloney et al., 2011). 

Attempts to improve winter hardiness in oats have been met with limited success in the last 

forty years (Livingston and Elwinger, 2005), due in part to the high degree of within plot variability 

and year to year variation in field trials (Marshall, 1965; Marshall, 1992).  Some success has been 

made in this regard by using controlled environment growth and freeze chambers to produce 

relatively consistent freeze events, allowing researchers to differentiate between progeny with 

improved crown freeze tolerance (Livingston et al., 2004).  Despite this, a lack of knowledge 

regarding the genetics governing crown freeze tolerance and winter hardiness in oats have 

hampered breeding efforts. 

Despite advances to our understanding of the physiology behind freeze stress, our 

knowledge of the genetic mechanisms underpinning this complex trait in oats remain limited.  

Access to a set of molecular markers linked to QTL for crown freeze tolerance could facilitate 

breeding efforts through marker assisted selection. 

 

Association Mapping 

 Association mapping is a tool that has been used in both animal and plant species to identify 

molecular markers that are potentially linked to genomic regions governing a trait of interest.  

Association mapping makes use of theoretical historical breakdown of linkage disequilibrium (LD) 

between loci in a population.  Linkage disequilibrium is the association of alleles between two loci 

a rates greater than expected based on allele frequency alone.  If two loci are physically unlinked, 

it is expected that the alleles for the two loci will randomly assort over time in a population under 

Hardy Weinburg conditions.  Thus even if two loci were initially in LD due to chance, over 

multiple generations the LD between these unlinked loci would decay. When two or more loci are 
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physically linked LD decays more slowly as recombination is required to break specific allele 

pairings.  The closer a physical linkage is, the longer it is expected to take for LD to decay.  A 

common measure of LD is the square of the correlation coefficient between two loci (r2), which is 

defined by the equation: 

𝑟2 =
(𝐷𝐴𝐵)2

( 𝑃𝐴1 ∗ 𝑃𝐵1 ∗ 𝑃𝐴2 ∗ 𝑃𝐵2)
 

Where PA1, PB1, PA2, and PB2 are the observed frequencies of alleles at loci A and B, and DAB is 

the estimate of disequilibrium in the population (Ardlie et al., 2002).  DAB is measured by the 

equation:  

  

𝐷𝐴𝐵 = 𝑃𝐴1𝐵1 − (𝑃𝐴1 ∗ 𝑃𝐵1) 

where PA1B1 is the observed frequency at which alleles A1 and B1 occur together, and PA1 and PB1 

are the same as defined above. 

 Estimates of LD can be influenced by population structure, and care should be taken when 

performing association analysis.  Lines that are more closely related will be expected to share the 

same alleles at more loci, even when the loci are not physically linked (Sneller et al., 2009).  Thus 

population structure can confound association mapping efforts by creating false associations 

between molecular markers and a trait of interest (Sorrells et al., 2009; Myles et al., 2009; Cabrera 

et al., 2015).  Attempts to account for population structure through relationship or kinship matrices 

(VanRaden, 2008) may also prevent the detection of a true association in the cases in which the 

trait follows a similar pattern as the population structure. 

Association mapping has been used to successfully identify important loci in wheat, 

including plant height (Zanke et al., 2014), vernalization and photoperiod response (Sukumaran et 

al. 2016), end use quality (Cabrera et al., 2015) and disease resistances (Bajgain et al., 2016).  
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Recent developments in genetic resources such as extensive single-nucleotide polymorphism 

(SNP) assays (Huang et al., 2014; Tinker et al., 2014), physically anchored consensus genetic maps 

(Oliver et al., 2013; Chaffin et al., 2016), and improved understanding of population structure in 

global sets of oats (Fu et al., 2005; Newell et al., 2011) have opened up the possibility of genome 

wide association mapping (GWAS).  This approach has recently been used to identify QTL for 

agronomic traits, abiotic and biotic diseases, and end-use quality (Achleitner et al., 2008; Newell 

et al., 2012; Montilla-Bascon et al., 2015; Schneider et al., 2015; Foresman et al., 2016).  More 

recently GWAS was used in tandem with controlled environment chambers to identify frost 

tolerance QTL in a set of European oats (Tumino et al., 2016).  

 

Objectives 

Small grains production in North Carolina faces a number of challenges, from disease 

pressure to abiotic stresses.  In addition to improving these traits, breeders must seek to improve 

yield while maintaining acceptable levels of end-use quality.  The majority of these traits are highly 

quantitative in nature, with low to moderate levels of heritability.  Breeding efforts can potentially 

be facilitated through the use of molecular markers in a marker assisted selection scheme.  The 

objective of this study were thus to: 

1) Identify QTL which could be utilized in a marker assisted selection scheme for key 

milling and baking quality parameters using a soft red wheat bi-parental mapping 

population. 

2) Evaluate a diverse collection of soft winter wheat varieties and land races from the 

eastern United States and identify molecular markers linked to genetic regions in wheat 

associated with development of SNB. 
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3) Evaluate a diverse collection of winter and spring oats for crown freeze tolerance and 

identify molecular markers associated with genomic regions contributing to improved 

freezing damage recovery. 
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Abstract 

Soft wheats are used in the production of a diverse range of food products and require 

different flour characteristics compared to hard wheats.  While the selection of varieties with 

superior end-use quality could be enhanced through marker assisted selection (MAS), few linkage 

or association mapping studies have been conducted using soft wheat germplasm.  The objective 

of this study was to identify quantitative trait loci (QTL) for key milling and baking quality 

parameters using a soft red wheat bi-parental mapping population.  A total of 171 recombinant 

inbred lines (RILs) were previously developed from the cross AGS 2000 x NC-Neuse and assessed 

for eight milling and baking quality parameters, based on samples collected from six environments.  

Trait heritabilities ranged from 0.71-0.93, with a significant proportion of transgressive 

segregation among the RILs for most traits.  A total of twenty significant logarithm of odds (LOD) 

peaks were detected in at least three of the six environments for the eight quality parameters and 

grouped into 11 putative QTL on eight separate chromosomes.  The proportion of desirable 

parental alleles was evenly split between NC-Neuse and AGS 2000 amongst the 11 QTL, and 

many progeny showed superior quality to either parent for most of the quality traits.  These loci 

can be targeted for marker assisted selection, especially within soft red winter wheat germplasm 

in the southern United States.  
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Introduction 

Wheat (Triticum aestivum L.) cultivars are classified as either soft or hard, and red or white, 

each with separate desired quality characteristics dictated by their end-uses.  Hard wheats have 

greater levels and strength of protein which facilitates more elastic gluten and doughs suitable for 

breads.  Soft wheats have lower protein levels and strength, and produce viscous doughs and 

batters that are ideal for cookies, cakes, crackers, and pastries.  Breeders developing new cultivars 

of wheat must simultaneously select for lines with acceptable end-use qualities while striving to 

improve yield and disease resistance traits.  A set of markers associated with improved milling and 

baking performance would allow breeders to rapidly screen breeding material and remove those 

lines that fail to meet minimum quality requirements. 

Kernel hardness, the most important predictor of milling performance in wheat, is governed 

by the Pina-D1 and Pinb-D1 loci on the short arm of chromosome 5D (Symes, 1965; Baker, 1977). 

All soft wheats have the soft type alleles Pina-D1a and Pinb-D1a, whereas hard wheats have a 

mutation at one or both of these genes, resulting in harder kernel texture (Morris et al., 2001). 

While soft wheats tend to have lower total flour yield compared to hard wheats (Souza et al., 2010), 

they typically have a greater proportion of high quality break flour from early in the milling process 

(Hogg et al., 2005).  The proportion of break flour relative to total flour is also referred to as the 

softness equivalence (Russel and Hartley, 1975; Finney, 1986).  

A number of papers have been published that examine the ideal characteristics of soft wheat 

flour and doughs (Pareyt and Delcour, 2008; HadiNezhad and Butler, 2009; Moiraghi et al., 2011; 

Souza et al., 2012).  The end-use performance of wheat flours can be measured directly through 

dough rheology methods and through bread, cookie, and cake baking tests (Kweon et al., 2011). 

Alternatively, a series of solvent retention capacity (SRC) tests (AACC 56-11.02, 2010) can be 
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used to assess baking performance indirectly by estimating the quantitative and qualitative 

influences of specific flour components (Slade and Levine, 1994; Guttieri et al., 2001; Haynes et 

al., 2009).  High water absorption by flour is undesirable in cookie and cake doughs and strongly 

influenced by the proportion of damaged starch and non-starch polysaccharides such as 

arabinoxylans, which can be measured through sucrose SRC (Manley, 2000; Barrera et al., 2007; 

Guttieri et al., 2008).  Lactic acid SRC can be used to estimate gluten strength, which is dependent 

on the quantity, composition, and proportions of glutenins and gliadins.  Overall flour protein 

concentration (including non-gluten forming proteins) is important both as an indirect indicator of 

gluten strength, as well as water absorption.  Higher levels of protein are undesirable in cookies 

and cakes, but beneficial in the production of crackers and some pastries (Gaines et al., 2006). 

 Significant research on the genetic components of end-use quality have be conducted in 

hard wheats (Parker et al., 1999; Mares and Campbell, 2001; Prasad et al., 2003; Groos et al., 

2003; Arbelbide and Bernardo, 2006; Huang et al., 2006; Nelson et al., 2006; McCartney et al., 

2006; Ma et al., 2007; Kunert et al., 2007), and among soft x hard wheat crosses (Campbell et al., 

2001; Breseghello et al., 2005).  Among these studies, QTL controlling milling or baking quality 

were identified on 20 of the 21 wheat chromosomes.  

Only a few bi-parental or association mapping studies have been conducted using soft 

wheat populations (Breseghello and Sorrells, 2006; Reif et al., 2011; Smith et al., 2011; Wang et 

al., 2012; Cabrera et al., 2015).  In order to meet the alternative needs of soft wheat end-users, a 

better understanding of the genetic mechanisms controlling quality parameters must be understood 

within this germplasm.  The objective of this study was to identify QTL which could be utilized 

in a marker assisted selection scheme for key milling and baking quality parameters using a soft 

red wheat bi-parental mapping population. 
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Materials and Methods 

Plant Material 

A population of 170 F5-derived recombinant inbred lines (RILs) was developed from the 

cross between the two soft red winter wheat cultivars NC-Neuse and AGS 2000.  NC-Neuse (PI 

633037) was developed at North Carolina State University and released in 2003 (Murphy et al. 

2004).  AGS 2000 (PI 612956) was jointly released from the University of Florida and the 

University of Georgia in 1999 (Johnson et al., 2002).  NC-Neuse possesses a null allele at the Ppd-

B1 photoperiod locus and the 2BS:2GS:2GL:2BL translocation chromosome.  AGS 2000 

possesses the insensitivity allele (a) at the Ppd-B1 photoperiod locus and the 1BL.1RS 

translocation. Both cultivars have the allele for photoperiod sensitivity (b) at the Ppd-D1 

photoperiod locus, and the allele for insensitivity (a) at the Ppd-A1 photoperiod locus.  Both NC-

Neuse and AGS 2000 have excellent milling and baking quality characteristics, although NC-

Neuse has significantly lower alkaline water retention capacity and softness equivalent ratings. 

Phenotypic Evaluation 

Phenotypic evaluations of end-use quality characteristics were performed on the RILs and 

both parents grown in a total of six environments in North Carolina: The Cunningham Research 

and Education Center, Kinston, NC in the 2010-11, 2011-12 and 2013-14 growing seasons; the 

Tidewater Research Station, Plymouth, NC in the 2011-12 and 2013-14 seasons, and the Piedmont 

Research Station, Salisbury, NC during the 2011-12 season.  Two replications were planted at each 

environment between mid and late October utilizing a randomized complete block design.  Entries 

were planted in 1.2m single rows plots with 15cm spacing between plots.  Fertilization, pesticide 

applications, and irrigation treatments followed standard management practices for North Carolina 

(Weisz, 2013). 
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 To obtain enough seed for milling and baking evaluations, both replications of each entry 

were combined in all environments.  Evaluations were conducted at the USDA-ARS Soft Wheat 

Quality Laboratory (Wooster, OH).  Whole grain protein percentage (GP) and grain hardness GH 

(GH) were measured via near infrared analysis on a Perten DA7200 (Perten Instruments, 

Hägersten, Sweden), with GH calibrated to a 1-100 scale using the Single Kernel Characterization 

System (Perten Instruments).  

Prior to milling, samples were tempered to a 15% moisture level.  Flour yield (FY) and 

softness equivalence (SE) were measured after a single pass through a Quadrumat break roll unit 

(C.W. Brabender Instruments, Inc., South Hackensack, NJ) following the procedure outlined by 

Finney (1986), where FY was the weight of middlings and break flour divided by total grain 

weight, and SE was the weight of break flour relative to total flour.  Total flour protein percentage 

(FP) was measured using a SpectraStar NIR analyzer (Unity Scientific, Brookfield, CT).  Solvent 

retention capacity tests (Guttieri et al., 2001) were conducted with lactic acid (LA; 5% w/w) using 

1g flour samples (AACC Method 56-11.02), and with sucrose (SU; 50% w/w) using 5g flour 

samples.  Cookie diameter (CD) measurements were based on the diameters of two sugar snap 

cookie tests per sample (AACC Method 10-52).  

Linkage Mapping and QTL Analysis 

A genetic linkage map was previously constructed for this population by Maloney (2011) 

using MapMaker/Exp version 3.0 (Lincoln et al., 1993), and later updated by Petersen et al. (2016).  

A total of 1838 molecular markers comprised of 83 simple sequence repeats (SSRs), 302 diversity 

array technology (DArT) markers, 1452 single nucleotide polymorphisms (SNPs), and two 

Kompetitive Allele Specific (KASP) assays were used to produce a final map containing 27 

linkage groups and covering 3,419cM.  The parental lines, AGS 2000 and NC-Neuse are 
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polymorphic for the Glu-A1 and Glu-D1 high molecular weight glutenin loci, and the TaSus-2B 

sucrose synthase locus.  Molecular markers for Ppd-B1, vrn-B1, the 1BL.1RS translocation, and 

the 2BS:2GS:2GL:2BL translocation were previously included in the linkage map. Three 

additional markers linked to the TaSuS2-2B (KASP_TaSus2-2B; Jiang et al., 2011), Glu-A1 

(UMN19; Liu et al., 2008) and Glu-D1 (KASP_Glu-D1d_SNP; Rasheed et al., 2016) loci were 

run on the population and added to the linkage map for this study. 

 Windows QTL Cartographer 2.5 (Wang et al., 2004) was used to conduct QTL analysis for 

all traits separately for each environment.  Composite interval mapping (CIM) and multiple 

interval mapping (MIM) were performed using a critical LOD value of 3.1 determined through 

1000 permutation tests to declare putative QTL and estimate additive effects and R-squared values. 

Data Analysis 

 Phenotypic data were analyzed with the Statistical Analysis System (SAS) v9.4 software 

(SAS Institute Inc., Cary, NC).  The UNIVARIATE and GPLOT procedures were used to assess 

normality and identify potential outliers for each quality parameter.  Molecular markers linked to 

six genetic components related to end-use quality were considered as potential covariates in 

analysis of variance models for each quality parameter.  A stepwise model selection procedure was 

performed using the HPREG procedure for each quality parameter to reduce the complexity of 

initial models including genotype, environment, and all potential covariates.  

A final analysis was performed using the MIXED procedure.  The genotype by 

environment interaction was used as the error term to test the significance of genotypes and 

environments, as both replications within each environment were pooled together for quality 

analyses.  Because environmental effects were found to be significant for each quality parameter, 

least square (LS) means were calculated for each RIL within each environment.  Following the 
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approach used by Balut et al. (2013) and Petersen et al. (2016), the model terms included each of 

the genetic components relevant for the quality parameter as determined through HPREG, and 

genotypes nested within genetic component interactions.  The CORR procedure was used to 

examine correlations among milling and baking quality parameters.  Heritabilities for all quality 

traits were estimated across all environments on an entry-mean basis according to Holland et al. 

(2002).  Lines with across environments adjusted means greater than the high parent for a trait, or 

lower than the low parent for a trait, were considered as transgressive segregants. 

The combined effects of the QTL identified in this study were examined for each trait using 

PROC MIXED.  Genotypic data for each marker located at a QTL peak was recoded to reflect 

whether individual genotypes possessed the desirable or undesirable parental alleles.  Phenotypic 

data from across all six environments was used for the analysis and model terms included the 

number of desirable parental alleles, and genotypes nested within the number of desirable alleles 

as fixed traits, and environments as random factors.  Adjusted means were generated for all QTL 

within each quality parameter. 

 

Results 

 

Phenotypic Analysis  

Data were analyzed across six environments: KIN11, KIN12, PLY12, SAL12, PLY14, and 

KIN14.  The RIL population displayed a relatively normal distribution for all traits across all 

environments (Supplemental Figure 2.1), and within environments (data not shown).  A small 

degree of skewness was observed for FP, FY, CD, and SU across all environments, and for some 

traits within specific environments, but was not considered large enough to warrant transformation 

of the data in any situation. 
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Both genotypes and environments were found to be significant (p < 0.001) for all eight 

quality parameters (Table 2.1).  The 1BL.1RS rye translocation was found to significantly (p < 

0.05) affect all eight quality parameters.  All other genetic covariates were found to be significant 

(p < 0.01) in the models in which they were included, with the exception of the GluD1 locus in the 

SU model. 

Despite having relatively normal distributions among the RIL population, four quality 

parameters (GP, FP, LA, and CD) were not significantly different between the parents (Table 2.2).  

Across-environment means of the RIL population fell between the parental means for all traits 

except FP and CD, which were below the low parent and above the high parent, respectively.  The 

RILs displayed considerable variability for all traits, especially for GP, GH, FP, LA, and SU.  A 

large proportion (>40%) of RILs displayed transgressive segregation for all parameters except SU.  

In particular, GP (93%), FP (91%), and LA (78%) displayed a very high proportion of progeny 

outside the range of parental means.  Despite this, high levels of heritability were observed for all 

traits, ranging from 0.71 (GP) to 0.93 (SE).  

During stepwise model selection, the Vrn-B1 locus and 1BL.1RS translocation were 

included in the final model for GH (Table 1).  Only the 1BL.1RS translocation was retained for 

the FY and SE final models.  Both translocations and the Glu-D1 locus were retained for CD, GP 

and FP.  For LA, neither the Ppd-B1 nor TaSus-2B loci were included in the final model, though 

all other potential covariates were.  The SU model included the 1BL.1RS translocation and the 

GluD1 locus.  The TaSus-2B locus was not included in any of the final models.  In all cases both 

environment and genotype were retained in the final models. 

Pairwise correlations were estimated for all quality parameters. Almost all quality 

parameters showed significant (p < 0.001) correlation to each other (Table 2.3).  Grain protein was 
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positively correlated with FP, GH, LA, and SU, but negatively correlated with FY, SE, and CD.  

Interestingly, SE, which measures the proportion of flour obtained from the first pass through 

break rolls, was negatively correlated with total FY.  Smith et al. (2011) reported similar 

correlations between quality parameters.  Higher levels of both FY and SE were correlated with 

greater CD.  Cookie diameter was negatively correlated with GH, LA, GP, FP, and SU.  This is 

unsurprising as FP and SU measure flour components that absorb water, increasing dough 

viscosity.  Lactic acid, which is a measure of gluten strength, was positively correlated with GP, 

FP, and SU, but negatively correlated with FY and CD.  

 

Linkage Mapping 

Segregation distortion was previously reported in this mapping population on 

chromosomes 1B, 2B, 3D.2, 5D.2, and 7D.2 (Petersen et al., 2016).  On chromosome 1B, the 

region from 0-78 cM showed strong preferential transmission of NC-Neuse alleles (frequency ~ 

0.70), likely due to the presence of the 1BL.1RS translocation (mapped to the interval of 36 – 47 

cM) in AGS 2000.  In other studies, the preferential transmission of normal 1B over 1BL.1RS has 

been observed (Rayburn and Mornhinweg, 1988; Rubio et al., 1999).  The majority of chromosome 

2B displayed segregation distortion, with NC-Neuse alleles being overrepresented (frequency ~ 

0.85).  This was likely due to the preferential transmission of gametes with the 2BS:2GS:2GL:2BL 

translocation (mapped to the interval of 44 – 59 cM), which has been observed by Nyquist (1962) 

and Tsilo et al. (2008).  The TaSus-2B locus mapped just to the periphery (43.1 cM) of this 

translocation.  On chromosomes 3D.2, 5D.2, and 7D.2, specific markers showing segregation 

distortion but were retained in the map to help cover regions in the D genome with low marker 

density. 
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Mapping QTL 

 Analysis of QTL were performed separately for each of the six environments.  A total of 

287 significant LOD peaks (Supplemental table 2.1) were identified for eight quality parameters 

across all environments, however only 20 of these covered the same chromosomal region in at 

least three environments for any of the eight quality parameters.  Based on these 20 reproducible 

peaks, 11 putative QTL were identified (Figure 2.1, Table 2.4).  At least two reproducible QTL 

were detected for each of the quality parameters.  These QTL had a combined r2 of 0.30 (CD), 

0.20 (FP), 0.40 (FY), 0.33 (GH), 0.31 (GP), 0.50 (LA), 0.33 (SE), and 0.31 (SU). 

 Two QTL regions on chromosome 1B produced significant peaks for multiple milling and 

baking parameters.  The first region, Qmb.nc-1B-1, was located from approximately 0-27cM and 

produced significant LOD peaks for six of the eight quality parameters in this study.  The r2 values 

at this locus were 0.10 (FP), 0.15 (GP), 0.17 (LA), 0.14 (GH), 0.21 (SU), and 0.14 (FY). These 

were the largest QTL effects detected for GP, GH, SU, and FY.  The favorable allele for all traits 

detected at this locus came from NC-Neuse.  A second QTL, Qmb.nc-1B-2, was located from 26-

50cM and produced significant LOD peaks for GH, SU, CD,  and FY with r2 of 0.11, 0.10, 0.07, 

and 0.10, respectively.  Both of these QTL were located near the 1BL.1RS translocation present 

in AGS 2000, which mapped to approximately the 30cM position in this population.  

 Three additional QTL for LA were detected on chromosomes 6A, 1A, and 1D.2, with r2 

values of 0.07, 0.08, and 0.21, respectively.  Though the r2 value of Qmb.nc-6A was the lowest for 

all LA associated QTL, it was detected in five of the six environments.  NC-Neuse contributed the 

favorable allele at this locus. The Qmb.nc-1A locus was detected in three environments and 

spanned the 153-159 cM interval, near the Glu-A1 gene at 163cM.  The LOD peak for Qmb.nc-
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1D.2 covered the 78-85 cM interval, which encompasses the Glu-D1 locus.  This was the largest 

QTL detected for LA.  In this study, AGS 2000 provided the superior allele at these loci. 

 Significant LOD peaks for FY were detected at Qmb.nc-1B-3, and for FY and GH at 

Qmb.nc-3B.  Both QTL were detected in three of the six environments, with r2 of 0.09 to 0.07 for 

FY, and 0.08 for GH.  The NC-Neuse alleles at these loci were associated with lower grain 

hardness and higher flour yield. 

 Significant LOD peaks for FP and GP were detected at Qmb.nc-2B, and for GP at Qmb.nc-

7A.  Qmb.nc-2B explained 11% and 8% of the variation for FP and GP, respectively, and was 

detected in four of the six environments. This QTL, covering the 48-63 cM interval of chromosome 

2B, overlapped with the 2BS:2GS:2GL:2BL translocation (44 – 59 cM) and Ppd-B1 locus (50.5 

cM), and mapped closely to TaSus2-2B (43cM).  Qmb.nc-7A explained 7% of the variation for 

GP.  For both QTL, AGS 2000 provided alleles that lowered GP and FP, which is desirable in soft 

wheats. 

 Two QTL, on 5A.1 and 7A, were associated with both CD and SE.  For CD, these QTL 

accounted for 9% and 14% of the variation, respectively, while each QTL accounted for 17% and 

16%, respectively, of the variation for SE.  The AGS 2000 alleles at both loci were associated with 

greater CD and SE. 

Combined QTL Effects 

 The combined effects of desirable parental alleles for the QTL identified in this study were 

examined for each trait using PROC MIXED (Table 2.5).  In soft wheats, increases in parameter 

estimates are associated with improved quality for FY, LA, CD, and SE.  Conversely, decreases 

in parameter estimates of GH, GP, FP, and SU are associated with improved quality.  For all traits, 

as the number of desirable alleles increased, the adjusted means from across all environments 
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improved in a linear manner.  Amongst lines with the maximum number of desirable alleles, 

considerable variation was observed for most of the traits.  Table 6 lists the adjusted means for 11 

lines carrying the highest number of desirable alleles at the QTL identified in this study. Most of 

these lines were superior to both parents for the majority of quality traits, though NA053 and 

NA121 were only superior for four and two traits, respectively.  No lines were superior to both 

parents for all eight of the quality parameters. 

Discussion 

In this study eight milling and baking quality parameters were assessed for 170 RILs: FY, 

LA, CD, SE, GH, GP, FP, and SU.  Significant variation was observed between NC-Neuse and 

AGS 2000 for GH, FY, SE, and SU, but not for GP, FP, LA, or CD (Table 2).  Despite this, 

significant variation was detected between the RILs for all eight quality parameters (Table 2.1).  

Additionally, a large proportion (>40%) of transgressive segregants were observed for all traits 

except SU.  Similarly high rates of transgressive segregation for end-use quality parameters were 

observed by Smith et al. (2011) and Cabrera et al. (2015) in other soft wheat mapping populations. 

High heritabilities for all milling and baking quality traits were reported in those and other studies 

(Bergman et al., 2000; Simons et al., 2012), and were observed here as well. 

 A total of 11 putative QTL were identified in this study on chromosomes 1A, 1B, 1D.2, 

2B, 3B, 5A.1, 6A, and 7A.  All of these QTL were reproducible in at least three environments, 

with half being detected for two or more of the eight quality parameters.  NC-Neuse was the source 

of preferred alleles for five of the QTL, while AGS 2000 alleles were associated with superior 

phenotypes at the other six QTL.  The linear improvement of trait means among RILs as the 

number of ideal parental alleles increased indicates a simple additive model without epistatic 

interactions between loci. 
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Two QTL on 1B, Qmb.nc-1B-1 and Qmb.nc-1B-2 mapped closely to the 1BL.1RS 

translocation.  Between the two, all eight quality parameters except SE produced significant peaks 

in this chromosome location.  Additionally, Qmb.nc-1B-1 was the largest QTL detected for GP, 

GH, SU, and FY.  The 1BL.1RS translocation has been shown to negatively impact baking quality 

by reducing gluten strength and increasing water absorption (Lee et al., 1995; McKendry et al., 

2001).  As expected, the favorable alleles at both loci came from NC-Neuse, which lacks the 

translocation.  A third QTL located on the long arm of 1B, Qmb.nc-1B-3, was associated only with 

FY.  While no obvious grain hardness or protein genes are located in this region, Simons et al. 

(2012) also identified a QTL for FY at the distal region of 1BL using a spring wheat population.  

Quantitative trait loci for leaf rust and powdery mildew resistance (Singh et al., 1998), as well as 

grain weight (Börner et al., 2002), have been reported at the distal end of 1B and could influence 

grain quality and thus FY.  

 Three additional QTL were associated with gluten strength as assessed by LA on 

chromosomes 1A, 1D.2, and 6A.  Qmb.nc-1A is located near the Glu-A1 gene, and Qmb.nc-1D.2 

encompasses Glu-D1.  Following the notation used by Payne and Lawrence (1983), NC-Neuse has 

the Glu-A1a and Glu-D1a alleles, which code for the Ax1 and Dx2+Dy12 high molecular weight 

(HMW) glutenin subunits, respectively.  Conversely, AGS 2000 has the Glu-A1b and Glu-D1d 

alleles, which code for the Ax2* and Dx5+Dy10 HMW subunits.  It has been shown previously 

that Glu-A1b confers greater gluten strength than Glu-A1a (Eagles et al., 2002), and that the Glu-

D1d confers greater gluten strength than Glu-D1a (Lafiandra et al., 1993; Zhang et al., 2009).  As 

expected, the AGS 2000 alleles at both Qmb.nc-1A and Qmb.nc-1D.2 are associated with increased 

LA estimates.  
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The third LA QTL, Qmb.nc-6A, was located on the short arm of 6A, and may be the result 

of polymorphism at the Gli-A2 locus.  Unlike glutenin subunits, gliadins do not form the 

intermolecular disulfide bonds responsible for large, elastic gluten molecules.  Consequently, an 

increase in the relative proportion of gliadins can increase dough extensibility while reducing 

dough strength (MacRitchie, 1985).  Some studies have indicated that variation at the Gli1 and 

Gli2 loci can contribute to changes in flour and dough properties (Metakovsky et al., 1997; Mondal 

et al., 2009).  The combined r2 of all LA QTL totaled 0.50, with each parent contributing two of 

the four superior alleles.  This helps to explain the large variation among RILs, and the large 

proportion of transgressive segregants.  Additionally, these markers are excellent candidates for 

the improvement of gluten strength among soft winter wheats through marker assisted selection. 

 Qmb.nc-2B was the only QTL detected for FP, outside the 1BL.1RS translocation.  Flour 

protein and GP showed a very strong correlation (0.97), so it is not surprising that both traits 

mapped to this locus.  This QTL overlapped with the 2BS:2GS:2GL:2BL translocation from NC-

Neuse.  As in previous studies (Nyquist, 1962; McIntosh and Luig, 1973; Tsilo et al., 2008), 

gametes carrying the translocation showed preferential transmission, resulting in a small number 

of lines carrying AGS 2000 alleles in the surrounding area, and an unbalanced estimate of the 

QTL’s effects.  Qmb.nc-2B also mapped closely to the Ppd-B1 gene (located at 50.5 cM).  

Environmental stress during flowering and grain development can lead to both an increase in grain 

protein and a decrease milling and flour quality (Gooding et al., 2003; Guttieri et al., 2005), so it 

is reasonable that variations in photoperiod sensitivity could result in differences in FP and GP. 

Another potential factor contributing to the detection of this this QTL could be the TaSus2-2B gene 

(located at 43.1 cM), which has been associated with other yield traits (Jiang et al., 2010; Hou et 

al., 2014), and could conceivably contribute to variations in the concentration of protein relative 
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to starch. Interestingly, the other QTL detected for GP mapped to chromosome 7A which also 

carries the TaSus1A locus.  This chromosome is also home to several genes controlling amino acid 

and protein metabolism, including alpha-Amy-A2, Amp-A3, and Ep-A1 (Hart and Langston, 1977; 

Ainsworth et al., 1985; Koebner and Martin, 1989).  It is unclear, however, where Qmb.nc-7A 

maps in relation to these genes or whether the parents are polymorphic.  

Qmb.nc-3B was the only QTL outside the 1BL.1RS translocation that was detected for GH 

or FY.  The negative correlation between these two traits was detected in this study (-0.15), and 

the NC-Neuse allele at Qmb.nc-3B was associated both with a lower GH and higher FY.  The 

separation of wheat into soft and hard market classes can be attributed almost entirely to the Pina 

and Pinb loci on chromosome 5D. Other sources of variation for kernel texture within market 

classes of wheat have been less thoroughly examined.  Hart (1975) located the glutamate 

oxaloacetate transaminase gene, Got-B3, to chromosome 3B. This enzyme catalyzes a key step in 

the metabolism of amino acids, and variations in the gene expression or enzyme efficiency could 

contribute to changes in grain protein.  Carter et al. (2012) identified a cluster of QTL for CD, FY, 

SE, SU, LA, GP and other quality parameters on the distal end of chromosome 3B using a soft 

white spring wheat population and proposed that these could be explained by a gene or genes 

controlling endosperm protein.  Higher levels of these proteins could lead to harder endosperm, 

leading to lower milling quality, higher SRC values, and lower CD.  Similar results could be 

observed due to increased concentrations of membrane bound pentosans, which have been 

associated with grain hardness across market classes (Bettge and Morris, 2000). 

Two QTL were identified for both CD and SE.  Both Qmb.nc-5A.1 and Qmb.nc-7A-2 had 

large effects (r2 ≥ 0.14) for SE, though the effects were smaller for CD.  These two traits were 

positively correlated (0.45).  Higher estimates for softness equivalence are associated with lower 
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levels of damaged starch, resulting in less water absorption, less viscous dough, and larger cookie 

diameters (Slade and Levine, 1994l Donelson and Gaines, 1998).  While SE is generally negatively 

correlated with grain hardness, as in this study, no significant LOD peaks were detected at these 

two loci.  In a hard red spring wheat population, Tsilo et al. (2010) did find QTL for GP on the 

distal end of chromosome 5A.1, and kernel size and weight at the distal end of 7A.2.  Two 

association studies in soft winter wheats recently found QTL on chromosome 5A for test weight 

(Reif et al., 2011), and SE (Hoffstetter et al., 2016).  These results indicate the presence of a gene 

or genes at this locus which influence kernel size and density, and thus influence milling and flour 

quality.  Because of its connection to starch metabolism, it may be that the TaSus1-7A gene on 7A 

is contributing to the observed variation.  With a combined r2 of 0.33 for SE, these two QTL make 

good targets for marker assisted selection. 

 In this study QTL were identified for all eight of the milling and baking quality parameters 

that were assessed, though only the ones linked to the 1BL.1RS translocation were identified for 

SU.  This translocation had a strong negative effect on overall milling and baking quality, which 

is consistent with previous studies.  The proportion of desirable parental alleles was evenly split 

between NC-Neuse and AGS 2000 amongst the eleven QTL, and many progeny showed superior 

quality to either parent for most of the quality traits.  Large effect QTL (r2 ≥ 0.14) unrelated to the 

1BL.1RS translocation were discovered for CD, LA, and SE, which are all important quality 

parameters in soft wheats.  These loci are good targets for implementing marker assisted selection, 

especially within soft red winter wheat germplasm in the southern United States.   
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Table 2.1. Table of significance tests of mean square values for model components of eight 

milling and baking quality parameters.  Models included one to five of six genetic covariates 

determined through model selection using the HPREG procedure in SAS, as well as the genotypic 

effects of 170 recombinant inbred lines (RILs), and environmental effects from six year by 

location combinations. 

Model 

Component1 / 

Trait2 

FY LA CD SE GH3 GP3 FP SU 

Ppd-B14 NI NI NI NI NI NI NI NI 

vrn-B1 NI 
489.91*

* 
NI NI 

244.00

** 
NI NI NI 

1BL.1RS 
118.75

*** 

8194.32

*** 

1.31*

** 

170.37

* 

1213.7

5*** 

33.56*

** 

10.66*

** 

2081.9

8*** 

2BS-2GS:2GL-

2BL 
NI 

476.55*

* 

1.11*

** 
NI NI 

42.03*

** 

39.78*

** 
NI 

Glu-A1 NI 
5592.80

*** 
NI NI NI NI NI NI 

Glu-D1 NI 
16130.5

3*** 

0.067

** 
NI NI 

12.10*

** 

11.00*

** 
123.51 

Genotype 
6.74**

* 

228.15*

** 

0.28*

** 

42.97*

** 

33.05*

** 

1.36**

* 

1.11**

* 

35.36*

** 

Environment 
36.017

*** 

15260.6

9*** 

37.73

*** 

281.79

*** 

3368.6

8*** 

210.53

*** 

211.61

*** 

2465.5

1*** 
1. Ppd-B1 photoperiod sensitivity locus, Vrn-B1 vernalization locus, 1BL.1RS rye translocation, 

2BS:2GS:2GL:2BL T. timopheevii translocation, Glu-A1 and Glu-D1 glutenin loci, TaSus-2B sucrose synthase 

locus. 

2. GP grain protein, GH grain hardness, FY flour yield, SE softness equivalence, FP flour protein, LA lactic acid 

solvent retention capacity, SU sucrose solvent retention capacity, CD cookie diameter. 

3. Significant differences of mean square values are indicated at p<0.05 (*), p<0.01 (**), and p<0.001 (***) levels. 

'NI' indicates that the genetic covariate was not included in the final model for the selected trait. 

4. Significance of genetic covariates was tested using the MS of genotypes as the denominator. Significance of 

genotypes and environments were tested using the genotype by environment interaction as the denominator. 
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Table 2.2. Summary of parental and RIL means, range of 171 RIL values, percent of transgressive 

segregants (Trans. Seg.), and heritability for eight soft wheat quality traits across six 

environments. 

Trait1 
AGS 2000 

mean 

NC-Neuse 

mean2 
RIL Mean 

RIL 

Range3 

Trans. 

Seg.4 

Heritability 

(SE)5 

GP 11.9 11.8 11.8 10.3 - 13.7 52 , 41 0.71  (0.03) 

GH 29.0 32.2* 29.9 22.2 - 36.9 38 , 17 0.78  (0.03) 

FY 68.9 70.5* 69.9 65.1 - 72.4 16 , 34 0.81  (0.02) 

SE 59.1 54.6*** 57.1 49.9 - 63.4 18 , 24 0.93  (0.01) 

FP 9.8 9.7 9.7 8.4 - 11.4 52 , 39 0.73  (0.03) 

LA 100.6 95.2 98.2 
77.2 - 

119.9 
37 , 41 0.89  (0.01) 

SU 95.7 86.3*** 89.3 
83.5 - 

100.4 
14 , 3 0.79  (0.02) 

CD 18.3 18.4 18.5 17.7 - 19.1 19 , 54 0.79  (0.03) 

1. GP grain protein, GH grain hardness, FY flour yield, SE softness equivalence, FP flour 

protein, LA lactic acid solvent retention capacity, SU sucrose solvent retention capacity, CD 

cookie diameter. 

2. Significant differences among parental means are indicated at the p<0.05 level (*) and 

p<0.001 level (***). 

3. Range based on adjusted means of RILs across all environments. 

4. Percent transgressive segregants with means below the low parent, and above the high parent. 

5. SE standard error. 



 

54 

 

 

 

 

 

 

 

 

 

 

 

Table 2.3. Above. Correlations coefficients between across-environments adjusted means for 

eight end-use quality parameters. Below. Correlation coefficients between quality parameters 

and six genetic covariates known to influence end-use quality. 

  
GP1,

2 
  GH   FY   SE   FP   LA   SU   CD   

GH 0.27 ***                             

FY 
-

0.25 
*** 

-

0.15 
***                         

SE 
-

0.13 
*** 

-

0.35 
*** 

-

0.11 
***                     

FP 0.97 *** 0.32 *** 
-

0.25 
*** 

-

0.19 
***                 

LA 0.53 *** 
-

0.04 
ns 

-

0.11 
*** 0.03 ns 0.56 ***             

SU 0.64 *** 0.09 *** 
-

0.49 
*** 0.21 *** 0.64 *** 0.45 ***         

CD -0.8 *** 
-

0.42 
*** 0.22 *** 0.45 *** 

-

0.87 
*** 

-

0.56 
*** 

-

0.65 
***   

Ppd-B1 
-

0.16 
*** 

-

0.04 
ns 

-

0.03 
ns 0.02 ns 

-

0.16 
*** 0.12 *** 0 ns 0.04 ns 

Vrn-B1 0 ns 
-

0.12 
*** 0.02 ns 0.04 ns 0.04 ns 

-

0.05 
ns 0.01 ns 0.01 ns 

1BL.1RS 0.13 *** 0.2 *** 
-

0.17 
*** 0.12 *** 0.08 * 

-

0.21 
*** 0.27 *** 

-

0.07 
* 

2BS:2GS:2G

L:2BL 

-

0.17 
*** 

-

0.05 
ns 

-

0.02 
ns 0.03 ns 

-

0.17 
*** 0.12 *** 

-

0.01 
ns 0.05 ns 

Glu-A1 0.02 ns 
-

0.04 
ns 0.03 ns 

-

0.04 
ns 0.01 ns 0.16 *** 

-

0.06 
ns 

-

0.02 
ns 

Glu-D1 
-

0.09 
** 

-

0.01 
ns 

-

0.02 
ns 

-

0.02 
ns -0.1 ** 0.28 *** 0.1 ** 

-

0.04 
ns 

TaSus-2B 
-

0.19 
*** 

-

0.07 
* 0 ns 

-

0.01 
ns 

-

0.18 
*** 0.16 *** 

-

0.04 
ns 0.05 ns 

1. Quality Parameters: GP grain protein, GH grain hardness, FY flour yield, SE softness equivalence, 

FP flour protein, LA lactic acid solvent retention capacity, SU sucrose solvent retention capacity, CD 

cookie diameter.  Genetic covariates: photoperiod sensitivity (Ppd-B1), vernalization (vrn-B1), rye 

translocation (1BL.1RS), T. timopheevii translocation (2BS:2GS:2GL:2BL), two glutenin alleles (Glu-

A1 and Gl-uD1), and the sucrose synthase gene (TaSus-2B). 

2. Significance levels of correlation coefficients are indicated by:  ns (p > 0.05), * (p < 0.05), ** (p < 

0.01), and *** (p < 0.001). 
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Table 2.4. List of QTL and associated molecular markers detected for eight quality parameters in at least three environments for all traits. Relative 

position, logarithm of odds (LOD) score, estimated additive effect, and R2 values given are averaged from all environments in which the QTL was 

detected. 

QTL1 Trait2 
No. Env 

Detected3 
Chr. 

Position 

(cM) 

Range 

(cM) 
LOD 

Additive 

Effect 
R2 

Desirable 

Parental 

Allele 

Peak Marker Flanking Markers 

Qmb.nc-1A LA 3 1A 156.7 153-159 4.95 3.05 0.08 AGS 2000 IWA7871 IWA7868, IWA3019 

Qmb.nc-1B-1 

FP 3 1B 3.68 0-10 4.23 0.26 0.10 NC-Neuse wPt2261 wPt2261, wPt5435 

GP 3 1B 7.31 4-11 7.01 0.39 0.15 NC-Neuse wPt2261 wPt7422, rPt2869 

LA 4 1B 11.41 7-16 9.28 4.32 0.17 NC-Neuse wPt5435 wPt2261, gwm273 

GH 5 1B 16.57 13-23 6.49 1.54 0.14 NC-Neuse rPt2869 wPt5435, IWA4073 

SU 4 1B 21.91 17-26 10.00 1.95 0.21 NC-Neuse gwm273 rPt2869, IWA4073 

FY 3 1B 24.08 19-27 6.66 0.51 0.14 NC-Neuse IWA4073 rPt2869, IWA2197 

Qmb.nc-1B-2 

GH 5 1B 31.8 27-38 5.15 1.26 0.11 NC-Neuse IWB43992 Xwmc419, IWA2197 

SU 3 1B 32.7 26-36 4.51 1.76 0.10 NC-Neuse IWB43992 Xwmc419, IWA5370 

CD 3 1B 37.8 26-47 3.65 -0.09 0.07 NC-Neuse IWA4093 Xwmc419, IWA1109 

FY 6 1B 38.5 30-50 4.91 -0.48 0.10 NC-Neuse IWA2197 IWB43992, IWA7017 

Qmb.nc-1B-3 FY 3 1B 137.6 129-143 4.32 -0.50 0.09 NC-Neuse IWA1791 IWA8332, IWA4022 

Qmb.nc-1D.2 LA 6 1D.2 81.8 78-85 9.63 4.39 0.18 AGS 2000 IWA4777 GluD1, IWA5541 

Qmb.nc-2B 
FP 5 2B 53.5 48-62 5.64 -0.35 0.11 AGS 2000 IWA6781 IWA3213, IWA5738 

GP 4 2B 54.1 51-63 4.22 -0.37 0.08 AGS 2000 IWA1102 Ppd-B1, IWA5738 

Qmb.nc-3B 
GH 3 3B 156.88 154-163 3.96 0.98 0.08 NC-Neuse IWA4553 IWA3601, IWA2862 

FY 3 3B 157.58 153-164 2.96 0.39 0.07 NC-Neuse IWA4553 IWA3601, IWA2862 

Qmb.nc-5A.1 
CD 3 5A.1 88.7 86-94 5.04 0.10 0.09 AGS 2000 IWA291 IWA1988, IWA5528 

SE 5 5A.1 96 88-105 8.73 1.32 0.17 AGS 2000 IWA6881 IWA1630, IWA740 

Qmb.nc-6A LA 5 6A 2.21 0-10 3.78 2.75 0.07 NC-Neuse wPt0959 wPt0959, IWA6390 

Qmb.nc-7A-1 GP 3 7A 143.9 122-149 3.56 -0.23 0.07 AGS 2000 IWA5258 IWA2513, IWA7975 

Qmb.nc-7A-2 
CD 3 7A 204.01 200-208 5.98 0.11 0.14 AGS 2000 IWA7432 wPt3393, IWA614 

SE 4 7A 213.41 209-218 8.45 1.33 0.16 AGS 2000 barc292 IWA614, cfa2123 

1. QTL, quantitative trait loci. The prefix Q is followed by mb (milling and baking) and .nc (North Carolina), and then the chromosomal location of the QTL. 

2. GP grain protein, GH grain hardness, FY flour yield, SE softness equivalence, FP flour protein, LA lactic acid solvent retention capacity, SU sucrose solvent 

retention capacity, CD cookie diameter. 

3. Total number of environments in which the QTL was detected. QTL from different environments were considered the same locus when located within 5cM 

of each other, or when their estimated ranges overlapped. 
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Table 2.5. Adjusted phenotypic means, standard errors (SE), of recombinant inbred lines (RILs) 

with increasing numbers of desirable parental alleles at the QTL identified in this study, as well 

as the range of estimates for the RILs within each level of allele dosage. 

Trait1 No. Desirable Alleles No. RILS Adjusted Mean (SE) RIL Range 

FY 0 13 68.62  (0.23) 65.11 - 70.52 

FY 1 23 69.51  (0.21) 67.3 - 71.16 

FY 2 49 70.05  (0.20) 67.82 - 72.29 

FY 3 62 70.08  (0.19) 68.39 - 72.39 

FY 4 23 70.75  (0.21) 68.23 - 72.29 

LA 0 5 86.12  (4.14) 82.09 - 92.87 

LA 1 41 91.69  (3.98) 77.2 - 105.79 

LA 2 61 97.51  (3.98) 86.42 - 114.43 

LA 3 48 102.58  (3.98) 86.8 - 115.26 

LA 4 15 109.72  (4.03) 102.4 - 119.95 

CD 0 14 18.21  (0.20) 17.87 - 18.57 

CD 1 53 18.35  (0.19) 17.89 - 18.79 

CD 2 73 18.45  (0.19) 17.7 - 18.9 

CD 3 30 18.59  (0.20) 18.15 - 19.05 

SE 0 43 54.65  (0.54) 49.97 - 61.27 

SE 1 80 57.15  (0.54) 52.5 - 61.82 

SE 2 47 58.99  (0.54) 53.08 - 63.4 

GH 0 24 31.67  (1.89) 24.8 - 35.48 

GH 1 39 32.02  (1.88) 27.3 - 36.7 

GH 2 53 29.38  (1.88) 23.22 - 33.45 

GH 3 54 28.63  (1.88) 22.22 - 34.01 

GP 0 37 12.22  (0.47) 11.09 - 13.7 

GP 1 73 11.92  (0.47) 10.68 - 12.85 

GP 2 51 11.53  (0.47) 10.79 - 12.85 

GP 3 9 10.99  (0.48) 10.33 - 12.26 

FP 0 61 9.91  (0.47) 8.79 - 11.27 

FP 1 93 9.65  (0.47) 8.62 - 11.43 

FP 2 16 9.01  (0.47) 8.4 - 9.7 

SU 0 55 91.66  (1.59) 83.46 - 96.96 

SU 1 13 89.65  (1.62) 84.67 - 100.39 

SU 2 102 88.04  (1.59) 84.08 - 96.3 

1. GP grain protein, GH grain hardness, FY flour yield, SE softness equivalence, FP flour 

protein, LA lactic acid solvent retention capacity, SU sucrose solvent retention capacity, CD 

cookie diameter. 
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Table 2.6. Recombinant inbred lines (RILs) with the highest dosage of ideal parental alleles 

based on 20 peak marker loci, and their adjusted mean values from across six environments. 

RIL 
Sum 
QTL1 

FY2 LA CD SE GH3 GP FP SU 

NA075 19 70.02 107.90 18.67 57.90 25.42 10.88 8.73 87.96 

NA124 18 72.23 106.91 18.61 55.91 27.62 10.35 8.40 87.51 

NA132 17 70.85 106.86 18.94 60.87 27.01 11.11 8.81 84.80 

NA053 17 68.75 108.02 18.37 54.81 28.18 11.60 9.37 87.93 

NA121 17 70.63 98.55 18.39 55.50 28.39 11.94 9.91 86.99 

NA038 17 70.50 115.26 18.54 57.92 29.48 11.55 9.25 88.02 

NA131 17 72.21 98.30 18.77 57.20 25.11 10.59 8.40 85.98 

NA074 16 71.06 114.43 18.74 61.16 31.76 11.09 9.20 88.42 

NA096 16 70.61 107.59 18.80 60.97 24.99 11.07 8.97 88.20 

NA162 15 70.67 100.80 18.85 62.42 28.84 11.06 9.20 88.16 

NA141 15 71.26 102.40 18.77 58.50 27.40 10.79 8.89 88.01 

AGS 2000 - 68.96 100.65 18.28 59.10 29.00 11.95 9.81 95.71 

NC-Neuse - 70.49 95.18 18.43 54.57 32.24 11.83 9.71 86.25 

1. Sum QTL: Sum of ideal alleles for twenty peak markers within the eleven QTL identified in this study 

2. FY: flour yield, SE: softness equivalence, LA: lactic acid solvent retention capacity, CD: cookie diameter. Higher is better. 

3. GP: grain protein, GH: grain hardness, FP: flour protein, SU: sucrose solvent retention capacity. Lower is better. 
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Supplementary Table 2.1. List of all QTL detected for eight quality parameters within six 

environments, including relative chromosomal position, logarithm of odds (LOD) score, estimated 

additive effect, and R2 values 

Trait
† 

Environment Chromosome Position(cM) 
Range 

(cM) 
LOD 

Additive 

Effect 
R2 

Desirable 

Parental 

Allele 

CD Kinston 2011 4D 21.11 15-35 3.40 0.08 0.14 AGS 2000 

CD Kinston 2011 6B 143.71 139-147 2.50 -0.05 0.06 NC-Neuse 

CD Kinston 2011 7A 161.01 160-163 9.39 0.10 0.21 AGS 2000 

CD Kinston 2011 7A 183.21 182-183 9.54 0.11 0.23 AGS 2000 

CD Kinston 2011 7A 318.81 318-323 2.92 0.05 0.06 AGS 2000 

CD Kinston 2011 7A 330.71 330-332 3.66 0.06 0.07 AGS 2000 

CD Kinston 2012 1B 99.61 94-111 3.60 -0.10 0.07 NC-Neuse 

CD Kinston 2012 4B 136.31 112-147 2.91 0.08 0.06 AGS 2000 

CD Kinston 2012 5A.2 39.31 28-50 2.68 0.10 0.08 AGS 2000 

CD Kinston 2012 5A.2 52.31 50-59 2.66 0.08 0.05 AGS 2000 

CD Kinston 2012 5B 91.51 81-98 3.75 -0.10 0.09 NC-Neuse 

CD Kinston 2012 7A 153.61 148-159 6.97 0.16 0.20 AGS 2000 

CD Kinston 2012 7A 160.41 159-167 6.96 0.13 0.14 AGS 2000 

CD Kinston 2012 7A 169.81 167-171 6.18 0.12 0.13 AGS 2000 

CD Plymouth 2012 1B 24.41 19-29 3.70 -0.08 0.07 NC-Neuse 

CD Plymouth 2012 1B 31.71 29-37 3.45 -0.08 0.06 NC-Neuse 

CD Plymouth 2012 2D.1 133.81 122-147 3.52 -0.07 0.07 NC-Neuse 

CD Plymouth 2012 5A.2 42.31 32-50 5.71 0.11 0.16 AGS 2000 

CD Plymouth 2012 5A.2 52.31 50-54 5.99 0.10 0.11 AGS 2000 

CD Plymouth 2012 5A.2 58.61 58-60 6.77 0.10 0.12 AGS 2000 

CD Plymouth 2012 7A 168.21 165-170 7.65 0.11 0.13 AGS 2000 

CD Plymouth 2012 7A 183.21 179-183 6.70 0.10 0.12 AGS 2000 

CD Plymouth 2012 7B 5.21 0-8 4.43 0.08 0.08 AGS 2000 

CD Plymouth 2012 7B 15.91 14-19 3.46 0.08 0.07 AGS 2000 

CD Salisbury 2012 2A 92.51 84-99 3.61 0.10 0.09 AGS 2000 

CD Salisbury 2012 2A 107.11 104-109 4.27 0.09 0.08 AGS 2000 

CD Salisbury 2012 5A.2 60.71 54-62 4.16 0.09 0.08 AGS 2000 

CD Salisbury 2012 5A.2 67.01 62-74 5.68 0.11 0.11 AGS 2000 

CD Salisbury 2012 5A.2 77.21 75-78 4.60 0.10 0.09 AGS 2000 

CD Salisbury 2012 5B 96.11 85-99 6.51 -0.12 0.13 NC-Neuse 

CD Salisbury 2012 7A 208.51 206-210 2.85 0.08 0.05 AGS 2000 

CD Salisbury 2012 7A 215.91 210-221 3.53 0.09 0.07 AGS 2000 

CD Salisbury 2012 7A 225.51 221-233 2.54 0.08 0.06 AGS 2000 

CD Plymouth 2014 3B 155.91 154-159 3.62 -0.10 0.08 NC-Neuse 

CD Plymouth 2014 3B 167.91 163-171 4.50 -0.10 0.09 NC-Neuse 
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Supplementary Table 2.1 cont’d. List of all QTL detected for eight quality parameters within 

six environments, including relative chromosomal position, logarithm of odds (LOD) score, 

estimated additive effect, and R2 values 
 

CD Plymouth 2014 5A.2 49.51 39-53 5.50 0.11 0.11 AGS 2000 

CD Plymouth 2014 5A.2 58.61 58-59 4.19 0.10 0.08 AGS 2000 

CD Plymouth 2014 7A 136.81 114-146 3.57 0.09 0.07 AGS 2000 

CD Plymouth 2014 7A 255.51 249-259 2.86 0.08 0.05 AGS 2000 

CD Kinston 2014 1B 3.01 0-9 4.33 -0.12 0.10 NC-Neuse 

CD Kinston 2014 1B 14.91 10-15 2.69 -0.09 0.06 NC-Neuse 

CD Kinston 2014 5B 16.41 11-25 2.56 0.10 0.07 AGS 2000 

CD Kinston 2014 7A 206.51 206-209 4.52 0.11 0.09 AGS 2000 

CD Kinston 2014 7A 212.91 209-221 4.87 0.13 0.12 AGS 2000 

FP Kinston 2011 1B 2.01 0-5 4.05 0.24 0.09 NC-Neuse 

FP Kinston 2011 1B 13.91 10-15 3.99 0.23 0.08 NC-Neuse 

FP Kinston 2011 1D.2 0.01 0-2 2.54 -0.17 0.05 AGS 2000 

FP Kinston 2011 1D.2 5.71 2-16 3.15 -0.19 0.06 AGS 2000 

FP Kinston 2011 2B 41.91 41-45 5.25 -0.36 0.11 AGS 2000 

FP Kinston 2011 2B 52.01 51-54 7.28 -0.39 0.14 AGS 2000 

FP Kinston 2011 7A 126.41 110-135 4.23 -0.29 0.14 AGS 2000 

FP Kinston 2011 7A 140.21 139-146 4.43 -0.23 0.09 AGS 2000 

FP Kinston 2011 7A 150.61 146-158 3.65 -0.24 0.10 AGS 2000 

FP Kinston 2011 7B 47.41 46-57 2.57 -0.17 0.05 AGS 2000 

FP Kinston 2012 2B 36.21 36-40 4.46 -0.29 0.09 AGS 2000 

FP Kinston 2012 2B 42.41 40-46 4.46 -0.30 0.09 AGS 2000 

FP Kinston 2012 2B 54.61 54-56 5.58 -0.36 0.10 AGS 2000 

FP Kinston 2012 3D 11.71 1-15 2.53 -0.17 0.05 AGS 2000 

FP Kinston 2012 4B 136.61 135-146 4.14 -0.21 0.08 AGS 2000 

FP Kinston 2012 5B 95.11 83-98 6.58 0.27 0.13 NC-Neuse 

FP Plymouth 2012 1B 7.01 0-15 3.77 0.20 0.08 NC-Neuse 

FP Plymouth 2012 2B 50.41 47-54 7.11 -0.38 0.13 AGS 2000 

FP Plymouth 2012 2B 58.31 56-60 7.95 -0.39 0.15 AGS 2000 

FP Plymouth 2012 4B 127.41 94-136 2.57 -0.18 0.07 AGS 2000 

FP Plymouth 2012 5A.2 40.31 28-50 4.46 -0.25 0.12 AGS 2000 

FP Plymouth 2012 5A.2 55.91 54-60 5.05 -0.22 0.10 AGS 2000 

FP Plymouth 2012 5A.2 63.11 62-65 4.40 -0.20 0.08 AGS 2000 

FP Plymouth 2012 7A 6.11 6-11 2.92 0.16 0.05 NC-Neuse 

FP Plymouth 2012 7A 17.11 12-27 3.54 0.17 0.06 NC-Neuse 

FP Salisbury 2012 2B 49.41 47-51 3.40 -0.32 0.07 AGS 2000 

FP Salisbury 2012 2B 61.41 60-69 3.53 -0.29 0.07 AGS 2000 

FP Salisbury 2012 5B 101.71 99-109 4.38 0.25 0.10 NC-Neuse 
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Supplementary Table 2.1 cont’d. List of all QTL detected for eight quality parameters within 

six environments, including relative chromosomal position, logarithm of odds (LOD) score, 

estimated additive effect, and R2 values 
 

FP Plymouth 2014 1A 271.51 265-273 2.72 0.15 0.05 NC-Neuse 

FP Plymouth 2014 3B 0.01 0-1 2.65 -0.15 0.05 AGS 2000 

FP Plymouth 2014 3B 160.81 154-163 2.76 0.18 0.07 NC-Neuse 

FP Plymouth 2014 3B 167.91 163-176 3.94 0.19 0.08 NC-Neuse 

FP Plymouth 2014 7A 129.41 109-145 4.31 -0.22 0.12 AGS 2000 

FP Kinston 2014 1B 2.01 0-9 4.87 0.34 0.12 NC-Neuse 

FP Kinston 2014 1B 14.91 10-18 4.00 0.30 0.09 NC-Neuse 

FY Kinston 2011 1B 30.71 29-40 3.17 -0.46 0.08 NC-Neuse 

FY Kinston 2011 3B 153.91 146-163 2.72 -0.43 0.07 NC-Neuse 

FY Kinston 2012 1B 127.31 118-135 4.55 -0.64 0.10 NC-Neuse 

FY Kinston 2012 5A.2 24.51 23-25 2.50 0.45 0.05 AGS 2000 

FY Kinston 2012 5B 90.51 83-94 5.40 -0.74 0.14 NC-Neuse 

FY Kinston 2012 5B 96.11 94-104 5.54 -0.71 0.12 NC-Neuse 

FY Plymouth 2012 1B 15.31 11-19 2.97 -0.39 0.06 NC-Neuse 

FY Plymouth 2012 1B 24.41 19-27 3.19 -0.46 0.08 NC-Neuse 

FY Plymouth 2012 2D.1 134.81 120-158 2.53 -0.38 0.06 NC-Neuse 

FY Plymouth 2012 4A 98.31 96-99 3.09 -0.41 0.07 NC-Neuse 

FY Plymouth 2012 5B 98.31 94-104 3.36 0.41 0.07 AGS 2000 

FY Plymouth 2012 7A 323.81 318-327 2.52 -0.38 0.06 NC-Neuse 

FY Plymouth 2012 7A 330.71 327-332 3.78 -0.44 0.08 NC-Neuse 

FY Salisbury 2012 1B 17.31 15-19 7.31 -0.51 0.14 NC-Neuse 

FY Salisbury 2012 1B 25.41 21-28 9.86 -0.60 0.19 NC-Neuse 

FY Salisbury 2012 1B 30.71 29-35 9.30 -0.58 0.17 NC-Neuse 

FY Salisbury 2012 1B 129.31 119-135 5.77 -0.44 0.11 NC-Neuse 

FY Salisbury 2012 1B 139.51 135-141 5.85 -0.46 0.12 NC-Neuse 

FY Salisbury 2012 2A 101.21 91-105 5.72 0.40 0.10 AGS 2000 

FY Salisbury 2012 2A 112.71 106-115 4.07 0.36 0.08 AGS 2000 

FY Salisbury 2012 2B 26.31 21-36 2.76 -0.35 0.06 NC-Neuse 

FY Salisbury 2012 5A.2 39.31 32-50 3.56 0.38 0.08 AGS 2000 

FY Salisbury 2012 5A.2 52.71 50-58 3.83 0.33 0.06 AGS 2000 

FY Plymouth 2014 1B 7.01 5-10 4.15 -0.38 0.09 NC-Neuse 

FY Plymouth 2014 1B 22.41 16-28 6.94 -0.48 0.15 NC-Neuse 

FY Plymouth 2014 1B 29.81 29-33 5.21 -0.41 0.10 NC-Neuse 

FY Plymouth 2014 2A 147.91 136-158 3.39 0.30 0.06 AGS 2000 

FY Plymouth 2014 3B 150.11 146-151 3.07 -0.29 0.06 NC-Neuse 

FY Plymouth 2014 3B 164.91 163-168 3.34 -0.34 0.07 NC-Neuse 

FY Plymouth 2014 5A.1 7.01 0-10 4.60 0.35 0.08 AGS 2000 

FY Kinston 2014 1B 30.71 29-34 3.79 -0.50 0.08 NC-Neuse 
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Supplementary Table 2.1 cont’d. List of all QTL detected for eight quality parameters within 

six environments, including relative chromosomal position, logarithm of odds (LOD) score, 

estimated additive effect, and R2 values 
 

FY Kinston 2014 2A 125.91 115-131 2.51 0.37 0.05 AGS 2000 

FY Kinston 2014 2A 141.31 131-143 2.94 0.43 0.07 AGS 2000 

FY Kinston 2014 3B 153.91 151-162 2.81 -0.40 0.06 NC-Neuse 

GH Kinston 2011 1B 13.91 12-19 6.23 1.23 0.14 NC-Neuse 

GH Kinston 2011 2B 58.31 58-60 7.18 -1.68 0.15 AGS 2000 

GH Kinston 2011 3B 146.81 142-150 2.78 0.79 0.06 NC-Neuse 

GH Kinston 2011 3B 153.91 151-159 4.23 0.95 0.09 NC-Neuse 

GH Kinston 2011 3B 161.81 159-167 4.26 0.99 0.09 NC-Neuse 

GH Kinston 2011 5B 162.91 156-173 5.20 1.04 0.10 NC-Neuse 

GH Kinston 2011 6A 175.21 158-195 2.74 -0.90 0.07 AGS 2000 

GH Kinston 2012 1B 10.91 5-15 3.88 1.15 0.07 NC-Neuse 

GH Kinston 2012 1B 19.41 15-26 4.76 1.22 0.08 NC-Neuse 

GH Kinston 2012 2A 159.11 143-170 2.67 1.04 0.06 NC-Neuse 

GH Kinston 2012 2A 173.91 170-181 2.53 0.83 0.04 NC-Neuse 

GH Kinston 2012 5A.2 67.01 61-74 3.66 -1.05 0.06 AGS 2000 

GH Kinston 2012 5B 98.31 95-100 10.35 -1.86 0.19 AGS 2000 

GH Kinston 2012 7D.1 10.11 0-21 3.32 -1.05 0.06 AGS 2000 

GH Plymouth 2012 1B 18.31 15-28 4.55 1.17 0.10 NC-Neuse 

GH Plymouth 2012 1B 29.81 29-33 2.95 1.02 0.07 NC-Neuse 

GH Plymouth 2012 5A.2 63.81 61-68 3.91 -1.21 0.08 AGS 2000 

GH Plymouth 2012 5A.2 74.11 69-75 3.19 -1.12 0.07 AGS 2000 

GH Plymouth 2012 5B 98.31 94-103 3.60 -0.98 0.07 AGS 2000 

GH Salisbury 2012 1B 1.01 0-8 6.98 2.04 0.16 NC-Neuse 

GH Salisbury 2012 1B 13.91 10-15 6.60 2.04 0.16 NC-Neuse 

GH Plymouth 2014 1A 33.41 23-42 4.83 -0.92 0.10 AGS 2000 

GH Plymouth 2014 1A 44.11 42-45 3.25 -0.75 0.07 AGS 2000 

GH Plymouth 2014 1B 17.31 15-19 4.49 0.90 0.09 NC-Neuse 

GH Plymouth 2014 1B 31.71 29-37 4.46 0.93 0.10 NC-Neuse 

GH Plymouth 2014 2A 107.11 85-123 2.77 -0.65 0.05 AGS 2000 

GH Plymouth 2014 3B 154.91 152-159 4.66 0.91 0.10 NC-Neuse 

GH Plymouth 2014 5B 158.71 140-163 3.04 0.71 0.06 NC-Neuse 

GH Kinston 2014 1B 7.01 6-9 8.18 1.94 0.19 NC-Neuse 

GH Kinston 2014 1B 17.31 12-27 10.31 2.03 0.21 NC-Neuse 

GH Kinston 2014 1B 29.81 29-32 7.55 1.84 0.16 NC-Neuse 

GH Kinston 2014 3B 153.91 151-163 2.97 1.03 0.05 NC-Neuse 

GH Kinston 2014 6D.2 26.31 19-34 2.94 -1.01 0.05 AGS 2000 

GP Kinston 2011 1A 5.91 4-11 3.82 -0.27 0.07 AGS 2000 

GP Kinston 2011 1A 13.21 11-17 2.89 -0.24 0.05 AGS 2000 
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Supplementary Table 2.1 cont’d. List of all QTL detected for eight quality parameters within 

six environments, including relative chromosomal position, logarithm of odds (LOD) score, 

estimated additive effect, and R2 values 
 

GP Kinston 2011 1B 2.01 0-5 7.97 0.42 0.17 NC-Neuse 

GP Kinston 2011 1B 7.01 5-10 7.61 0.41 0.16 NC-Neuse 

GP Kinston 2011 1B 12.91 10-15 8.11 0.43 0.17 NC-Neuse 

GP Kinston 2011 2B 52.01 48-54 6.66 -0.47 0.12 AGS 2000 

GP Kinston 2011 2B 58.31 58-60 6.62 -0.49 0.13 AGS 2000 

GP Kinston 2011 4B 123.41 106-136 3.01 -0.33 0.11 AGS 2000 

GP Kinston 2011 7A 123.41 112-139 5.23 -0.48 0.23 AGS 2000 

GP Kinston 2011 7A 143.21 139-145 4.42 -0.30 0.09 AGS 2000 

GP Kinston 2012 2B 49.41 48-52 3.60 -0.34 0.07 AGS 2000 

GP Kinston 2012 2B 54.61 54-56 3.53 -0.32 0.07 AGS 2000 

GP Kinston 2012 5B 123.41 120-143 3.81 0.24 0.09 NC-Neuse 

GP Kinston 2012 7A 136.81 107-139 2.76 -0.20 0.06 AGS 2000 

GP Kinston 2012 7A 281.41 281-292 4.40 -0.24 0.09 AGS 2000 

GP Plymouth 2012 1A 6.81 4-15 3.44 -0.22 0.06 AGS 2000 

GP Plymouth 2012 1B 6.01 1-10 6.03 0.32 0.13 NC-Neuse 

GP Plymouth 2012 2B 50.51 46-54 3.07 -0.32 0.06 AGS 2000 

GP Plymouth 2012 7B 20.51 20-26 2.79 -0.21 0.05 AGS 2000 

GP Salisbury 2012 2B 61.41 61-70 2.56 -0.29 0.06 AGS 2000 

GP Salisbury 2012 5B 101.71 99-112 3.06 0.25 0.08 NC-Neuse 

GP Plymouth 2014 3B 160.81 157-163 2.70 0.19 0.07 NC-Neuse 

GP Plymouth 2014 3B 166.91 163-171 3.45 0.19 0.08 NC-Neuse 

GP Plymouth 2014 7A 130.41 109-139 4.07 -0.22 0.11 AGS 2000 

GP Plymouth 2014 7A 141.21 139-145 3.15 -0.18 0.07 AGS 2000 

GP Kinston 2014 1B 3.01 0-8 6.90 0.43 0.16 NC-Neuse 

GP Kinston 2014 1B 14.91 10-17 4.92 0.35 0.11 NC-Neuse 

GP Kinston 2014 2B 40.91 36-42 2.64 -0.34 0.05 AGS 2000 

GP Kinston 2014 4D 32.21 9-42 3.23 0.28 0.06 NC-Neuse 

LA Kinston 2011 1D.2 68.61 60-76 6.68 5.42 0.24 AGS 2000 

LA Kinston 2011 1D.2 83.61 82-85 9.18 4.94 0.20 AGS 2000 

LA Kinston 2011 6A 1.01 0-8 5.76 -3.96 0.12 NC-Neuse 

LA Kinston 2012 1A 174.21 174-179 4.78 4.59 0.11 AGS 2000 

LA Kinston 2012 1A 184.21 179-195 4.73 4.62 0.11 AGS 2000 

LA Kinston 2012 1B 3.01 0-5 6.07 -5.34 0.13 NC-Neuse 

LA Kinston 2012 1B 11.91 7-15 9.21 -6.59 0.18 NC-Neuse 

LA Kinston 2012 1B 22.41 19-26 5.56 -5.34 0.12 NC-Neuse 

LA Kinston 2012 1B 62.91 52-78 3.00 3.64 0.06 AGS 2000 

LA Kinston 2012 1D.2 80.41 77-83 11.60 6.47 0.22 AGS 2000 

LA Kinston 2012 6A 0.01 0-10 3.03 -3.11 0.05 NC-Neuse 
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Supplementary Table 2.1 cont’d. List of all QTL detected for eight quality parameters within 

six environments, including relative chromosomal position, logarithm of odds (LOD) score, 

estimated additive effect, and R2 values 
 

LA Plymouth 2012 1A 140.31 139-145 5.14 3.06 0.10 AGS 2000 

LA Plymouth 2012 1A 151.21 151-154 7.28 3.40 0.13 AGS 2000 

LA Plymouth 2012 1A 159.61 158-164 6.13 2.85 0.09 AGS 2000 

LA Plymouth 2012 1B 3.01 0-5 7.92 -3.67 0.14 NC-Neuse 

LA Plymouth 2012 1B 9.91 6-14 11.13 -4.07 0.18 NC-Neuse 

LA Plymouth 2012 1B 22.41 19-26 7.24 -3.62 0.13 NC-Neuse 

LA Plymouth 2012 1D.2 70.61 62-76 10.33 4.68 0.24 AGS 2000 

LA Plymouth 2012 1D.2 83.61 79-85 12.73 4.51 0.21 AGS 2000 

LA Plymouth 2012 3A 150.91 143-168 2.68 -2.12 0.05 NC-Neuse 

LA Plymouth 2012 6A 0.01 0-9 4.45 -2.40 0.06 NC-Neuse 

LA Salisbury 2012 1A 154.11 153-158 3.93 2.47 0.06 AGS 2000 

LA Salisbury 2012 1A 169.21 159-179 4.55 2.95 0.09 AGS 2000 

LA Salisbury 2012 1B 24.41 19-28 7.65 -3.85 0.14 NC-Neuse 

LA Salisbury 2012 1B 30.71 29-34 7.51 -3.72 0.13 NC-Neuse 

LA Salisbury 2012 1D.2 69.61 60-76 8.11 4.72 0.23 AGS 2000 

LA Salisbury 2012 1D.2 81.71 78-84 10.57 4.24 0.19 AGS 2000 

LA Plymouth 2014 1B 8.01 6-10 11.25 -4.25 0.23 NC-Neuse 

LA Plymouth 2014 1B 13.91 13-19 13.93 -4.55 0.26 NC-Neuse 

LA Plymouth 2014 1D.2 76.41 67-80 8.58 3.35 0.15 AGS 2000 

LA Plymouth 2014 1D.2 82.61 81-85 6.64 2.86 0.11 AGS 2000 

LA Plymouth 2014 2B 45.41 44-52 2.89 2.73 0.05 AGS 2000 

LA Plymouth 2014 3A 84.11 79-93 4.65 -2.49 0.08 NC-Neuse 

LA Plymouth 2014 6A 6.01 0-11 2.98 -2.10 0.06 NC-Neuse 

LA Plymouth 2014 6A 20.01 15-23 2.86 -1.91 0.05 NC-Neuse 

LA Plymouth 2014 7D.1 0.01 0-10 2.86 1.76 0.04 AGS 2000 

LA Kinston 2014 1B 9.91 3-15 2.86 -2.05 0.05 NC-Neuse 

LA Kinston 2014 1D.2 71.61 60-76 6.58 3.62 0.18 AGS 2000 

LA Kinston 2014 6A 4.01 0-11 2.69 -2.17 0.06 NC-Neuse 

SE Kinston 2011 1B 47.81 45-52 4.87 1.19 0.11 AGS 2000 

SE Kinston 2011 1B 57.71 53-65 5.70 1.23 0.11 AGS 2000 

SE Kinston 2011 5A.2 10.51 2-15 3.97 -1.11 0.09 NC-Neuse 

SE Kinston 2011 5A.2 15.61 15-20 3.98 -1.02 0.07 NC-Neuse 

SE Kinston 2011 5A.2 25.91 25-27 2.61 -0.89 0.05 NC-Neuse 

SE Kinston 2011 5A.2 49.51 40-52 9.76 1.68 0.19 AGS 2000 

SE Kinston 2011 5B 11.01 0-21 2.73 0.79 0.05 AGS 2000 

SE Kinston 2011 7A 206.51 206-209 9.12 1.53 0.17 AGS 2000 

SE Kinston 2011 7A 211.91 209-217 9.39 1.64 0.20 AGS 2000 

SE Kinston 2012 1B 49.81 49-65 3.34 0.83 0.06 AGS 2000 
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Supplementary Table 2.1 cont’d. List of all QTL detected for eight quality parameters within 

six environments, including relative chromosomal position, logarithm of odds (LOD) score, 

estimated additive effect, and R2 values 
 

SE Kinston 2012 4D 0.01 0-25 2.78 0.69 0.04 AGS 2000 

SE Kinston 2012 5A.2 81.61 81-86 9.49 1.45 0.16 AGS 2000 

SE Kinston 2012 5A.2 90.91 90-94 11.03 1.53 0.18 AGS 2000 

SE Kinston 2012 5B 121.41 112-133 3.20 0.89 0.07 AGS 2000 

SE Kinston 2012 7A 202.21 199-206 9.24 1.38 0.16 AGS 2000 

SE Kinston 2012 7A 208.51 208-210 10.46 1.41 0.17 AGS 2000 

SE Kinston 2012 7A 213.91 210-217 11.52 1.58 0.21 AGS 2000 

SE Plymouth 2012 5A.2 50.51 44-53 10.20 1.32 0.19 AGS 2000 

SE Plymouth 2012 5A.2 56.91 54-58 9.70 1.28 0.18 AGS 2000 

SE Plymouth 2012 6A 80.11 76-83 2.89 0.64 0.05 AGS 2000 

SE Plymouth 2012 7A 195.01 192-199 6.35 1.06 0.12 AGS 2000 

SE Plymouth 2012 7A 206.51 206-210 6.63 1.01 0.11 AGS 2000 

SE Plymouth 2012 7A 212.91 210-217 6.47 1.06 0.12 AGS 2000 

SE Salisbury 2012 1A 117.31 113-127 3.28 -0.70 0.05 NC-Neuse 

SE Salisbury 2012 1B 9.01 0-15 2.97 0.68 0.05 AGS 2000 

SE Salisbury 2012 1B 21.41 15-26 2.57 0.68 0.05 AGS 2000 

SE Salisbury 2012 2D.1 5.01 0-33 2.63 -0.72 0.06 NC-Neuse 

SE Salisbury 2012 5A.2 58.61 54-60 11.15 1.37 0.21 AGS 2000 

SE Salisbury 2012 5A.2 67.01 64-72 12.95 1.50 0.25 AGS 2000 

SE Salisbury 2012 5A.2 77.21 76-78 10.92 1.38 0.21 AGS 2000 

SE Salisbury 2012 7A 207.51 206-210 5.60 0.91 0.10 AGS 2000 

SE Salisbury 2012 7A 214.91 210-220 6.42 1.03 0.12 AGS 2000 

SE Salisbury 2012 7D.2 1.41 0-15 2.52 -0.57 0.04 NC-Neuse 

SE Plymouth 2014 5A.2 51.51 43-53 7.38 1.27 0.15 AGS 2000 

SE Plymouth 2014 7A 197.01 192-199 5.39 1.10 0.11 AGS 2000 

SE Plymouth 2014 7A 205.01 199-206 6.53 1.15 0.12 AGS 2000 

SE Plymouth 2014 7A 214.91 210-217 5.41 1.10 0.11 AGS 2000 

SE Kinston 2014 5A.2 50.51 40-53 5.35 1.00 0.11 AGS 2000 

SE Kinston 2014 7A 168.61 163-170 3.64 0.92 0.06 AGS 2000 

SE Kinston 2014 7A 183.21 178-183 3.67 0.93 0.07 AGS 2000 

SU Kinston 2011 1B 1.01 0-5 8.21 1.84 0.19 NC-Neuse 

SU Kinston 2011 1B 11.91 5-15 8.35 1.86 0.20 NC-Neuse 

SU Kinston 2011 4A 83.51 81-85 4.38 2.32 0.10 NC-Neuse 

SU Kinston 2012 1B 5.01 4-9 5.09 2.02 0.10 NC-Neuse 

SU Kinston 2012 1B 20.41 17-26 6.46 2.32 0.14 NC-Neuse 

SU Kinston 2012 1B 27.11 27-29 4.00 1.82 0.08 NC-Neuse 

SU Kinston 2012 5B 96.11 94-103 6.12 2.17 0.13 NC-Neuse 

SU Kinston 2012 5B 111.11 104-112 4.44 1.83 0.09 NC-Neuse 



 

65 

 

Supplementary Table 2.1 cont’d. List of all QTL detected for eight quality parameters within 

six environments, including relative chromosomal position, logarithm of odds (LOD) score, 

estimated additive effect, and R2 values 
 

SU Kinston 2012 6B 50.81 42-54 4.20 -1.71 0.08 AGS 2000 

SU Plymouth 2012 1B 7.01 5-10 11.64 2.24 0.24 NC-Neuse 

SU Plymouth 2012 1B 13.91 11-15 13.01 2.34 0.26 NC-Neuse 

SU Plymouth 2012 1B 23.41 20-26 15.01 2.59 0.31 NC-Neuse 

SU Plymouth 2012 1B 29.81 28-30 11.27 2.24 0.22 NC-Neuse 

SU Plymouth 2012 5A.2 2.11 0-10 3.66 -1.13 0.06 AGS 2000 

SU Plymouth 2012 5D.1 37.61 29-41 4.22 1.45 0.09 NC-Neuse 

SU Plymouth 2012 5D.1 50.21 45-56 3.83 1.32 0.08 NC-Neuse 

SU Salisbury 2012 1B 8.01 5-10 10.14 1.42 0.20 NC-Neuse 

SU Salisbury 2012 1B 13.91 12-19 12.11 1.51 0.23 NC-Neuse 

SU Salisbury 2012 1B 22.41 19-26 12.62 1.63 0.25 NC-Neuse 

SU Salisbury 2012 2A 94.51 85-104 3.90 -0.89 0.08 AGS 2000 

SU Salisbury 2012 2A 108.11 104-109 2.91 -0.68 0.05 AGS 2000 

SU Salisbury 2012 3B 0.01 0-1 2.56 0.63 0.04 NC-Neuse 

SU Salisbury 2012 3B 5.91 1-28 3.39 0.73 0.05 NC-Neuse 

SU Salisbury 2012 3B 136.61 131-141 2.52 0.63 0.04 NC-Neuse 

SU Salisbury 2012 5B 112.11 106-112 5.70 0.96 0.09 NC-Neuse 

SU Plymouth 2014 1B 21.41 11-27 5.92 1.25 0.13 NC-Neuse 

SU Plymouth 2014 1B 29.81 28-30 4.15 1.05 0.09 NC-Neuse 

SU Plymouth 2014 3B 123.11 122-123 2.99 -1.91 0.07 AGS 2000 

SU Plymouth 2014 3B 126.01 125-127 2.92 0.85 0.07 NC-Neuse 

SU Plymouth 2014 3B 134.11 134-134 5.08 2.49 0.11 NC-Neuse 

SU Plymouth 2014 5D.1 86.81 65-88 2.89 0.85 0.06 NC-Neuse 

SU Kinston 2014 1B 1.01 0-6 8.97 1.50 0.21 NC-Neuse 

SU Kinston 2014 1B 14.91 10-16 6.51 1.23 0.14 NC-Neuse 

† GP grain protein, GH grain hardness, FY flour yield, SE softness equivalence, FP flour protein, LA lactic acid solvent 
retention capacity, SU sucrose solvent retention capacity, CD cookie dough. 
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Figure 2.1. Reproducible quantitative trait loci identified from at least three environments. Peak 

positions with one logarithm of odds (LOD) intervals are indicated for grain protein (GP; light 

blue), flour protein (FP, red), grain hardness (GH, green), flour yield (FY, purple), cookie diameter 

(CD, light purple), softness equivalence (SE), lactic acid solvent retention capacity (LA, dark 

blue), and sucrose solvent retention capacity (orange) 
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Supplemental Figure 2.1. Graphs showing the frequency distributions of least square mean values 

for eight end-use quality parameters for the entire AGS 2000 / NC-Neuse recombinant inbred line 

(RIL) population. Mean values are based on data from all six environments evaluated. Relative 

AGS 2000 (blue) and NC-Neuse (green) across environment means are indicated in each 

histogram. 
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-CHAPTER III-  

Genome-Wide Association Analysis for Resistance to Stagonospora Nodorum Blotch in a 

Diverse Population of Eastern United States Winter Wheat. 
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Abstract 

Stagonospora nodorum blotch (SNB; causal agent: Parastagonospora nodorum) is a 

common and potentially severe pathogen of wheat which reduces both grain yield and quality.  To 

date, most work examining resistance to the pathogen have focused on hard wheats or germplasm 

outside the United States.  The objectives of this study were to (1) evaluate a diverse collection of 

321 soft winter wheat landraces, breeding lines, and cultivars from the eastern United States for 

resistance to SNB, and (2) identify molecular markers linked to genetic regions in wheat associated 

with development of SNB.  Lines were grown in six environments over four years and evaluated 

using a two-digit scoring method three times per growing season. Significant differences were 

observed between environments, and amongst lines for the second and third scoring dates.  

Genotype by environment interactions were also significant.  A total of eleven loci were detected 

in three or more environments on chromosomes 2A, 3A, 3B, 4A, 5A, 6A, 6B, and 7A through 

association mapping using a QK mixed model. The proportion of variation explained by these loci 

was low, ranging from 1.4-3.2%.  While none of these loci mapped to the same region as known 

sensitivity alleles, most were found near other less characterized QTL that have been previously 

identified. This research represents a starting point for developing durable resistance to SNB in 

wheat germplasm adapted for the southeastern United States.  

 

 

 

 

 

 



 

70 

 

Introduction 

Stagonospora nodorum blotch (SNB; causal agent: Parastagonospora nodorum) is a 

common and potentially severe pathogen of wheat (Triticum aestivum L.) which reduces both yield 

and grain quality.  Under ideal conditions, susceptible cultivars of wheat have reported yield losses 

of up to 50% (Duveiller and Sharma, 2012; Gurung et al., 2012). The disease is characterized by 

lesions which can expand to consume much of the leaf canopy, as well as the glumes of developing 

heads. 

Development of SNB symptoms is contingent, at least in part, upon the action of host 

selective toxins, or, necrotrophic effectors (NE), which are released by the fungus into the plant 

(Friesen et al., 2009; Liu et al., 2004b).  It is hypothesized that the NEs encourage a defense 

response in the host plant via an interaction with a susceptibility gene.  Localized cell death then 

allows the pathogen to colonize and spread.   The first of these gene for gene systems, Snn1-

SnTox1, accounted for up to 58% of the observed variation for SNB in the population under study 

(Liu et al., 2004a).  An additional wheat gene, Tsn1, which confers susceptibility to tan spot 

(Pyrenophora tritici-repentis), was found to confer susceptibility to the SnToxA NE produced by 

P. nodorum (Friesen et al., 2006; Liu et al., 2006).  Five other gene for gene interactions, Snn2-

SnTox2 (Friesen et al., 2007), Snn3-SnTox3 (Friesen et al., 2008), Snn4-SnTox4 (Abeysekara et 

al., 2009), Snn5-SnTox5 (Friesen et al., 2012), and Snn6-SnTox6 (Gao et al., 2015), have since 

been identified which follow the same mechanistic model.   Unlike other disease systems such as 

leaf rust (Puccinia triticina) where gene for gene interactions have a very large impact on disease 

incidence and severity, the impact of NE’s is quantitative in nature.  For example, the Snn3 

susceptibility allele only accounted for six percent of the variation observed among wheat lines in 

one association mapping study (Liu et al., 2015).  Crook et al. (2012) concluded that numerous 



 

71 

 

unidentified NEs were being produced by Parastagonospora races and contributing to SNB in the 

southeastern United States.  They further proposed that mechanisms other than NE sensitivity 

contribute to cultivar resistance to P. nodorum. 

While SNB can be controlled effectively through the use of triazole and strobilurin 

fungicides, farmers have few other options for managing the disease.  Low- and no-till practices 

which promote healthy soils also preserve infected plant tissues that act as a source of inoculum 

in successive years (Eyal, 1999). Additionally, most widely grown cultivars display only moderate 

resistance to the disease (Nelson and Marshall, 1990). Molecular markers closely linked to genetic 

regions contributing to SNB resistance could be used to transfer multiple sources of resistance to 

elite germplasm.  Although a number of specific wheat susceptibility genes have been identified 

which contribute to development of SNB, most of these studies rely on controlled environment 

chambers using pathogen isolates collected from very specific geographical regions.  To date, very 

few studies have evaluated field resistance to P. nodorum, especially in soft winter wheats.  The 

goals of this study were to (1) evaluate a diverse collection of 321 soft winter wheat landraces, 

breeding lines, and cultivars from the eastern United States for resistance to SNB and (2) identify 

molecular markers linked to genetic regions in wheat associated with development of SNB. 

 

Materials and Methods 

Plant Material and Disease Assessment 

The population used was composed of a collection of 321 soft winter wheat lines collected 

from both public and private breeding programs in the eastern United States (Supplementary Table 

3.1).  These genotypes consisted of historically important landraces, elite breeding lines, and 

released cultivars. 



 

72 

 

Phenotypic data was collected from a total of six environments in North Carolina: the 

Tidewater Research Station, Plymouth, NC during the 2013-14 (‘PLY14’), 2015-16 (‘PLY16’), 

and 2016-17 (‘PLY17’) growing seasons; the Cunningham Research and Education Center, 

Kinston, NC during the 2014-15 season (‘KIN15’); Griffin Farms, Inc. in Washington, NC during 

the 2014-15 season (‘WAS15’); and the Lake Wheeler Road Field Laboratory, Raleigh, NC during 

the 2015-16 season (‘LW16’).  Two replications of all 321 lines were planted at each environment 

using a randomized complete block design.  Twelve additional replications of two moderately 

resistant lines (NC-Neuse and NC06-19896) and two susceptible lines (AGS 2000 and VA01W-

476) were planted evenly throughout each environment as checks.  Lines were planted in mid to 

late October in 1.2 meter single-row plots with 15 cm spacing between plots.  Fertilization, 

pesticide applications, and irrigation treatments followed standard management practices for North 

Carolina (Weisz, 2013). 

Between late January and early February each year, wheat residue was applied to plots to 

provide inoculum for the disease.  Untreated wheat residue was acquired each year from a single 

commercial grower in the Piedmont region of North Carolina, where SNB frequently occurs. 

Approximately thirty percent of the plot area was covered with straw, following the methods of 

Mehra et al. (2015).  Heading date data was recorded over a two week period, and lines were 

grouped into five categories based upon heading date. 

A total of three disease ratings were taken (‘Sev1’, ‘Sev2’, and ‘Sev3) starting at the mid 

to late milk stages of kernel development (Zadocks GS73), and twice more at roughly five to ten 

day intervals.  Because warmer weather resulted in both faster leaf senescence and disease 

progression, timing of the disease ratings was adjusted according to the year.  Disease progress 

and severity was visually assessed on a whole-plot basis using a two digit scoring system (Saari 
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and Prescott, 1975).  The first digit was used to mark progression of the disease up the relative 

height of the plants, where a score of one indicated disease in the bottom 10% of the plant, and a 

score of nine indicated disease on the flag leaf.  The second digit was used to indicate disease 

severity (both lesion size and frequency) within infected zones of the plants.  Plots were divided 

into thirds for consideration and an average score was given for the whole plot.  During the second 

and third evaluation dates, it was commonly observed that lesion size and frequency was severe 

despite limited progress up the full height of the plant.  To reflect this, a modified score 

(‘ModSev1’, ‘ModSev2’, ‘ModSev3’) was generated that placed a heavier weight on disease 

severity (Table 3.1).  For low levels of disease progression (original scores 11-59), this score is 

simply the multiplication of the first and second digits. Because the disease typically reaches peak 

severity while plants are in the late flowering and early grain development stages, progressively 

heavier weighting was given to each digit of the original score for disease progression in the upper 

plant canopy and flag leaves (original scores 61-99).  An area under disease progress curve (Shaner 

and Finney, 1977) was calculated for both scoring methods (‘AUDPC’ and ‘ModAUDPC’) using 

the three rating dates.  To avoid lower disease progress curve ratings that would occur in warm 

years as an artifact of shorter rating intervals, the total time between first and final ratings were 

standardized to fourteen days for the calculation of AUDPC. The time between first to second, and 

second to third ratings was adjusted relative to this when calculating disease progress curve scores 

using the formulas 𝑋 =
𝑎

𝑎+𝑏
×  14   and   𝑌 =

𝑏

𝑎+𝑏
×  14 , where a is the number of days between 

the first and second ratings, b is the number of days between the second and third ratings, and X 

and Y are the adjusted number of days to the second and third ratings, respectively. 
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Phenotypic Data Analysis 

Phenotypic data were analyzed with the Statistical Analysis System (SAS) v9.4 software 

(SAS Institute Inc., Cary, NC).  To evaluate normality and identify potential outliers, the 

UNIVARIATE procedure was used for each of the eight ratings.  Molecular markers linked to 

potentially relevant morphological, maturity, and disease resistance traits (below) were considered 

as potential covariates in analysis of variance models for disease ratings.  A stepwise model 

selection procedure, HPREG, was performed using data from across all environments to reduce 

model complexity and choose the most relevant covariates to include. A final model including 

lines, heading date, and molecular markers for PpdA1 (PpdA1_ProDel), PpdD1 (TaPpdDD001), 

and Lr9 (Lr9a) loci as fixed effects, and environments, replications  nested within environments, 

and line by environment interactions as random variables was evaluated using the MIXED 

procedure.  Least square (LS) means were generated for each line using data from across all 

environments.  Due to a significant environment by line interaction, LS means were also calculated 

for lines within each environment.   

 

Genotypic Analysis and Association Mapping 

All lines were previously genotyped using an iSelect HD Genotyping BeadChip with 9,000 

SNPs, and marker positions were determined from a consensus map of seven mapping populations 

(Cavanagh et al., 2013).  Forty additional KASP, SSR, and STS markers associated with 

morphological, maturity, and disease resistance traits were tested on the panel, as described 

previously (Merrill, 2014).  These traits included height (Rht-B1 and Rht-D1), photoperiod 

(PpdA1, PpdB1, and PpdD1), vernalization (VrnA1, VrnB1, and VrnD1), Hessian fly resistance 

(H9 and H13), and leaf rust (Lr9, Lr34, Lr37).  Some markers were also diagnostic for the 
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T1RS.1AL and T1RS.1BL translocations from Secale cereale and the T2BS-2GS.2GL-2BL 

translocation from Tritcum timopheevii.  A complete list of relevant markers are described in Table 

3.2. 

Marker filtering, evaluation of population structure and linkage disequilibrium (LD), and 

association analysis were performed using JMP Genomics 7 (SAS Institute Inc., Cary, NC).  

Markers with minor allele frequency less than 0.05, or with greater than 10% missing data were 

removed.  Monomorphic markers and those which appeared to have more than two homozygous 

amplification groups were also removed.  Markers on the same chromosome with a correlation 

equal to one were binned and represented by a single marker using the tagSNP function.  Linkage 

disequilibrium was calculated as the square of the allele frequency correlation, r2 (Hill and 

Robertson, 1968) for all pairs of loci within each linkage group.   

Association analysis were performed using a Q+K mixed model analysis.  The Q-matrix 

was generated through principal component analysis (PCA) in JMP Genomics 7 with the PCA for 

Population Stratification function with EIGENSTRAT adjustment (Price et al. 2006). The K-

Matrix was generated based on identity by descent, using the Relationship Matrix function.  A 

threshold p-value of 0.005 was used to determine significant marker associations. 

 

Results 

Phenotypic Analysis 

 Phenotypic data for 321 diverse lines from six environments (PLY14, PLY16, PLY17, 

KIN15, WAS15, and LW16) were analyzed in this study. No significant differences were detected 

between lines for Sev1 or ModSev1, so these ratings were not included in further analysis.  Six 

disease ratings (Sev2, Sev3, AUDPC, ModSev2, ModSev3, and ModAUDPC) were thus included 
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for phenotypic analysis (supplementary table 3.2).  An assessment of normality showed a 

significant degree of both skewness and kurtosis, both within and across all environments, for all 

six ratings (data not shown).  The modified disease ratings generally showed reduced skewness 

and kurtosis relative to their unmodified counterparts (Figure 3.1).  

 Highly significant variation (p<0.001) was detected for lines, environment, and their 

interaction for all six disease ratings using data from across all environments (Table 3.3).  During 

stepwise model selection, molecular markers for PpdA1 (PpdA1_ProDel), PpdD1 (TaPpdDD001), 

and Lr9 (Lr9a) were retained for the final model.  Markers for reduced height, vernalization, 

disease resistance, and other photoperiod loci or alleles were excluded from the final model.  

Among the photoperiod marker covariates, PpdA1 was significant for all traits except ModSev2 

and ModAUDPC, and PpdD1 was significant for all traits except AUDPC. The Lr9 marker was 

significant for every disease rating.  Higher levels of significance were observed for Lr9 and 

PpdD1 for the modified disease ratings compared to their unmodified counterparts.  Interestingly, 

heading date was highly significant (P<0.001) for all disease ratings despite the inclusion of two 

photoperiod genes in the model. Relatively high model r-square values were obtained for all six 

traits (between 0.77 – 0.85), though the modified disease ratings were slightly higher than their 

unmodified counterparts. 

 

Marker Statistics 

Out of the initial 9000 SNPs, approximately 6000 markers passed quality analysis and were 

polymorphic within the association mapping panel.  Of these, 1270 markers either had greater than 

ten percent missing data, or minor allele frequencies less than 0.05.  The tagSNP function in JMP 

Genomics was performed on the remaining 4730 markers to reduce the number of markers that 
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were cosegregating, resulting in a final set of 3077 SNPs.  Figure 3.2 shows the distribution of 

markers across all 21 chromosomes.  The A and B genomes were similarly represented, with an 

average of 205 markers per chromosome (min: 74; max: 288).  The D genome was 

characteristically underrepresented, with a total of just 202 markers.  Three of these chromosomes 

(4D, 6D, and 7D) had less than 20 markers each.    Of the 321 lines, 31 possessed the T1RS.1AL 

translocation while 44 and 86 lines possessed the T1RS.1BL and T2BS-2GS.2GL-2BL 

translocations, respectively.  The effect of linkage distortion in these regions on association 

mapping results was reduced by representing them with a single SNP using the tagSNP function. 

 

Population Structure and Linkage Disequilibrium 

 Principal component analysis of the 3077 SNPs showed that only 5.1% of the genetic 

variation was explained by the first PC.  The first five principal components explained only 16.6% 

of the variation, with a steady drop off in percent explained variation for each subsequent PC.  

Geographic origin could be seen to contribute to some degree of population structure (Figure 3.3), 

while year of release did not. 

Analysis of intra-chromosomal LD (r2) for all chromosomes showed an average r2 of 0.015.  

The A, B, and D genomes had average intra-chromosomal r2 of 0.014, 0.013, and 0.018, 

respectively.  Chromosomes 4D (r2=0.036) and 5D (r2=0.007) had the highest and lowest levels 

of LD compared to all other chromosomes.  Genome-wide r2 estimates (Table 3.4) declined 

steadily from 0.018 at a marker pair distance between 0-5cM to 0.012 at a marker pair distance 

greater than 50cM. 
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Association Mapping 

 A total of 216 significant marker associations were identified across all traits in at least one 

of the six environments, or across all environments (Supplementary Table 3.3).  These markers 

were located at 191 unique loci across 20 chromosomes.  Only chromosome 5D did not have at 

least one significant association. Twenty seven of the significant markers were found in the D 

genome. 

 To identify significant loci possessing a degree of reproducibility, markers were selected 

which were identified in at least three environments, or using adjusted means from across all 

environments, for any mixture of the six disease ratings (Table 3.5).  A total of eleven significant 

loci were identified that met these criteria on eight different chromosomes from the A and B 

genomes. No markers from the D genome met these conditions. 

 The Qsnb.nc-2A QTL was associated with marker IWA3589 on the short arm (9.9 cM) of 

chromosome 2A.  This marker was detected for all ratings except ModSev2, with R2 ranging from 

0.014 (Sev3) to 0.021 (traits).  This QTL may overlap with the PpdA1 photoperiod gene, located 

at the top of the short arm of chromosome 2A. Qsnb.nc-3A (IWA7022) at the 43 cM position of 

chromosome 3A was detected for all ratings, with R2 ranging from 0.013 (Sev2) to 0.023 

(ModSev3). Unlike all the other reproducible QTL from this list, Qsnb.nc-3A was not detected 

when using LS means across all environments for any of the traits.  

Qsnb.nc-3B-1 (IWA758) and Qsnb.nc-3B-2 (IWA1745) were detected on the short (11.7 

cM) and long (142.8 cM) arms of chromosome 3B, respectively.  The R2 values for Qsnb.nc-3B-

1 were the highest of all the reproducible QTL, ranging from 0.022 (Sev2) to 0.032 (ModSev2). 

Qsnb.nc-3B-2 was detected in four of the six environments, with R2 ranging from 0.014 (Sev2) to 

0.024 (ModSev3).  
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Qsnb.nc-4A (IWA3762) was located on the long arm (161 cM) of chromosome 4A, with 

R2 ranging from 0.016 (AUDPC) to 0.029 (ModSev3). 

Qsnb.nc-5A-1 (IWA7789) and Qsnb.nc-5A-2 (IWA5105) were located on the short (12.4 

cM) and long (142.3 cM) arms of chromosome 5A.  The amount of variation explained (R2) for 

these two QTL ranged from 0.013 (Sev2) to 0.024 (ModSev3) for Qsnb.nc-5A-1, and 0.015 

(AUDPC) to 0.031 (ModSev2) for Qsnb.nc-5A-2.  The VrnA1 vernalization gene is located at the 

distal end of the long arm of chromosome 5A, and may overlap with Qsnb.nc-5A-2. 

Qsnb.nc-6A, located at the 89.9 cM position on chromosome 6A, was only detected for 

four of the six traits. The amount of variation (R2) explained for this locus ranged from 0.01 (Sev2) 

to 0.022 (ModSev2).  Qsnb.nc-6B was located at the 97.2 cM position on chromosome 6B and had 

the lowest R2 of the reproducible QTL, ranging from 0.007 (AUDPC) to 0.018 (ModAUDPC). 

Despite having lower R2 values, this locus was detected in four of the six environments. For 

Qsnb.nc-6A and Qsnb.nc-6B, two or more markers which mapped to the same locus were detected.  

Qsnb.nc-7A-1 (IWA6208) and Qsnb.nc-7A-2 were located fairly close to each other (82.3 

cM and 100.5 cM) on chromosome 7A. Qsnb.nc-7A-1 was detected in four of the six environments, 

with R2 ranging from 0.01 (AUDCP) to 0.023 (Sev3).  R2 values for Qsnb.nc-7A-2 were generally 

a bit higher, ranging from 0.019 (AUDPC) to 0.027 (ModAUDPC). 

 Within these eleven loci, significant marker associations were detected in more 

environments on average using the modified disease scores compared to the unmodified scores 

(Table 3.6).  Similarly, the R2 for these loci was also higher for the modified scores compared to 

their unmodified counterparts. 
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Discussion 

 This study was carried out under field conditions using inoculum containing naturally 

occurring regional strains of the P. nodorum pathogen.  Differences between environments and 

their interaction with wheat genotypes contributed significantly (p<0.001) to the variation 

observed for disease symptoms.  While only a handful of studies have used field conditions to map 

resistance for SNB, significant variation due to environment was frequently noted (Aguilar et al., 

2005; Francki et al., 2011; Lu et al., 2014; Schnurbusch et al., 2003; and Shatalina et al., 2014).  It 

is likely that differences between year and location contribute to the prevalence of specific strains, 

as well as variation for the conditions promoting disease development.  This may lead to the 

detection of different QTL depending on the year or location.  Additionally, differences in heading 

date are known to correlate with the start of disease development, with later heading lines showing 

symptoms later in the season.  This can result in late heading lines being scored as resistant before 

symptoms have had time to develop. To reduce the impact of this, heading date was used as a 

covariate during the generation of LS means, along with markers for the two photoperiod genes, 

PpdA1 and PpdD1.  Despite these efforts, Qsnb.nc-2A is located close to photoperiod gene PpdA1, 

and Qsnb.nc-5A-2 may overlap with the vernalization gene VrnA1. 

While a total of 216 significant marker associations were detected in this study, only eleven 

separate loci were detected in at least three of the six environments.  These loci represent genomic 

regions which confer a measure of reproducible resistance, regardless of specific growing or 

disease conditions.  The proportion of variation explained by these loci was low, around 2-3%.  

Though other studies have reported loci explaining >50% (Liu et al., 2004b), most have made use 

of growth chambers, single isolate inoculation, recombinant inbred line (RIL) or doubled haploid 

(DH) populations, or some combination of the above.  While these methods may be effective at 
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reducing the influence of environment and GxE, they also simplify the polygenic nature of 

susceptibility among wheat lines and the complex isolate mixture found under field conditions.  

Studies which have used mixed isolate inoculations under field conditions generally report QTL 

with lower R2, ranging from 5% (Uphaus et al., 2007) to 20% (Francki et al. 2011).  Other recent 

studies which have employed association analysis to evaluate P. nodorum resistance have 

identified QTL with R2 values >10% (Adhikari et al., 2011), >14.5% (Gurung et al., 2014), and 

>15% (Liu et al., 2015).  

 Resistance to SNB is polygenic, involving many loci with minor effects (Fried and Meister, 

1987; Wicki et al., 1999).  Much of the previous work dissecting resistance to SNB in wheat has 

focused on the importance of gene-for-gene interactions between necrotrophic effectors in P. 

nodorum and corresponding susceptibility genes in wheat. The seven sensitivity genes that have 

been identified in wheat to date are located on chromosomes 1B (Snn1), 2DS (Snn2), 5BS (Snn3), 

1A (Snn4), 4BL (Snn5), 6AL (Snn6), and 5B (Tsn1).  In this study, only one of the eleven 

reproducible loci, Qsnb.nc-6A (89.9cM) mapped to the same chromosome as a known sensitivity 

gene. Because Snn6 mapped to the distal end of the long arm of chromosome 6A, it is unlikely that 

it is being detected in this study. It should be noted that the studies focusing on specific NEs have 

used isolates originating in either Nebraska or Switzerland (Francki, 2013), and likely do not 

reflect the populations present in the eastern United States.  Examination of a global collection of 

P. nodorum isolates revealed multiple haplotypes for the SnToxA gene, which may result in 

differences for gene activity and efficacy (Stuckenbrock and McDonald, 2007).  Crook et al. 

(2012) recently evaluated NEs and their corresponding host sensitivities using both P. nodorum 

isolates and winter wheat germplasm from the southeastern United States.  In their study, low 

frequencies of isolates produced SnToxA, SnTox1, and SnTox3, while nearly half produced NEs 
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that have not yet been characterized. Similarly, out of twenty nine cultivars, only two possessed 

known Snn genes.   

 In addition to the seven know sensitivity genes, numerous additional QTL for SNB 

resistance have been identified throughout the wheat genome.  Other studies have identified QTL 

at corresponding genomic regions for nearly all of the eleven reproducible loci identified in this 

study.  Francki et al. (2011) identified QTL for resistance to SNB on the short arm of chromosome 

2A accounting for roughly 11% of the variation.  Because of its proximity to the photoperiod gene, 

PpdA1, it is unclear whether Qsnb.nc-2A is in fact a novel locus or the result of pleiotropic effects.  

In a field based study using RILs, Aguilar et al. (2005) identified a QTL for glume blotch at the 

50cM position on chromosome 3A, roughly matching the position of Qsnb.nc-3A.  Both 

Abeysekara et al (2009) and Gurung et al. (2014) identified low effect QTL on 3A, however those 

positions do not appear to match the QTL identified here. 

Multiple QTL have been found on chromosome 3B elsewhere.  Using RILs, Schnurbusch 

et al. (2003) identified QTL at similar positions to Qsnb.nc-3B-1 and Qsnb.nc-3B-2 in multiple 

environments, with R2 ranging from 8.5-24.9%.  Others have reported QTL explaining a similar 

proportion of variation distally on 3BS and the distal end of 3BL (Lu and Lillemo, 2014; Shatalina 

et al., 2014; Aguilar et al., 2005; Adhikari et al., 2011; Czembor et al., 2003).  These studies have 

varied extensively in terms of geography and methodology, indicating that one or more regions on 

this chromosome may play an important role in durable, broad spectrum resistance to SNB. 

Only a few studies have identified QTL on chromosomes 4A or 5A. These loci were 

generally associated with either glume blotch resistance or other necrotrophic foliar pathogens, 

such as tan spot (Pyrenophora tritici-repentis) (Gurung et al., 2014; Liu et al., 2015). In a study 

by Aguilar et al. (2005), a QTL for SNB in the glumes was identified.  This QTL was located near 
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the distal end of 5A, similar to Qsnb.nc-5A-2.  Interestingly, Cockram et al. (2015) recently 

identified a previously unknown sensitivity locus for the toxin SnTox1 on the long arm of 5A.  The 

primary and best understood locus for SnTox1 sensitivity lies on chromosome 1B.  It may be that 

a partially homologous gene exists on 5A.  It multiple loci exist with varying sensitivity to the 

same toxin, this would explain part of the highly quantitative nature of SNB resistance.  Such a 

situation would have impacts on breeders’ attempts to screen for the disease and make selections. 

Few studies have identified SNB resistance loci on chromosomes 6A or 6B.  The Snn6 

(Gao et al., 2015) locus was identified on the end of the long arm of 6A, far from the location of 

Qsnb.nc-6A.  Two additional SNB resistance QTL were identified near the end of the short arm of 

6A (Arseniuk et al., 2004; Adhikari et al., 2011), but are unlikely the same locus identified in this 

study.  Schnurbusch et al. (2003) identified a QTL on the short arm of 6B, but it is unclear whether 

this is the same locus as Qsnb.nc-6B. 

Two unique loci were identified in this study on the long arm of chromosome 7A.  These 

loci appear to be in the same region as QTL for SNB identified using growth chambers by Adhikari 

et al. (2011).   In a field-based study, Lu and Lillemo (2014) found a QTL on the long arm of 7A, 

though the region was closer to the centromere.  Interestingly, this region was also identified by 

Gurung et al. (2014) as contributing to tan spot resistance. Other studies have found additional 

QTL on 7A (Aguilar et al., 2005; Liu et al., 2015), indicating that this chromosome may be a hot 

spot for resistance to necrotrophic foliar pathogens. 

 Resistance to SNB is a complex, polygenic trait.  Though some progress has been made in 

uncovering specific gene for gene interactions that contribute to disease development, little 

progress has been made in bringing a high level of resistance to elite germplasm.  It seems likely 

that the regional differences among isolates of P. nodorum will require the implementation of 



 

84 

 

regionally relevant resistance alleles in germplasm.  In this study we evaluated a diverse collection 

of soft winter wheat varieties and land races from the eastern United States.  Eleven loci were 

detected which conferred stable, albeit low, levels of resistance to SNB.  The molecular markers 

for these loci may be utilized in a marker assisted selection scheme to mitigate the impact of P. 

nodorum during years in which environmental conditions strongly favor the disease.  
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Table 3.1. Conversion of the original two-digit scoring method for Stagonospora nodorum 

blotch disease severity and progression to the modified scoring method which places a heavier 

emphasis on later stages of disease progression. 

Original 

Score 

Modified 

Score 

Original 

Score 

Modified 

Score 

Original 

Score 

Modified 

Score 

11 1 41 4 71 16 

12 2 42 8 72 24 

13 3 43 12 73 32 

14 4 44 16 74 40 

15 5 45 20 75 48 

16 6 46 24 76 56 

17 7 47 28 77 64 

18 8 48 32 78 72 

19 9 49 36 79 80 

21 2 51 5 81 28.5 

22 4 52 10 82 38 

23 6 53 15 83 47.5 

24 8 54 20 84 57 

25 10 55 25 85 66.5 

26 12 56 30 86 76 

27 14 57 35 87 85.5 

28 16 58 40 88 95 

29 18 59 45 89 104.5 

31 3 61 6.5 91 44 

32 6 62 13 92 55 

33 9 63 19.5 93 66 

34 12 64 26 94 77 

35 15 65 32.5 95 88 

36 18 66 39 96 99 

37 21 67 45.5 97 110 

38 24 68 52 98 121 

39 27 69 58.5 99 132 



 

90 

 

Table 3.2. List of relevant diagnostic markers and their sources included in this study for disease and maturity traits and 

chromosomal rearrangements. 

Marker Name Chromosome Locus Description Reference 

H13 6D H13 
Hessian fly resistance gene on the short 

arm of chromosome 6D 
Liu et al. 2005 TAG 

H9 1A H9 
Hessian fly resistance gene on the short 

arm of chromosome 1A 
Kong et al. 2005 Plant Breeding 

Lr34jagger 7D Lr34/Yr18 
Rust resistance gene on the short arm of 

chromosome 7D 
Lagudah et al. 2009. TAG 

Lr37 T2AS.2NS Lr37/Yr17/Sr38 
Rust resistance genes transferred from 

Ae. Ventricosa 
Helguera et al. 2003. Crop Science 

Lr9a 6B Lr9 
Rust resistance gene from Aegilops 

umbellulata on the long arm of 

chromosome 6B 

USDA Cereal Disease Lab 

PpdA1_ProDel 2A PpdA1 
Photoperiod insensitive allele caused by 

a lage deletion in the 5' upstream region 

of PpdA1 

Nishida et al. 2013. Molecular Breeding 

TaPpdBJ001 2B PpdB1 
Chinese Spring truncated copy 

photoperiod sensitive allele; this assay 

has a null allele also 

Beales et al. 2007. TAG 

TaPpdBJ003 2B PpdB1 Sonora64/Timstein intercopy assay Beales et al. 2007. TAG 

TaPpdDD001 2D PpdD1 
Ciano67 type photoperiod insensitive 

allele 
Beales et al. 2007. TAG 

TaPpdDD002 2D PpdD1 Norstar type candidate loss of function Beales et al. 2007. TAG 

TaPpdDI001 2D PpdD1 
Mercia type candidate loss of function 

allele 
Beales et al. 2007. TAG 

ciRhtB1 4B Rht-B1 Reduced height allele from Norin 10 Ellis et al. 2002. TAG 

RhtD1 4D Rht-D1 Reduced height allele from Norin 10 Ellis et al. 2002. TAG 

Sr2_ger9_3p 3B Sr2/Lr27/Yr30 
Rust resistance genes on the short arm of 

chromosome 3B 
Mago et al. 2011. TAG 

IWA8035 1RS.1AL Translocation 
Translocation of the long arm of 

chromosome 1A with the short arm of 

chromosome 1R from Secale cerale 

USDA Eastern Regional Small Grains 

Genotyping Lab 

IWA6110 1RS.1BL Translocation 
Translocation of the long arm of 

chromosome 1B with the short arm of 

chromosome 1R from Secale cerale 

USDA Eastern Regional Small Grains 

Genotyping Lab 

 



 

91 

 

Table 3.2 cont.d. List of relevant diagnostic markers and their sources included in this study for disease and maturity traits 

and chromosomal rearrangements. 

Marker Name Chromosome Locus Description Reference 

IWA8085 T2BS-2GS.2GL-2BL Translocation 

Translocation involving both the long and 

short arms of chromosome 2B with the 

long and short arms of chromosome 2G 

from Triticum timophevii 

USDA Eastern Regional Small 

Grains Genotyping Lab 

Sr36_IWA8085 T2BS-2GS.2GL-2BL Translocation 

Translocation involving both the long and 

short arms of chromosome 2B with the 

long and short arms of chromosome 2G 

from Triticum timophevii 

USDA Eastern Regional Small 

Grains Genotyping Lab 

Tsn1_A 5B Tsn1 
Sensitivity gene for Stagonospora toxin, 

ToxA, on the long arm of chromosome 

5B 

Faris et al. 2010. Proc Natl Acad 

Sci USA 

vrn_A1_ex4 5A VrnA1 Vernalization gene Diaz et al. 2012 PLoS ONE 

vrn_A1_ex7 5A VrnA1 Short vernalization allele in Claire Diaz et al. 2012 PLoS ONE 

Vrn1_design_3 5A VrnA1 Short vernalization allele in Jagger 
USDA Eastern Regional Small 

Grains Genotyping Lab 

Vrn_B1_A 5B VrnB1 Vernalization gene 
Milec et al. 2012. Molecular 

Breeding 

vrnB1_AGS2K_B 5B VrnB1 Short vernalization allele in AGS 2000 Guedira et al. 2014. Crop Science 

Vrn-D1-D1a_A 5D VrnD1 Short vernalization allele in Triple Dirk C 
Fu et al. 2005. Molecular Genetics 

and Genomics 
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Table 3.3. Mean square values and their significance level from an ANOVA for six Stagonospora disease traits, based on a model 

including environments, replications nested within environments, lines and their interaction with environments. Three molecular 

markers linked to specific disease and growth habit traits were also included in the model. 

Source DF Sev2† Sev3 AUDPC ModSev2 ModSev3 ModAUDPC 

Lr9 1 414.4* 73.4* 38299.8* 7043.0** 11136.5** 724719.4** 

Ppd-A1 1 448.6* 131.7*** 36938.7* 1324.2NS 6958.9* 203032.4NS 

TaPpd-D_1 1 882.6*** 324.4*** 22160.2NS 9969.8*** 26049.6*** 811207.7** 

Heading Date 4 810.2*** 311.2*** 70586.9*** 13915.5*** 26286.6*** 1288022.7*** 

Line 320 72.0** 18.4*** 7653.4*** 898.6*** 1411.9*** 83922*** 

Replication 

(Environment) 
5 3499.2NS 28.8NS 159580.7NS 12121.3NS 3237.1NS 454474.4NS 

Environment 5 20102.8*** 438.9*** 1353303.4*** 89566.4*** 39433.8*** 2681681.8*** 

Line x 

Environment 
1600 59.0*** 5.9*** 3006.1*** 278.6*** 333.1*** 18614.4*** 

Error MS 1915 35.8172 4.15125 1963.45 163.66 134.528 9271.99 

Model R-

Square 
- 0.825402 0.774436 0.846868 0.851326 0.880661 0.859183 

Heritability‡  - 0.77 (.02) 0.86 (0.01) 0.85 (0.01) 0.8 (0.02) 0.86 (0.01) 0.86 (0.01) 

† Significance levels for F-tests of mean squares are indicated by:  NS (p > 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 

‡ Heritability estimates are based on entry means following the methods described by Holland et al (2002).  Values in ( ) are the 

standard errors for the heritability estimates. 
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Table 3.4. (Above) Chromosome-wide estimates of linkage disequilibrium (squared 

correlation coefficients) for all 21 wheat chromosomes based on 3077 SNP markers evaluated 

on 321 soft winter wheat accessions. (Below)  Genome-wide estimates of linkage 

disequilibrium depending on marker pair distances. 

A Genome B Genome D Genome 

Chromosome r2 Chromosome r2 Chromosome r2 

1A 0.015 1B 0.013 1D 0.018 

2A 0.016 2B 0.013 2D 0.014 

3A 0.013 3B 0.012 3D 0.010 

4A 0.017 4B 0.013 4D 0.036 

5A 0.011 5B 0.013 5D 0.007 

6A 0.017 6B 0.014 6D 0.019 

7A 0.012 7B 0.011 7D 0.019 

Avg: 0.014   0.013   0.018 

Marker Pair Distance (cM): 0-5 5-10 10-20 20-50 >50 

Genome-wide LD (r2) 0.0181 0.0163 0.0149 0.0130 0.0120 
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Table 3.5. List of loci with significant (p<0.001) markers detected in at least three environments for one or more of six disease 

traits.  Positional information is provided for each marker, as well as environments where detected.  For each trait-marker 

combination, the average r-square is reported for the environments in which the marker was detected as significant.  Across all 

environments adjusted means are also included for lines containing the major (0) or minor (2) allele. 

Locus Trait Marker 
Chromosom

e 

Position 

(cM) 
R2 

LS Mean 

(0)† 

LS Mean 

(2)‡ 
Environments Detected § 

Qsnb.nc-2A 
ModAUDP

C 
IWA3589 2A 9.9 0.021 735.59 692.93 PLY14, LW16, WAS15 

  ModSev3 IWA3589 2A 9.9 0.021 103.04 97.75 all, PLY14, LW16, WAS15 

  AUDPC IWA3589 2A 9.9 0.015 373.33 349.83 all, PLY14 

  Sev2 IWA3589 2A 9.9 0.015 89.44 88.85 PLY14 

  Sev3 IWA3589 2A 9.9 0.014 96.24 95.86 all, PLY14 

Qsnb.nc-3A 
ModAUDP

C 
IWA7022 3A 43.3 0.021 723.96 788.20 KIN15, WAS15 

  ModSev2 IWA7022 3A 43.3 0.018 63.38 69.53 WAS15 

  ModSev3 IWA7022 3A 43.3 0.023 101.70 108.86 PLY16, WAS15 

  AUDPC IWA7022 3A 43.3 0.013 366.63 405.70 KIN15 

  Sev2 IWA7022 3A 43.3 0.013 89.19 90.68 WAS15 

  Sev3 IWA7022 3A 43.3 0.021 96.10 96.91 PLY16 

Qsnb.nc-3B-

1 

ModAUDP

C 
IWA758 3B 11.7 0.031 721.41 756.29 all, PLY14, WAS15 

  ModSev2 IWA758 3B 11.7 0.032 62.95 66.79 all, PLY14, WAS15 

  ModSev3 IWA758 3B 11.7 0.030 101.47 105.15 all, LW16, WAS15 

  Sev2 IWA758 3B 11.7 0.022 89.14 89.92 all, PLY14 

  Sev3 IWA758 3B 11.7 0.024 96.12 96.40 all, LW16 

Qsnb.nc-3B-

2 

ModAUDP

C 
IWA1745 3B 142.8 0.022 738.74 688.73 all, PLY16 

  ModSev3 IWA1745 3B 142.8 0.024 103.43 97.02 all, KIN15, PLY17 

  AUDPC IWA1745 3B 142.8 0.023 375.30 346.77 all, WAS15 

  Sev2 IWA1745 3B 142.8 0.014 89.54 88.36 all 

  Sev3 IWA1745 3B 142.8 0.017 96.27 95.79 KIN15 
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Table 3.5 cont.d. List of loci with significant (p<0.001) markers detected in at least three environments for one or more of six 

disease traits.  Positional information is provided for each marker, as well as environments where detected.  For each trait-marker 

combination, the average r-square is reported for the environments in which the marker was detected as significant.  Across all 

environments adjusted means are also included for lines containing the major (0) or minor (2) allele. 

Locus Trait Marker Chromosome 
Position 

(cM) 
R2 

LS Mean 

(0)† 

LS Mean 

(2)‡ 
Environments Detected § 

Qsnb.nc-4A ModAUDPC IWA3762 4A 161.0 0.024 714.94 782.77 all, KIN15, WAS15 

  ModSev2 IWA3762 4A 161.0 0.017 62.78 68.23 WAS15 

  ModSev3 IWA3762 4A 161.0 0.029 100.36 109.05 all, PLY16, KIN15, WAS15 

  AUDPC IWA3762 4A 161.0 0.016 360.81 402.53 KIN15 

  Sev3 IWA3762 4A 161.0 0.023 95.96 96.90 all, PLY16, KIN15 

Qsnb.nc-5A-1 ModAUDPC IWA7789 5A 12.4 0.021 724.41 782.81 KIN15, WAS15 

  ModSev2 IWA7789 5A 12.4 0.017 63.42 69.02 WAS15 

  ModSev3 IWA7789 5A 12.4 0.024 101.77 108.16 all, PLY16, WAS15 

  AUDPC IWA7789 5A 12.4 0.014 366.93 402.29 KIN15 

  Sev2 IWA7789 5A 12.4 0.013 89.20 90.57 WAS15 

  Sev3 IWA7789 5A 12.4 0.023 96.11 96.85 all, PLY16 

Qsnb.nc-5A-2 ModAUDPC IWA5105 5A 142.3 0.030 722.84 759.33 all, PLY14, WAS15, PLY17 

  ModSev2 IWA5105 5A 142.3 0.031 63.32 66.64 all, PLY14, WAS15, PLY17 

  ModSev3 IWA5105 5A 142.3 0.024 101.50 105.84 all, WAS15 

  AUDPC IWA5105 5A 142.3 0.015 365.63 388.77 PLY14 

  Sev2 IWA5105 5A 142.3 0.016 89.20 89.92 PLY14 

Qsnb.nc-6A ModAUDPC IWA7483 6A 89.9 0.015 750.35 714.21 all, WAS15 

  ModSev2 IWA7483 6A 89.9 0.022 65.71 62.66 all, PLY16, WAS15 

  AUDPC IWA7354 6A 89.9 0.014 356.48 388.44 WAS15 

  Sev2 IWA7354 6A 89.9 0.010 88.71 90.13 PLY16, WAS15 
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Table 3.5 cont.d. List of loci with significant (p<0.001) markers detected in at least three environments for one or more of six 

disease traits.  Positional information is provided for each marker, as well as environments where detected.  For each trait-marker 

combination, the average r-square is reported for the environments in which the marker was detected as significant.  Across all 

environments adjusted means are also included for lines containing the major (0) or minor (2) allele. 

Locus Trait Marker Chromosome 
Position 

(cM) 
R2 

LS Mean 

(0)† 

LS Mean 

(2)‡ 
Environments Detected § 

Qsnb.nc-6B ModAUDPC IWA4609 6B 97.2 0.018 738.39 694.19 all, LW16, WAS15 

  ModSev2 IWA7487 6B 97.2 0.008 63.84 67.65 all, WAS15 

  ModSev3 IWA4609 6B 97.2 0.015 103.41 97.41 PLY16 

  AUDPC IWA2830 6B 97.2 0.007 373.58 361.76 PLY16, PLY17 

  Sev2 IWA4609 6B 97.2 0.008 89.52 88.48 PLY16 

Qsnb.nc-7A-1 ModAUDPC IWA6208 7A 82.3 0.014 717.42 784.18 all, PLY14, KIN15 

  ModSev3 IWA6208 7A 82.3 0.021 100.87 108.83 all, PLY14, KIN15 

  AUDPC IWA6208 7A 82.3 0.010 362.28 404.43 all, PLY14, LW16, KIN15 

  Sev2 IWA6208 7A 82.3 0.014 88.97 90.84 all, LW16 

  Sev3 IWA6208 7A 82.3 0.023 96.02 96.85 all, PLY14, KIN15, PLY17 

Qsnb.nc-7A-2 ModAUDPC IWA2386 7A 100.5 0.027 727.61 784.63 all, WAS15, PLY17 

  ModSev2 IWA2386 7A 100.5 0.025 63.67 69.51 all, WAS15 

  ModSev3 IWA2386 7A 100.5 0.020 102.25 106.97 WAS15 

  AUDPC IWA2386 7A 100.5 0.019 369.05 399.94 all, LW16 

  Sev2 IWA2386 7A 100.5 0.021 89.20 91.24 all 

† Least square (LS) means across all environments for all lines which were homozygous for the most frequent allele. 

‡ Least square (LS) means across all environments for all lines which were homozygous for the rare allele. 

§ Association analysis was performed using adjusted means, either from across all environments ('all'), or from within six specific 

environments (PLY14, PLY16, PLY17, KIN15, WAS15, or LW16). 
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Table 3.6. Comparison of reproducible 

significant marker associations detected using 

either unmodified or modified disease scores. 

Trait Avg. No. Env. Average R2 

ModAUDPC 2 0.022 

ModSev2 1.5 0.021 

ModSev3 1.9 0.023 

AUDPC 1.3 0.015 

Sev2 0.9 0.015 

Sev3 1.4 0.021 
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Figure 3.1. Histograms showing distribution of unmodified AUDPC and ModAUDPC means for 

all 321 lines within each of the six environments: PLY14, PLY16, LW16, KIN15, WAS15, 

and PLY17. 
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Figure 3.2. Distribution of the 3077 SNP markers used in this study across all 21 linkage groups.  

Three shading schemes are used to represent the A, B, and D genomes. 
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Figure 3.3. Three dimensional representation of relatedness among the 321 soft winter wheat 

varieties, breeding lines, and landraces included in this study using the first three principal 

components calculated using PCA analysis in JMP Genomics 7.0. Lines have been colored 

based on either the state from which there were released (A) or their year of release (B). 
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Supplementary Table 3.1. List of the 321 soft winter wheat varieties included in this study, 

as well as their year of release or selection, state from which they originated, and the breeding 

program or company which released them.  Also indicated is whether accessions are released 

varieties or experimental lines. 

Line Name 
Accession 

Number 

Year of 

Selectio

n or 

Release 

Origin of 

Release 
Program 

Type of 

Accession 

Adena PI 481852 1985 OH Ohio State Released Cultivar 

AG_2020 NA 2002 IN Ag Alumni Seeds Released Cultivar 

AGS_2000_CG PI 612956 2002 GA GA AES, FL AES Released Cultivar 

AGS_2010 NA 2006 GA GA AES Released Cultivar 

AGS_2020 NA 2008 GA GA AES Released Cultivar 

AGS_2026 NA NA GA 
LSU, AgSouth 

Genetics 
Released Cultivar 

AGS_2031 NA 2006 GA GA AES Released Cultivar 

AGS_2035 NA NA GA 
LSU, AgSouth 

Genetics 
Released Cultivar 

AGS_2060 NA 2011 GA 
LSU, AgSouth 

Genetics 
Released Cultivar 

AGS_2485 NA 2002 GA FL AES Released Cultivar 

AGS_CL7 NA 2007 GA GA AES Released Cultivar 

ARS05-0074 NA 2005 NC NC ARS Breeding Line 

ARS05-0241 NA 2005 NC NC ARS Breeding Line 

ARS05-0401 NA 2005 NC NC ARS Breeding Line 

ARS05-0441 NA 2005 NC NC ARS Breeding Line 

ARS07-0046 NA 2007 NC NC ARS Breeding Line 

ARS07-0154 NA 2007 NC NC ARS Breeding Line 

ARS07-0203 NA 2007 NC NC ARS Breeding Line 

ARS07-0404 NA 2007 NC NC ARS Breeding Line 

ARS07-0525 NA 2007 NC NC ARS Breeding Line 

ARS07-0558 NA 2007 NC NC ARS Breeding Line 

ARS07-0815 NA 2007 NC NC ARS Breeding Line 

ARS07-0912 NA 2007 NC NC ARS Breeding Line 

ARS07-1159 NA 2007 NC NC ARS Breeding Line 

ARS07-1208 NA 2007 NC NC ARS Breeding Line 

ARS07-1243 NA 2007 NC NC ARS Breeding Line 

ARS08-0111 NA 2008 NC NC ARS Breeding Line 

ARS09-435 NA 2009 NC NC ARS Breeding Line 

ARS09-776 NA 2009 NC NC ARS Breeding Line 

Augusta 
CItr 

14425 
1986 MI Michigan State Released Cultivar 

Baldwin NA 2009 GA GA AES Released Cultivar 

Becker_CS PI 494524 1985 OH Ohio State Released Cultivar 

Benhur 
Cltr 

14054 
1966 IN Purdue Released Cultivar 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

Blazer PI 477289 1983 IN AgriPro Released Cultivar 

Blueboy_CS 
CItr 

14031 
1967 NC NCSU Released Cultivar 

Bradford PI 470925 1984 TX Texas AES Released Cultivar 

Brandy NA 1988 OH Steyer Seed Released Cultivar 

Branson PI-639227 2005 IN AgriPro Released Cultivar 

Caldwell 
Cltr 

17897 
1982 IN Purdue Released Cultivar 

Caledonia_CS PI 610188 2004 NY Cornell Released Cultivar 

Cardinal PI 502973 1986 OH Ohio State Released Cultivar 

Chancellor 
CItr 

12333 
1958 GA GA AES Released Cultivar 

Chesapeake PI 643935 2007 MD MD AES Released Cultivar 

Clark PI 512337 1987 IN Purdue Released Cultivar 

Clemens PI 583281 1995 IN AgriPro Released Cultivar 

Clemson_201 PI 585044 1994 SC SC AES Released Cultivar 

Coker_47-27_NC NA NA SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_65-20 
CItr 

14132 
1967 SC 

Coker Pedigree Seed 

Co 
Released Cultivar 

      

Coker_68-15_CG 
CItr 

15291 
1971 SC 

Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_762 
Cltr 

17924 
1980 SC 

Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_833 PI 601465 1984 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_9152 PI 631088 2002 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_916_CG PI 600974 1980 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_916_CS PI 600974 1980 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_916_JJ PI 600974 1980 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_9375 PI 634859 2004 AR Agripro/Syngenta Released Cultivar 

Coker_9436 PI-639242 2005 AR Agripro/Syngenta Released Cultivar 

Coker_9553 PI-643092 2006 AR Agripro/Syngenta Released Cultivar 

Coker_9663_CG PI 596345 1997 AR Northrup King Co Released Cultivar 

Coker_9766 PI 601429 1987 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_9803_CG PI 548845 1990 AR Northrup King Co Released Cultivar 

Coker_983 PI 601076 1983 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

Coker_9835_CG PI 548846 1990 AR Northrup King Co Released Cultivar 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 
Delta_King_GR910

8 
NA 2004 AR Univ. Arkansas Released Cultivar 

Dominion PI 642937 2006 VA VA Tech Released Cultivar 

Doublecrop 
Cltr 

17349 
1975 AR Univ. Arkansas Released Cultivar 

Dynasty PI 506409 1987 OH Ohio State Released Cultivar 

Elkhart PI 591626 1996 IN AgriPro Released Cultivar 

Ernie_CS PI 584525 1994 MO MO AES Released Cultivar 

FFR_544W NA 1992 IN AgriPro Released Cultivar 

FFR_555W_CG PI 560318 1991 IN VA Tech Released Cultivar 

FG95195 NA 1995 GA GA AES Breeding Line 

Flint CItr 6307 1919 GA GA AES Released Cultivar 

Foster PI 593689 1996 KY AgriPro Released Cultivar 

Freedom PI 562382 1991 OH Ohio State Released Cultivar 

Fulcaster CItr 4862 1886 MD Schindel Released Cultivar 

GA_1123 CItr 1123 1961 GA GA AES Released Cultivar 

GA00067-8E35 NA 2000 GA GA AES Breeding Line 

GA001138-8E36 NA 2000 GA GA AES Breeding Line 

GA001142-9E23 NA 2000 GA GA AES Breeding Line 

GA001170-7E26 NA 2000 GA GA AES Breeding Line 

GA011493-8E18 NA 2001 GA GA AES Breeding Line 

GA021245-9E16 NA 2002 GA GA AES Breeding Line 

GA021338-9E15 NA 2002 GA GA AES Breeding Line 

GA031238-7E34 NA 2003 GA GA AES Breeding Line 

Glacier PI 555586 1991 WI WI AES Released Cultivar 

Glory PI 592750 1992 OH Ohio State Released Cultivar 

Goldfield PI 608672 1999 IN Purdue Released Cultivar 

GR_860 PI 508288 1986 OH Ohio State Released Cultivar 

GR_942 PI 508288 1994 OH Ohio State Released Cultivar 

Hart 
CItr 

17426 
1976 PA Penn State Released Cultivar 

Harus 
AFRC-

8361 
1985 Canada Ag Canada Released Cultivar 

Holley 
CItr 

14579 
1970 GA GA AES Released Cultivar 

Hopewell_CS PI 595678 1995 OH Ohio State Released Cultivar 

Howell PI 552816 1988 IL Univ. Illinois Released Cultivar 

Hunter PI 468977 1982 SC 
Coker Pedigree Seed 

Co 
Released Cultivar 

IL00-8061 NA 2006 IL Univ. Illinois Breeding Line 

IL00-8530 NA 2008 IL Univ. Illinois Breeding Line 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

IL00-8633 NA 2006 IL Univ. Illinois Breeding Line 

IL00-8641 NA 2000 IL Univ. Illinois Breeding Line 

IL01-34159 NA 2001 IL Univ. Illinois Breeding Line 

IL02-18228 NA 2010 IL Univ. Illinois Breeding Line 

IL05-4236 NA 2005 IL Univ. Illinois Breeding Line 

IL06-13721 NA 2006 IL Univ. Illinois Breeding Line 

IL06-14262 NA 2006 IL Univ. Illinois Breeding Line 

IL06-23571 NA 2006 IL Univ. Illinois Breeding Line 

IL07-_14547 NA 2007 IL Univ. Illinois Breeding Line 

IL07-_19062 NA 2007 IL Univ. Illinois Breeding Line 

IL07-_20728 NA 2007 IL Univ. Illinois Breeding Line 

IL07-_24841 NA 2007 IL Univ. Illinois Breeding Line 

IL07-_4415 NA 2007 IL Univ. Illinois Breeding Line 

IL08-24578 NA 2008 IL Univ. Illinois Breeding Line 

IL08-8844 NA 2008 IL Univ. Illinois Breeding Line 

IL96-6472 NA 1996 IL Univ. Illinois Breeding Line 

IL97-1828 NA 1997 IL Univ. Illinois Breeding Line 

IL97-6755 NA 1997 IL Univ. Illinois Breeding Line 

INW_0101 CItr 5406 1915 IL Gillham IL Released Cultivar 

INW_0303_OHM NA 2003 IN Purdue Released Cultivar 

INW_0411 NA 2005 IN Purdue Released Cultivar 

INW0304 NA 2003 IN Purdue Released Cultivar 

INW0412 NA 2004 IN Purdue Released Cultivar 

INW0731 NA 2007 IN Purdue Released Cultivar 

INW1021 NA 2010 IN Purdue Released Cultivar 

Jackson_CS PI 591479 1993 VA VA Tech Released Cultivar 

Jamestown_CG PI 653731 2007 VA VA Tech Released Cultivar 

Kaskaskia PI 602969 1998 IL Univ. Illinois Released Cultivar 

Key 
CItr 

15928 
1976 IN Purdue Released Cultivar 

Kristy NA 2001 KY Univ. Kentucky Released Cultivar 

KY02C-1002-06 NA 2002 KY Univ. Kentucky Breeding Line 

KY02C-1043-04 NA 2002 KY Univ. Kentucky Breeding Line 

KY02C-1058-03 NA 2002 KY Univ. Kentucky Breeding Line 

KY02C-1076-07 NA 2002 KY Univ. Kentucky Breeding Line 

KY02C-1121-11 NA 2002 KY Univ. Kentucky Breeding Line 

KY02C-2215-02 NA 2002 KY Univ. Kentucky Breeding Line 

KY03C-1002-02 NA 2003 KY Univ. Kentucky Breeding Line 

KY03C-1237-39 NA 2003 KY Univ. Kentucky Breeding Line 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

KY93C-1238-17-1 NA 1993 KY Univ. Kentucky Breeding Line 

KY94C-0094-11-2 NA 1994 KY Univ. Kentucky Breeding Line 

KY97C-0321-05-2 NA 1997 KY Univ. Kentucky Breeding Line 

KY97C-0519-04-05 NA 1997 KY Univ. Kentucky Breeding Line 

LA01069D-23-4-4 NA 2001 LA Louisiana State Breeding Line 

LA0110D-150 NA 2001 LA Louisiana State Breeding Line 

LA01139D-56-1 NA 2001 LA Louisiana State Breeding Line 

LA01164D-94-2-B NA 2001 LA Louisiana State Breeding Line 

LA02015E42 NA 2002 LA Louisiana State Breeding Line 

LA02015E58 NA 2002 LA Louisiana State Breeding Line 

LA02024E12 NA 2002 LA Louisiana State Breeding Line 

LA02024E7 NA 2002 LA Louisiana State Breeding Line 

LA03012E-27 NA 2003 LA Louisiana State Breeding Line 

LA03118E117 NA 2003 LA Louisiana State Breeding Line 

LA03136E71 NA 2003 LA Louisiana State Breeding Line 

LA03148E12 NA 2003 LA Louisiana State Breeding Line 

LA03155D-P13 NA 2003 LA Louisiana State Breeding Line 

LA03161D-P1 NA 2003 LA Louisiana State Breeding Line 

LA03217D-P2 NA 2003 LA Louisiana State Breeding Line 

LA03217E2 NA 2003 LA Louisiana State Breeding Line 

LA04013D-142 NA 2004 LA Louisiana State Breeding Line 

LA04041D-10 NA 2004 LA Louisiana State Breeding Line 

LA821 NA 2010 LA Louisiana State Breeding Line 

LA841 NA 2002 LA Louisiana State Breeding Line 

LA95135 NA 1995 LA Louisiana State Breeding Line 

LA97113UC-124 NA 1997 LA Louisiana State Breeding Line 

Lewis 
CItr 

13705 
1964 MO MO AES Released Cultivar 

Madison_CG PI 547041 1990 VA VA Tech Released Cultivar 

MAGNOLIA PI 648024 2007 AR Agripro/Coker Released Cultivar 

Mallard PI 559928 1991 AR Agripro Released Cultivar 

Massey_CG 
CItr 

17953 
1981 VA VA Tech Released Cultivar 

McCormick PI 632691 2002 VA VA Tech Released Cultivar 

McNair_1813 
CItr 

15289 
1975 NC 

McNair Seed 

Company 
Released Cultivar 

McNair_701 NA NA NC 
McNair Seed 

Company 
Released Cultivar 

MD00W16-07-3 NA 2000 MD MD AES Breeding Line 

MD01W215-05-10 NA 2001 MD MD AES Breeding Line 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

MD01W233-06-1 NA 2001 MD MD AES Breeding Line 

MD01W28-08-11 NA 2001 MD MD AES Breeding Line 

MD99W460-06-31 NA 1999 MD MD AES Breeding Line 

MD99W64-05-11 NA 1999 MD MD AES Breeding Line 

Merl PI 658598 2009 VA VA Tech Released Cultivar 

Milton NA 2009 MO MO AES Released Cultivar 

Mitchell PI 619197 2001 IN AgriPro Released Cultivar 

MO_011126 NA 2001 MO MO AES Breeding Line 

MO_080104 NA 2008 MO MO AES Breeding Line 

MO_94-317_CG NA 1994 MO MO AES Breeding Line 

MO_980525 NA 1998 MO MO AES Breeding Line 

MO_980829 NA 1998 MO MO AES Breeding Line 

Moking 
CItr 

12556 
1946 KS 

Kansas State 

University 
Released Cultivar 

Monon 
CItr 

13278 
1949 IN Purdue Released Cultivar 

Mountain NA 1999 Canada Ag Canada Released Cultivar 

MPV_57_CG NA 2005 VA VA Tech Released Cultivar 

NC06-19896 NA 2006 NC NCSU Breeding Line 

NC06-20401 NA 2006 NC NCSU Breeding Line 

NC06BGTAG12 NA 2006 NC NCSU Breeding Line 

NC07-20850 NA 2007 NC NCSU Breeding Line 

NC07-22432 NA 2007 NC NCSU Breeding Line 

NC07-23880 NA 2007 NC NCSU Breeding Line 

NC07-24445 NA 2007 NC NCSU Breeding Line 

NC07-25169 NA 2007 NC NCSU Breeding Line 

NC08-21273 NA 2008 NC NCSU Breeding Line 

NC08-23089 NA 2008 NC NCSU Breeding Line 

NC08-23090 NA 2008 NC NCSU Breeding Line 

NC08-23323 NA 2008 NC NCSU Breeding Line 

NC08-23324 NA 2008 NC NCSU Breeding Line 

NC08-23383 NA 2008 NC NCSU Breeding Line 

NC08-23925 NA 2008 NC NCSU Breeding Line 

NC09BGTS16 NA 2009 NC NCSU Breeding Line 

NC09BGTUM15 NA 2009 NC NCSU Breeding Line 

NC96BGTA4 NA 1996 NC NCSU Breeding Line 

NC96BGTA5 NA 1996 NC NCSU Breeding Line 

NC96BGTA6 NA 1996 NC NCSU Breeding Line 

NC96BGTD1 NA 1996 NC NCSU Breeding Line 



 

107 

 

Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

NC96BGTD2 NA 1996 NC NCSU Breeding Line 

NC96BGTD3 NA 1996 NC NCSU Breeding Line 

NC97BGTAB10 NA 1998 NC NCSU Breeding Line 

NC97BGTAB9 NA 1998 NC NCSU Breeding Line 

NC97BGTD7 NA 1998 NC NCSU Breeding Line 

NC97BGTD8 NA 1998 NC NCSU Breeding Line 

NC99BGTAG11 NA 2000 NC NCSU Breeding Line 

NC-Cape_Fear NA 2010 NC NCSU Released Cultivar 

NC-Neuse_PM PI 633037 2003 NC NCSU Released Cultivar 

NC-Yadkin NA 2011 NC NCSU Released Cultivar 

Oakes 
CItr 

15929 
2006 AR Syngenta Released Cultivar 

Oglethorpe NA 2007 GA GA AES Released Cultivar 

P0175A1-31 NA 2001 IN Purdue Breeding Line 

P03207A1-7 NA 2003 IN Purdue Breeding Line 

P03528A1-10 NA 2003 IN Purdue Breeding Line 

P04287A1-16 NA 2004 IN Purdue Breeding Line 

P0527A1-9 NA 2005 IN Purdue Breeding Line 

P0537A1-7 NA 2005 IN Purdue Breeding Line 

P0570A1-2 NA 2005 IN Purdue Breeding Line 

P07290A1-12 NA 2007 IN Purdue Breeding Line 

P07469A1-28 NA 2007 IN Purdue Breeding Line 

P9346A1-2 NA 1993 IN Purdue Breeding Line 

P99751RA1-6 NA 1999 IN Purdue Breeding Line 

P99840C4-8 NA 1999 IN Purdue Breeding Line 

Panola NA NA NA NA Released Cultivar 

Pat PI 631446 2001 AR AR AES Released Cultivar 

Patterson PI 583825 1995 IN Purdue Released Cultivar 

Patton NA 1999 IN AgriPro Released Cultivar 

Pembroke NA 2008 KY Univ. Kentucky Released Cultivar 

Pennoll 
CItr 

12755 
1951 PA Penn State Released Cultivar 

Pike 
CItr 

17878 
1980 MO MO AES Released Cultivar 

Pioneer_2548_CG PI 532913 1988 IN Pioneer Released Cultivar 

Pioneer_2550 PI 600858 1982 IN Pioneer Released Cultivar 

Pioneer_2555_CS PI 532914 1986 IN Pioneer Released Cultivar 

Pioneer_2568 NA 1995 IN Pioneer Released Cultivar 

Pioneer_2580_CS PI 561198 1993 IN Pioneer Released Cultivar 

Pioneer_25R18 NA 1999 IN Pioneer Released Cultivar 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

Pioneer_25R37 NA 2000 IN Pioneer Released Cultivar 

Pioneer_25R47_CG NA 2002 IN Pioneer Released Cultivar 

Pioneer_25R57 NA 1996 IN Pioneer Released Cultivar 

Pioneer_25W60 NA 1998 IN Pioneer Released Cultivar 

Pioneer_2643_CS NA 1994 IN Pioneer Released Cultivar 

Pioneer_2684_CG NA 1993 IN Pioneer Released Cultivar 

Pioneer_26R15 NA 2003 IN Pioneer Released Cultivar 

Pioneer_26R31_CS NA 2004 IN Pioneer Released Cultivar 

Pioneer_26R46_CG NA 1998 IN Pioneer Released Cultivar 

Pioneer_26R61_CS NA 1998 IN Pioneer Released Cultivar 

Pioneer_S-76 
CItr 

17608 
1976 IN Pioneer Released Cultivar 

Pioneer_S-78 PI 600823 1978 IN Pioneer Released Cultivar 

Pontiac PI 573038 1993 IN AgriPro Released Cultivar 

Potomac_CG 
CItr 

15292 
1975 VA VA Tech Released Cultivar 

Progold NA 1993 MI Michigan State Released Cultivar 

RL6077 PI 250413 1979 Canada Ag Canada Released Cultivar 

Roane_CG PI 612958 1999 VA VA Tech Released Cultivar 

Roy 
CItr 

17763 
1979 NC NCSU Released Cultivar 

Rudy CItr 4873 1871 OH Rudy Released Cultivar 

Sabbe PI 614729 2000 AR AR AES Released Cultivar 

Saluda_PM PI 480474 1983 VA VA Tech Released Cultivar 

Sawyer PI 559930 1991 IN AgriPro Released Cultivar 

Scotty PI 469294 1982 IL Univ. Illinois Released Cultivar 

Severn 
CItr 

17939 
1981 MD MD AES Released Cultivar 

Shiloh NA 1995 IN AgriPro Released Cultivar 

Shirley_CG PI 656753 2008 VA VA Tech Released Cultivar 

Sisson_CG PI 617053 2000 VA VA Tech Released Cultivar 

SS_520 NA 2001 GA Southern States Released Cultivar 

SS_5205 NA 2008 GA Southern States Released Cultivar 

SS_560 NA 2002 GA Southern States Released Cultivar 

SS8641_Costa NA 2006 GA GA AES Released Cultivar 

Stacey NA NA NA NA NA 

Stoddard 
CItr 

15925 
1974 MO MO AES Released Cultivar 

Tecumseh 
CItr 

17287 
1973 MI Michigan State Released Cultivar 

Titan 
CItr 

17762 
1978 OH Ohio State Released Cultivar 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

Tribute_PM PI 632689 2002 VA VA Tech Released Cultivar 

Twain PI 506408 1986 IN AgriPro Released Cultivar 

Tyler_CG 
CItr 

17899 
1980 VA VA Tech Released Cultivar 

USG_3120 NA 2009 VA Unisouth Genetics Released Cultivar 

USG_3209_CG PI 617055 2003 VA Unisouth Genetics Released Cultivar 

USG_3295 NA NA VA Unisouth Genetics Released Cultivar 

USG_3555_CG PI 654454 2007 VA Unisouth Genetics Released Cultivar 

USG_3592 NA 2003 VA Unisouth Genetics Released Cultivar 

VA_259 NA NA VA VA Tech Released Cultivar 

VA_90 NA NA VA VA Tech Released Cultivar 

VA00W-38 NA 2000 VA VA Tech Breeding Line 

VA01W-476_CG NA 2001 VA VA Tech Breeding Line 

VA01W713 NA 2001 VA VA Tech Breeding Line 

VA03W-211 NA 2003 VA VA Tech Breeding Line 

VA03W-235 NA 2003 VA VA Tech Breeding Line 

VA05W-139 NA 2011 VA VA Tech Breeding Line 

VA05W-151 NA 2005 VA VA Tech Breeding Line 

Vigo 
CItr 

12220 
1946 IN Purdue Released Cultivar 

Wakefield_CG PI 547040 1990 VA VA Tech Released Cultivar 

Warwick NA 2003 Canada Hyland Seeds Canada Released Cultivar 

Wheeler_CG 
CItr 

17900 
1980 VA VA Tech Released Cultivar 

Wilson PI 174703 2002 France Claude Benoist Released Cultivar 

Wisdom NA 2003 Canada Hyland Seeds Canada Released Cultivar 

Wonder NA 2002 Canada Hyland Seeds Canada Released Cultivar 

Yorkwin 
CItr 

11855 
1935 NY Cornell Released Cultivar 

001169-7E15 NA 2000 GA GA AES Breeding Line 

01063-1-3-6-2-G2 NA 2001 GA GA AES Breeding Line 

011124-1-42-13 NA 2001 GA GA AES Breeding Line 

011388-8-4-5 NA 2001 GA GA AES Breeding Line 

031086-44-4-2 NA 2003 GA GA AES Breeding Line 

051336-B-B-1 NA 2005 GA GA AES Breeding Line 

071628-G3-G1-G4-

G1 
NA 2007 GA GA AES Breeding Line 

071694-G5-G5-

G1pub 
NA 2007 GA GA AES Breeding Line 

081515-G1-G2 NA 2008 GA GA AES Breeding Line 

09283-G1-G1 NA 2009 GA GA AES Breeding Line 
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Supplementary Table 3.1. cont’d. List of the 321 soft winter wheat varieties included in this 

study, as well as their year of release or selection, state from which they originated, and the 

breeding program or company which released them.  Also indicated is whether accessions are 

released varieties or experimental lines. 

11-3-10-1 NA NA GA GA AES Breeding Line 

222-22-5 NA NA GA GA AES Breeding Line 

222-2-76 NA NA GA GA AES Breeding Line 

991227-6A33 NA 1999 GA GA AES Breeding Line 

991371-6E12 NA NA GA GA AES Breeding Line 
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Supplementary Table 3.2. Adjusted means of 321 diverse soft winter wheat varieties for six 

disease traits measured across six environments.  For each environment, foliar Stagonospora 

nodorum blotch (SNB) disease severity was measured at the late milk stage of kernel development, 

and then twice afterwards (Sev2 and Sev3) at roughly five to seven day intervals.  An area under 

disease progress curve (AUDPC) was calculated using these three ratings. Additionally, modified 

severity scores (ModSev2 and ModSev3) and AUDPC (ModAUDPC) were calculated which 

placed a heavier penalty for disease progression in the upper canopy. 

Line Name Sev2 Sev3 AUDPC ModSev2 ModSev3 ModAUDPC 

Adena 89.12 96.91 934.65 62.34 108.90 688.49 

AG_2020 91.58 96.55 966.32 63.80 104.90 731.74 

AGS_2000_CG 87.94 97.46 932.17 65.52 114.90 737.36 

AGS_2010 86.58 95.37 895.14 52.34 91.90 580.63 

AGS_2020 89.67 97.00 952.59 67.61 109.90 736.61 

AGS_2026 92.67 96.37 946.67 67.34 102.90 714.44 

AGS_2031 90.30 96.37 932.03 66.43 102.90 704.56 

AGS_2035 88.12 95.64 924.79 58.43 94.90 646.97 

AGS_2060 81.49 93.82 834.95 47.25 74.90 471.17 

AGS_2485 90.94 97.55 955.39 72.61 115.90 794.74 

AGS_CL7 92.85 97.91 973.14 77.39 119.90 824.01 

ARS05-0074 91.12 97.46 981.65 77.25 114.90 847.45 

ARS05-0241 95.30 98.28 1012.41 87.89 123.90 930.91 

ARS05-0401 96.12 98.73 1005.02 96.89 128.90 992.28 

ARS05-0441 85.67 96.73 924.17 61.21 106.90 703.79 

ARS07-0046 89.39 95.28 927.49 56.57 90.90 602.05 

ARS07-0154 88.30 95.64 940.00 62.34 94.90 674.28 

ARS07-0203 90.03 95.00 922.43 55.39 87.90 591.37 

ARS07-0404 94.39 97.46 970.78 77.89 114.90 794.60 

ARS07-0525 93.03 95.09 984.61 62.89 88.90 685.70 

ARS07-0558 90.85 96.64 954.68 64.48 105.90 713.50 

ARS07-0815 92.76 98.28 972.24 77.07 123.90 850.86 

ARS07-0912 94.49 98.46 1004.26 87.07 125.90 923.66 

ARS07-1159 93.67 97.82 999.08 78.07 118.90 853.73 

ARS07-1208 88.85 97.37 946.42 67.25 113.90 746.53 

ARS07-1243 85.21 95.09 908.17 55.07 88.90 599.83 

ARS08-0111 84.67 95.46 880.80 49.34 92.90 553.48 

ARS09-435 90.85 97.18 938.05 64.11 111.90 715.62 

ARS09-776 95.85 98.73 1019.47 93.89 128.90 993.09 

Augusta 89.49 94.73 951.88 65.93 84.90 684.47 

Baldwin 89.39 96.09 938.98 64.61 99.90 695.91 

Becker_CS 90.12 97.46 958.45 73.30 114.90 796.43 

Benhur 89.49 97.09 960.19 65.75 110.90 746.75 

Blazer 92.85 98.55 986.63 86.52 126.90 912.37 

Blueboy_CS 92.76 96.46 975.19 68.48 103.90 
732.31 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

Bradford 85.03 93.64 891.15 51.25 72.90 530.28 

Brandy 87.03 95.91 899.09 55.93 97.90 604.90 

Branson 92.94 97.09 940.45 78.39 110.90 758.28 

Caldwell 85.67 96.28 905.72 57.43 101.90 634.72 

Caledonia_CS 84.76 89.91 877.79 48.25 65.49 490.53 

Cardinal 86.76 94.46 909.86 53.98 81.90 577.87 

Chancellor 85.12 93.37 864.32 52.98 85.99 550.69 

Chesapeake 90.67 97.09 946.09 62.25 110.90 695.18 

Clark 92.30 98.09 982.58 80.16 121.90 858.58 

Clemens 88.85 95.55 943.07 59.34 93.90 646.71 

Clemson_201 91.30 97.37 942.36 77.16 113.90 777.64 

Coker_47-27_NC 85.39 95.37 897.53 48.89 91.90 557.83 

Coker_65-20 87.39 95.73 896.07 61.89 103.45 623.19 

Coker_68-15_CG 91.67 97.28 951.63 72.57 112.90 776.07 

Coker_762 91.39 95.82 943.26 61.80 96.90 657.93 

Coker_833 82.03 93.73 862.94 44.80 73.90 475.28 

Coker_9152 92.49 98.00 991.75 82.25 120.90 885.80 

Coker_916_CG 89.76 96.46 936.70 60.84 103.90 667.44 

Coker_916_CS 85.39 94.64 901.18 47.34 83.90 537.08 

Coker_916_JJ 90.49 96.73 952.33 60.71 106.90 692.63 

Coker_9375 87.49 96.91 915.82 61.80 108.90 680.95 

Coker_9436 91.67 96.09 939.26 64.25 99.90 676.39 

Coker_9553 90.58 98.00 950.66 69.43 120.90 766.99 

Coker_9663_CG 85.49 95.55 900.09 50.61 93.90 573.30 

Coker_9766 88.30 96.37 900.09 61.71 102.90 619.90 

Coker_9803_CG 95.49 98.64 990.63 89.89 127.90 915.14 

Coker_983 89.76 95.55 946.06 60.21 93.90 652.81 

Coker_9835_CG 86.76 96.82 910.43 61.25 107.90 677.44 

Delta_King_GR9108 93.67 97.28 976.38 69.89 112.90 749.72 

Dominion 93.85 96.82 954.15 71.89 107.90 723.52 

Doublecrop 93.76 97.73 970.28 70.89 117.90 773.49 

Dynasty 90.76 97.00 960.29 71.71 109.90 766.72 

Elkhart 87.03 97.55 913.92 65.80 115.90 729.22 

Ernie_CS 91.85 96.55 959.65 66.52 104.90 711.00 

FFR_544W 88.76 94.37 942.84 58.02 88.72 637.47 

FFR_555W_CG 87.03 96.00 911.44 56.61 98.90 628.70 

FG95195 92.58 97.46 967.74 75.07 114.90 787.08 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

Flint 84.30 95.64 897.29 54.11 94.90 591.71 

Foster 89.03 95.91 943.20 60.89 97.90 670.82 

Freedom 89.12 94.09 946.31 54.71 86.27 599.38 

Fulcaster 82.21 91.18 867.83 39.25 62.81 423.65 

GA_1123 82.94 95.28 875.39 47.52 90.90 554.84 

GA00067-8E35 92.58 97.55 972.45 74.39 115.90 801.99 

GA001138-8E36 84.85 95.55 878.53 50.34 93.90 557.78 

GA001142-9E23 90.67 97.09 960.63 70.71 110.90 770.42 

GA001170-7E26 94.12 98.18 970.07 74.89 122.90 809.53 

GA011493-8E18 88.67 95.73 935.33 57.43 95.90 622.33 

GA021245-9E16 90.67 97.09 932.75 71.25 110.90 741.41 

GA021338-9E15 80.76 94.18 865.73 47.11 79.90 521.99 

GA031238-7E34 84.12 94.91 873.53 50.52 86.90 539.73 

Glacier 85.49 95.46 904.58 55.61 92.90 620.11 

Glory 88.49 96.28 903.10 63.39 101.90 652.90 

Goldfield 85.30 94.00 918.59 54.93 76.90 587.75 

GR_860 90.67 97.00 941.98 62.25 109.90 697.17 

GR_942 86.30 92.46 913.94 49.43 76.54 551.83 

Hart 89.12 96.46 895.16 61.66 103.90 641.44 

Harus 82.76 92.91 871.55 45.34 73.08 494.48 

Holley 82.94 92.37 869.40 45.16 75.18 501.18 

Hopewell_CS 86.03 94.73 874.42 54.57 84.90 554.38 

Howell 84.30 94.73 905.10 53.89 84.90 596.54 

Hunter 94.03 97.82 971.31 81.98 118.90 832.04 

IL00-8061 87.21 95.28 932.25 58.16 90.90 643.30 

IL00-8530 90.58 97.09 947.61 69.89 110.90 758.55 

IL00-8633 92.67 96.91 960.74 67.21 108.90 736.06 

IL00-8641 91.39 98.37 966.06 78.16 124.90 841.31 

IL01-34159 86.03 92.73 909.71 53.98 79.27 590.57 

IL02-18228 90.21 95.18 938.37 57.52 89.90 626.54 

IL05-4236 88.85 97.28 953.00 60.57 112.90 724.82 

IL06-13721 90.39 97.09 948.07 67.71 110.90 750.79 

IL06-14262 84.03 94.18 887.39 48.75 78.90 540.57 

IL06-23571 86.03 95.64 888.81 54.84 94.90 597.29 

IL07-_14547 93.39 96.37 985.83 66.89 102.90 731.11 

IL07-_19062 84.03 92.18 875.23 49.89 81.45 542.29 

IL07-_20728 84.85 94.73 899.87 49.21 84.90 546.15 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

IL07-_24841 88.58 95.37 940.49 56.34 91.90 637.01 

IL07-_4415 82.30 93.91 892.69 49.75 92.81 594.12 

IL08-24578 90.76 96.00 942.74 62.57 98.90 670.11 

IL08-8844 92.76 96.82 971.92 68.25 107.90 748.47 

IL96-6472 90.76 96.82 955.56 63.25 107.90 729.49 

IL97-1828 86.76 94.91 907.09 54.30 86.90 572.66 

IL97-6755 91.58 97.00 930.32 71.89 117.81 748.93 

INW_0101 88.67 95.64 918.88 57.07 94.90 626.61 

INW_0303_OHM 85.76 95.73 898.70 51.80 95.90 595.95 

INW_0411 86.39 96.55 930.91 61.25 104.90 704.10 

INW0304 92.67 96.37 974.40 67.21 102.90 725.53 

INW0412 85.03 93.91 863.28 43.84 75.90 477.66 

INW0731 88.39 95.37 933.74 54.07 91.90 624.07 

INW1021 88.94 95.73 935.42 59.93 95.90 654.09 

Jackson_CS 91.21 97.37 948.42 68.25 113.90 732.32 

Jamestown_CG 95.39 98.55 989.84 88.89 126.90 913.96 

Kaskaskia 87.94 95.46 908.85 56.25 92.90 606.85 

Key 85.21 92.46 901.74 46.71 68.08 499.31 

Kristy 92.12 97.46 973.64 69.66 114.90 764.71 

KY02C-1002-06 90.12 97.09 928.02 56.52 110.90 656.65 

KY02C-1043-04 88.03 95.82 915.00 58.98 96.90 633.74 

KY02C-1058-03 87.21 95.91 913.67 60.11 97.90 652.30 

KY02C-1076-07 88.94 97.00 915.44 66.71 109.90 699.90 

KY02C-1121-11 92.67 97.09 959.80 67.52 110.90 730.86 

KY02C-2215-02 86.85 95.46 907.98 54.89 92.90 592.95 

KY03C-1002-02 91.21 97.82 952.40 76.61 118.90 805.19 

KY03C-1237-39 85.21 97.09 909.63 63.75 110.90 697.90 

KY93C-1238-17-1 86.39 94.82 894.00 56.71 94.27 603.57 

KY94C-0094-11-2 89.49 95.00 938.20 57.34 87.90 616.99 

KY97C-0321-05-2 84.39 93.00 871.66 53.48 82.27 561.16 

KY97C-0519-04-05 88.03 95.00 893.22 50.34 87.90 541.89 

LA01069D-23-4-4 91.58 98.28 963.40 80.43 123.90 861.51 

LA0110D-150 89.85 97.64 946.62 69.89 116.90 763.19 

LA01139D-56-1 93.85 98.28 987.53 80.34 123.90 855.05 

LA01164D-94-2-B 89.12 97.28 932.10 70.21 112.90 740.62 

LA02015E42 94.94 98.46 1009.00 92.34 125.90 982.17 

LA02015E58 91.85 98.00 972.01 83.71 120.90 888.27 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

LA02024E12 94.67 98.00 989.71 88.07 121.90 899.93 

LA02024E7 93.58 97.64 981.53 85.25 116.90 870.36 

LA03012E-27 94.39 98.37 987.30 86.34 124.90 906.83 

LA03118E117 91.58 96.64 973.91 73.07 105.90 768.72 

LA03136E71 90.67 97.09 943.49 70.61 110.90 757.95 

LA03148E12 86.58 96.28 906.94 60.11 101.90 648.42 

LA03155D-P13 95.12 98.18 996.53 85.89 122.90 906.71 

LA03161D-P1 89.39 96.55 909.05 65.98 104.90 652.47 

LA03217D-P2 95.39 98.37 980.61 88.89 124.90 916.54 

LA03217E2 93.12 98.37 987.93 89.11 124.90 932.76 

LA04013D-142 91.94 96.91 967.89 67.80 108.90 734.02 

LA04041D-10 94.49 98.18 986.82 89.07 122.90 924.51 

LA821 89.94 97.46 952.92 70.48 114.90 768.90 

LA841 90.49 95.73 956.06 77.02 113.27 815.08 

LA95135 86.94 96.00 923.69 55.61 98.90 625.67 

LA97113UC-124 90.85 96.37 945.32 64.71 111.08 723.93 

Lewis 91.03 96.91 951.92 74.71 108.90 768.93 

Madison_CG 90.39 97.18 935.66 67.43 111.90 724.37 

MAGNOLIA 88.76 97.73 931.59 66.75 117.90 745.47 

Mallard 89.30 95.37 940.41 55.71 91.90 615.08 

Massey_CG 90.85 97.37 969.72 64.16 113.90 742.58 

McCormick 88.85 96.09 932.16 58.89 99.90 651.82 

McNair_1813 87.85 96.46 930.15 58.80 103.90 661.50 

McNair_701 93.49 98.00 987.00 76.07 120.90 842.09 

MD00W16-07-3 92.85 98.09 986.22 76.98 121.90 839.06 

MD01W215-05-10 91.30 95.55 965.41 60.66 93.90 675.50 

MD01W233-06-1 85.76 94.73 905.32 50.57 84.90 565.32 

MD01W28-08-11 86.21 96.46 904.89 57.07 103.90 648.17 

MD99W460-06-31 91.49 97.09 930.46 62.80 110.90 686.23 

MD99W64-05-11 91.49 97.28 954.27 70.71 112.90 753.78 

Merl 87.94 96.37 912.39 59.66 102.90 663.52 

Milton 86.49 95.91 908.02 50.52 97.90 588.04 

Mitchell 93.12 97.37 985.92 72.25 113.90 790.57 

MO_011126 89.76 96.18 936.12 60.48 100.90 670.41 

MO_080104 88.76 96.37 925.79 57.80 102.90 639.99 

MO_94-317_CG 85.94 91.73 896.85 46.43 68.81 496.55 

MO_980525 87.21 95.00 908.00 58.66 87.90 604.29 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

MO_980829 88.12 97.18 926.45 66.16 111.90 722.92 

Moking 87.76 94.64 927.56 55.93 91.95 607.78 

Monon 89.30 97.46 932.69 64.16 114.90 709.23 

Mountain 82.67 91.28 872.75 46.16 72.72 491.97 

MPV_57_CG 91.39 96.55 945.62 69.89 104.90 729.96 

NC06-19896 83.12 94.73 882.02 48.43 84.90 530.11 

NC06-20401 84.03 94.82 861.35 48.43 85.90 531.60 

NC06BGTAG12 88.94 96.00 923.25 51.71 98.90 586.18 

NC07-20850 90.67 96.37 964.78 62.39 102.90 708.74 

NC07-22432 92.30 96.28 960.38 63.34 101.90 678.98 

NC07-23880 89.67 94.82 940.97 51.75 85.90 594.24 

NC07-24445 86.76 96.46 926.88 54.75 103.90 640.16 

NC07-25169 84.12 95.28 880.97 50.75 90.90 558.55 

NC08-21273 88.85 97.18 947.60 70.43 111.90 764.75 

NC08-23089 93.30 98.18 982.33 82.39 122.90 873.38 

NC08-23090 94.85 98.00 1003.25 82.89 120.90 884.43 

NC08-23323 91.76 96.09 973.03 65.80 99.90 725.01 

NC08-23324 92.12 96.37 958.49 69.52 102.90 746.61 

NC08-23383 92.58 95.91 972.65 66.34 97.90 710.46 

NC08-23925 87.21 95.64 878.67 58.48 94.90 582.94 

NC09BGTS16 84.76 94.09 864.37 48.57 85.99 525.80 

NC09BGTUM15 89.58 97.28 936.17 67.16 112.90 737.44 

NC96BGTA4 91.12 97.82 934.85 75.34 118.90 795.50 

NC96BGTA5 88.49 96.18 923.44 55.71 100.90 620.61 

NC96BGTA6 94.12 98.73 970.71 91.52 128.90 922.29 

NC96BGTD1 93.39 98.28 952.68 83.52 123.90 822.23 

NC96BGTD2 92.03 97.82 958.59 76.57 118.90 806.15 

NC96BGTD3 94.67 97.46 980.17 80.89 114.90 819.13 

NC97BGTAB10 90.76 98.28 968.77 71.21 123.90 804.86 

NC97BGTAB9 92.30 95.91 980.01 63.34 97.90 698.14 

NC97BGTD7 90.76 96.09 943.26 63.39 99.90 663.55 

NC97BGTD8 91.21 96.82 939.91 68.11 107.90 689.29 

NC99BGTAG11 92.58 97.82 954.68 82.84 118.90 829.83 

NC-Cape_Fear 90.76 96.64 954.60 62.98 105.90 687.08 

NC-Neuse_PM 83.58 95.18 894.11 44.80 89.90 541.12 

NC-Yadkin 89.30 96.09 917.08 55.98 99.90 617.39 

Oakes 87.94 96.00 912.72 57.80 98.90 616.01 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

Oglethorpe 90.39 96.91 939.30 59.16 108.90 677.05 

P0175A1-31 88.30 94.64 934.58 53.34 83.90 589.30 

P03207A1-7 88.76 96.46 945.76 58.71 103.90 694.05 

P03528A1-10 87.21 94.37 919.13 58.25 89.36 620.73 

P04287A1-16 88.21 96.64 941.09 61.89 105.90 702.20 

P0527A1-9 88.39 95.64 914.24 62.34 94.90 645.37 

P0537A1-7 88.76 96.18 931.79 58.16 100.90 645.45 

P0570A1-2 91.12 97.28 960.65 67.11 112.90 752.04 

P07290A1-12 83.94 91.91 890.33 49.39 71.27 523.40 

P07469A1-28 89.85 96.82 954.06 69.07 107.90 754.29 

P9346A1-2 88.76 97.46 916.69 59.84 114.90 677.66 

P99751RA1-6 91.39 97.09 972.94 70.16 110.90 769.61 

P99840C4-8 90.76 95.00 901.81 54.71 87.90 563.13 

Panola 94.49 97.91 974.79 78.89 119.90 834.02 

Pat 90.30 96.09 921.82 66.16 99.90 672.46 

Patterson 83.58 91.82 867.15 45.11 61.49 444.46 

Patton 91.94 96.28 948.11 67.98 101.90 695.15 

Pembroke 84.49 93.00 894.95 46.43 65.90 502.36 

Pennoll 92.39 96.82 970.05 72.80 107.90 764.02 

Pike 89.21 97.64 944.72 63.34 116.90 721.00 

Pioneer_2548_CG 87.67 97.28 941.55 64.61 112.90 736.16 

Pioneer_2550 91.76 97.18 960.27 73.30 111.90 789.39 

Pioneer_2555_CS 93.12 97.73 956.29 72.34 117.90 764.10 

Pioneer_2568 88.49 96.18 940.43 62.57 100.90 685.31 

Pioneer_2580_CS 91.58 98.18 978.51 72.25 122.90 814.08 

Pioneer_25R18 84.49 95.55 905.84 54.02 93.90 609.68 

Pioneer_25R37 84.39 92.46 858.65 54.66 93.08 563.29 

Pioneer_25R47_CG 89.03 96.28 924.58 61.02 101.90 650.34 

Pioneer_25R57 93.67 96.91 963.29 69.89 108.90 734.09 

Pioneer_25W60 88.85 97.09 947.15 68.48 110.90 764.93 

Pioneer_2643_CS 93.39 97.18 980.43 75.34 111.90 802.52 

Pioneer_2684_CG 93.21 97.73 975.12 81.43 117.90 857.43 

Pioneer_26R15 90.39 96.09 927.38 58.89 99.90 629.07 

Pioneer_26R31_CS 95.03 97.73 985.64 84.89 117.90 862.47 

Pioneer_26R46_CG 91.76 97.73 980.14 73.98 117.90 814.88 

Pioneer_26R61_CS 87.76 97.00 901.83 63.52 109.90 655.46 

Pioneer_S-76 87.49 95.73 884.36 63.02 95.90 629.67 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

Pioneer_S-78 90.39 97.64 925.19 67.43 116.90 716.59 

Pontiac 87.39 95.46 903.58 60.39 92.90 621.29 

Potomac_CG 85.03 94.73 907.29 53.34 84.90 582.10 

Progold 86.49 96.00 924.96 58.93 98.90 655.46 

RL6077 89.03 96.46 945.50 69.48 103.90 752.59 

Roane_CG 85.76 95.46 889.82 52.07 92.90 558.77 

Roy 85.21 88.64 874.46 44.25 61.63 442.78 

Rudy 83.94 92.46 875.37 40.07 68.08 435.84 

Sabbe 90.39 97.00 951.73 59.25 109.90 673.09 

Saluda_PM 94.39 98.46 985.23 86.34 125.90 893.10 

Sawyer 86.21 93.64 903.63 47.48 72.90 527.01 

Scotty 84.03 94.91 903.91 50.16 86.90 565.92 

Severn 92.39 97.73 977.69 72.52 117.90 806.01 

Shiloh 89.49 95.55 927.73 57.71 93.90 617.96 

Shirley_CG 89.03 94.55 927.75 53.25 82.90 577.48 

Sisson_CG 88.58 96.64 927.78 64.39 105.90 693.19 

SS_520 93.58 96.82 960.73 68.89 107.90 729.85 

SS_5205 93.30 97.37 976.81 75.25 113.90 824.34 

SS_560 86.85 96.28 918.71 62.98 101.90 676.85 

SS8641_Costa 85.58 94.37 879.75 47.84 80.90 507.35 

Stacey 90.03 97.18 937.77 63.57 111.90 694.53 

Stoddard 90.58 96.73 962.40 61.66 106.90 710.00 

Tecumseh 86.39 94.64 884.91 58.84 83.90 577.18 

Titan 88.03 95.91 909.54 59.02 97.90 621.26 

Tribute_PM 87.12 95.55 894.92 56.52 93.90 598.41 

Twain 91.58 97.28 969.19 72.11 112.90 778.53 

Tyler_CG 89.67 95.55 927.93 59.16 93.90 645.39 

USG_3120 90.21 96.91 922.18 65.71 108.90 690.27 

USG_3209_CG 90.58 98.09 965.72 70.25 121.90 808.32 

USG_3295 88.49 94.91 915.59 55.16 86.90 577.58 

USG_3555_CG 87.39 96.09 914.53 53.25 99.90 606.42 

USG_3592 85.12 96.09 912.27 54.21 99.90 616.33 

VA_259 89.58 95.18 911.85 58.16 89.90 589.50 

VA_90 93.21 97.28 963.97 73.07 112.90 759.13 

VA00W-38 90.21 97.00 944.24 65.98 109.90 721.99 

VA01W-476_CG 91.85 98.00 965.02 75.07 120.90 820.63 

VA01W713 91.58 98.09 957.19 79.48 121.90 840.98 
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Supplementary Table 3.2. cont’d. Adjusted means of 321 diverse soft winter wheat varieties 

for six disease traits measured across six environments.  For each environment, foliar 

Stagonospora nodorum blotch (SNB) disease severity was measured at the late milk stage of 

kernel development, and then twice afterwards (Sev2 and Sev3) at roughly five to seven day 

intervals.  An area under disease progress curve (AUDPC) was calculated using these three 

ratings. Additionally, modified severity scores (ModSev2 and ModSev3) and AUDPC 

(ModAUDPC) were calculated which placed a heavier penalty for disease progression in the 

upper canopy. 

VA03W-211 91.58 97.64 960.25 80.61 116.90 854.68 

VA03W-235 95.03 98.28 1019.04 84.89 123.90 929.00 

VA05W-139 89.39 95.55 912.12 56.61 93.90 595.77 

VA05W-151 88.49 96.73 918.25 63.89 106.90 682.28 

Vigo 83.67 94.55 863.51 46.16 82.90 507.15 

Wakefield_CG 90.49 96.55 961.35 59.98 104.90 694.41 

Warwick 82.85 94.73 881.28 47.75 84.90 538.41 

Wheeler_CG 86.67 93.73 885.96 52.07 90.36 563.58 

Wilson 91.58 97.73 938.86 71.84 117.90 770.73 

Wisdom 86.49 96.82 914.21 58.52 107.90 670.28 

Wonder 87.49 95.00 917.63 61.48 87.90 629.72 

Yorkwin 78.49 86.09 813.53 40.21 56.18 411.28 

001169-7E15 94.85 97.64 1000.41 82.89 116.90 878.81 

01063-1-3-6-2-G2 88.39 97.09 911.67 62.07 110.90 664.72 

011124-1-42-13 89.03 94.82 892.66 52.98 85.90 565.03 

011388-8-4-5 89.30 94.28 928.58 56.11 79.90 591.21 

031086-44-4-2 90.94 96.09 955.47 65.25 99.90 711.38 

051336-B-B-1 88.58 95.91 922.09 56.57 97.90 628.32 

071628-G3-G1-G4-

G1 
90.58 97.00 956.14 69.71 109.90 760.21 

071694-G5-G5-

G1pub 
93.21 97.46 975.14 81.52 114.90 841.20 

081515-G1-G2 93.39 98.09 964.22 75.34 121.90 799.96 

09283-G1-G1 87.30 97.09 921.11 67.25 110.90 730.48 

11-3-10-1 88.58 94.00 919.93 56.16 76.90 568.32 

222-22-5 83.58 95.64 894.74 53.80 94.90 597.48 

222-2-76 86.21 94.09 897.51 48.89 77.90 508.62 

991227-6A33 93.85 97.82 973.84 80.25 118.90 838.81 

991371-6E12 89.85 96.18 940.87 61.48 100.90 672.13 
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Supplementary Table 3.3. List of all markers detected as being significantly 

associated (p < 0.005) with one of six disease ratings, as well as the chromosome, 

position, and environment in which the significant association was detected. 

Marker Trait Chromosome Position Environments Detected† 

M_8307 AUDPC 1A 56.97 LW16 

M_3766 AUDPC 1A 57.95 JAM15 

M_1279 AUDPC 1A 70.70 KIN15 

M_3821 AUDPC 1A 83.02 PLY14 

M_7644 AUDPC 1A 83.02 JAM15 

M_5174 AUDPC 1A 88.08 LW16 

M_3660 AUDPC 1A 160.21 PLY17 

M_6649 ModAUDPC 1A 0.70 PLY14 

M_4466 ModAUDPC 1A 64.39 All, KIN15 

M_1990 ModAUDPC 1A 68.65 LW16 

M_6031 ModAUDPC 1A 70.70 PLY14, PLY16 

M_6751 ModAUDPC 1A 85.10 LW16 

M_4283 ModAUDPC 1A 88.08 PLY16 

M_5174 ModAUDPC 1A 88.08 LW16 

M_3660 ModAUDPC 1A 160.21 PLY17 

M_6649 ModSev2 1A 0.70 PLY14 

M_3766 ModSev2 1A 57.95 JAM15 

M_4466 ModSev2 1A 64.39 All, KIN15, JAM15 

M_1990 ModSev2 1A 68.65 LW16 

M_6751 ModSev2 1A 85.10 LW16 

M_4283 ModSev2 1A 88.08 PLY16 

M_5174 ModSev2 1A 88.08 LW16 

M_2485 ModSev2 1A 96.58 All, LW16 

M_6649 ModSev3 1A 0.70 KIN15 

M_4061 ModSev3 1A 59.59 KIN15 

M_4466 ModSev3 1A 64.39 All, KIN15 

M_5174 ModSev3 1A 88.08 LW16 

M_2485 ModSev3 1A 96.58 LW16 

M_5832 ModSev3 1A 110.77 KIN15, PLY17 

M_6649 Sev2 1A 0.70 PLY14 

M_4753 Sev2 1A 24.68 LW16 

M_3766 Sev2 1A 57.95 JAM15 

M_8394 Sev2 1A 68.65 All 

M_3882 Sev2 1A 68.98 LW16 

M_5174 Sev2 1A 88.08 LW16 

M_3660 Sev2 1A 160.21 PLY17 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_6649 Sev3 1A 0.70 KIN15 

M_1479 Sev3 1A 25.83 PLY17 

M_4061 Sev3 1A 59.59 KIN15 

M_4466 Sev3 1A 64.39 KIN15 

M_605 Sev3 1A 93.07 JAM15 

M_5832 Sev3 1A 110.77 KIN15, PLY17 

M_3631 AUDPC 1B 37.19 PLY16 

M_7977 AUDPC 1B 37.19 PLY16 

M_515 AUDPC 1B 66.51 PLY16 

M_3048 ModAUDPC 1B 37.76 JAM15 

M_4154 ModAUDPC 1B 95.80 JAM15 

M_4154 ModSev2 1B 95.80 JAM15 

M_7619 ModSev2 1B 101.09 PLY14 

M_6965 ModSev3 1B 37.19 JAM15 

M_3048 ModSev3 1B 37.76 JAM15 

M_5383 ModSev3 1B 83.70 PLY17 

M_4154 ModSev3 1B 95.80 JAM15 

M_3631 Sev2 1B 37.19 PLY16 

M_515 Sev2 1B 66.51 PLY16 

M_7619 Sev2 1B 101.09 PLY14 

M_6965 Sev3 1B 37.19 All 

M_5383 Sev3 1B 83.70 PLY17 

M_3242 AUDPC 1D 98.65 PLY17 

M_3125 ModSev2 1D 0.00 JAM15 

M_1734 ModSev2 1D 80.62 PLY14 

M_3589 AUDPC 2A 9.91 PLY14 

M_422 AUDPC 2A 9.91 All 

M_7389 AUDPC 2A 79.77 PLY16 

M_33 AUDPC 2A 116.32 JAM15 

M_3589 ModAUDPC 2A 9.91 PLY14, JAM15 

M_422 ModAUDPC 2A 9.91 LW16 

M_5068 ModAUDPC 2A 107.91 All 

M_33 ModAUDPC 2A 116.32 JAM15 

M_5068 ModSev2 2A 107.91 All, PLY17 

M_3589 ModSev3 2A 9.91 PLY14, JAM15 

M_422 ModSev3 2A 9.91 All, LW16 

M_4213 ModSev3 2A 52.44 JAM15 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_4623 ModSev3 2A 85.52 PLY16 

M_3589 Sev2 2A 9.91 PLY14 

M_4212 Sev2 2A 52.74 PLY16 

M_915 Sev2 2A 77.01 PLY16 

M_7389 Sev2 2A 79.77 PLY16 

M_33 Sev2 2A 116.32 JAM15 

M_3589 Sev3 2A 9.91 PLY14 

M_422 Sev3 2A 9.91 All 

M_200 Sev3 2A 160.16 PLY17 

M_2973 AUDPC 2B 5.74 JAM15 

M_7936 AUDPC 2B 19.44 LW16 

M_2116 AUDPC 2B 44.30 All, LW16 

M_2116 ModAUDPC 2B 44.30 All, PLY14 

M_2973 ModSev2 2B 5.74 KIN15 

M_1665 ModSev2 2B 77.53 PLY16 

M_2116 ModSev3 2B 44.30 All, PLY14 

M_2116 Sev2 2B 44.30 All, LW16 

M_1665 Sev2 2B 77.53 All, PLY16 

M_8270 Sev2 2B 210.15 PLY17 

M_6768 Sev3 2B 23.19 LW16 

M_2116 Sev3 2B 44.30 All, PLY14 

M_1665 Sev3 2B 77.53 LW16 

M_3175 Sev3 2B 208.46 PLY17 

M_1668 Sev3 2B 266.37 LW16 

M_6333 AUDPC 2D 180.86 LW16 

M_6333 ModAUDPC 2D 180.86 LW16 

M_4530 ModSev2 2D 11.50 PLY16 

M_7762 ModSev2 2D 173.84 PLY14 

M_6333 ModSev2 2D 180.86 LW16 

M_8365 ModSev2 2D 191.72 JAM15 

M_1072 ModSev3 2D 135.72 JAM15 

M_8179 ModSev3 2D 150.53 PLY17 

M_6851 ModSev3 2D 159.88 All, PLY14 

M_6333 Sev2 2D 180.86 LW16 

M_1072 Sev3 2D 135.72 JAM15 

M_8179 Sev3 2D 150.53 All 

M_6851 Sev3 2D 159.88 PLY14 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_5430 AUDPC 3A 3.93 PLY16 

M_7649 AUDPC 3A 42.82 All 

M_7022 AUDPC 3A 43.32 KIN15 

M_6306 AUDPC 3A 65.19 LW16 

M_3930 AUDPC 3A 81.14 PLY16 

M_4917 AUDPC 3A 81.14 PLY17 

M_6783 AUDPC 3A 81.44 JAM15 

M_95 AUDPC 3A 155.27 LW16 

M_7649 ModAUDPC 3A 42.82 All, KIN15, JAM15 

M_7022 ModAUDPC 3A 43.32 KIN15, JAM15 

M_2069 ModAUDPC 3A 49.52 PLY16 

M_4917 ModAUDPC 3A 81.14 PLY17 

M_717 ModSev2 3A 13.75 PLY17 

M_7649 ModSev2 3A 42.82 All, JAM15 

M_7022 ModSev2 3A 43.32 JAM15 

M_7649 ModSev3 3A 42.82 All, KIN15, JAM15 

M_7022 ModSev3 3A 43.32 PLY16, JAM15 

M_5399 ModSev3 3A 58.43 KIN15 

M_3794 ModSev3 3A 74.06 PLY17 

M_4917 ModSev3 3A 81.14 PLY17 

M_3600 ModSev3 3A 102.54 JAM15 

M_1700 ModSev3 3A 104.72 PLY14 

M_5430 Sev2 3A 3.93 PLY16 

M_717 Sev2 3A 13.75 PLY17 

M_6413 Sev2 3A 41.16 PLY14, KIN15 

M_7022 Sev2 3A 43.32 JAM15 

M_2239 Sev2 3A 58.30 PLY17 

M_3930 Sev2 3A 81.14 PLY16 

M_4917 Sev2 3A 81.14 PLY17 

M_2944 Sev2 3A 82.94 PLY16 

M_95 Sev2 3A 155.27 LW16 

M_7649 Sev3 3A 42.82 All, KIN15 

M_7022 Sev3 3A 43.32 PLY16 

M_5399 Sev3 3A 58.43 KIN15 

M_4917 Sev3 3A 81.14 PLY17 

M_1700 Sev3 3A 104.72 PLY14 

M_4624 AUDPC 3B 52.80 PLY16 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_2550 AUDPC 3B 73.83 All, LW16 

M_2613 AUDPC 3B 102.69 All, PLY17 

M_2720 AUDPC 3B 103.72 LW16 

M_1745 AUDPC 3B 142.75 All, JAM15 

M_2942 AUDPC 3B 156.51 KIN15 

M_758 ModAUDPC 3B 11.67 All, PLY14, JAM15 

M_6165 ModAUDPC 3B 71.68 All, KIN15, JAM15 

M_2550 ModAUDPC 3B 73.83 All, PLY14 

M_7225 ModAUDPC 3B 97.05 PLY14 

M_1598 ModAUDPC 3B 101.37 KIN15 

M_1745 ModAUDPC 3B 142.75 All, PLY16 

M_758 ModSev2 3B 11.67 All, PLY14, JAM15 

M_6165 ModSev2 3B 71.68 All, JAM15 

M_7225 ModSev2 3B 97.05 PLY14 

M_1332 ModSev2 3B 105.16 KIN15 

M_758 ModSev3 3B 11.67 All, LW16, JAM15 

M_6165 ModSev3 3B 71.68 All, JAM15 

M_2550 ModSev3 3B 73.83 All, PLY14 

M_7225 ModSev3 3B 97.05 KIN15 

M_6375 ModSev3 3B 121.52 PLY16 

M_1745 ModSev3 3B 142.75 All, KIN15, PLY17 

M_758 Sev2 3B 11.67 All, PLY14 

M_4624 Sev2 3B 52.80 PLY16 

M_2550 Sev2 3B 73.83 All, LW16 

M_7225 Sev2 3B 97.05 PLY14 

M_1745 Sev2 3B 142.75 All 

M_758 Sev3 3B 11.67 All, LW16 

M_6165 Sev3 3B 71.68 All 

M_2550 Sev3 3B 73.83 All, PLY14 

M_1909 Sev3 3B 84.19 PLY17 

M_7225 Sev3 3B 97.05 KIN15 

M_6375 Sev3 3B 121.52 PLY16 

M_1745 Sev3 3B 142.75 KIN15 

M_6777 ModSev3 3D 4.66 KIN15 

M_6777 Sev3 3D 4.66 KIN15 

M_5200 AUDPC 4A 113.24 PLY17 

M_4319 AUDPC 4A 140.04 LW16 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_3762 AUDPC 4A 160.99 KIN15 

M_5705 AUDPC 4A 162.61 PLY17 

M_8150 AUDPC 4A 162.61 PLY16 

M_1904 ModAUDPC 4A 151.32 PLY16 

M_7092 ModAUDPC 4A 152.21 PLY14 

M_3762 ModAUDPC 4A 160.99 All, KIN15, JAM15 

M_5705 ModAUDPC 4A 162.61 PLY17 

M_1727 ModSev2 4A 144.11 PLY14 

M_7133 ModSev2 4A 151.32 LW16 

M_3762 ModSev2 4A 160.99 JAM15 

M_7092 ModSev3 4A 152.21 PLY14 

M_110 ModSev3 4A 152.56 All, JAM15 

M_3762 ModSev3 4A 160.99 All, PLY16, KIN15, JAM15 

M_5705 ModSev3 4A 162.61 PLY17 

M_54 ModSev3 4A 192.36 LW16 

M_8389 ModSev3 4A 192.36 PLY17 

M_5200 Sev2 4A 113.24 All 

M_4319 Sev2 4A 140.04 LW16 

M_1727 Sev2 4A 144.11 PLY14 

M_5236 Sev2 4A 162.61 PLY16 

M_5705 Sev2 4A 162.61 PLY17 

M_8150 Sev2 4A 162.61 PLY16 

M_7092 Sev3 4A 152.21 PLY14 

M_110 Sev3 4A 152.56 All 

M_3762 Sev3 4A 160.99 All, PLY16, KIN15 

M_5705 Sev3 4A 162.61 PLY17 

M_3039 AUDPC 4B 85.65 All, JAM15 

M_5725 ModAUDPC 4B 65.82 PLY16 

M_3039 ModSev3 4B 85.65 JAM15 

M_506 Sev2 4B 10.92 KIN15 

M_2398 Sev2 4B 67.93 PLY16 

M_3039 Sev2 4B 85.65 All, JAM15, PLY17 

M_2754 Sev3 4B 73.47 PLY17 

M_3039 Sev3 4B 85.65 JAM15 

M_465 ModSev3 4D 47.88 LW16 

M_7789 AUDPC 5A 12.37 KIN15 

M_4391 AUDPC 5A 78.14 PLY16 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_3413 AUDPC 5A 115.26 PLY14 

M_138 AUDPC 5A 120.70 All 

M_8008 AUDPC 5A 125.17 KIN15 

M_121 AUDPC 5A 128.33 JAM15 

M_7596 AUDPC 5A 137.81 PLY14 

M_5105 AUDPC 5A 142.28 PLY14 

M_7789 ModAUDPC 5A 12.37 KIN15, JAM15 

M_2837 ModAUDPC 5A 17.23 All, JAM15 

M_6641 ModAUDPC 5A 21.19 All, PLY16 

M_5929 ModAUDPC 5A 24.97 JAM15 

M_4814 ModAUDPC 5A 60.13 PLY16 

M_3413 ModAUDPC 5A 115.26 PLY14 

M_138 ModAUDPC 5A 120.70 All, PLY17 

M_5105 ModAUDPC 5A 142.28 All, PLY14, JAM15, PLY17 

M_7789 ModSev2 5A 12.37 JAM15 

M_2837 ModSev2 5A 17.23 JAM15 

M_6641 ModSev2 5A 21.19 All, PLY17 

M_4814 ModSev2 5A 60.13 PLY16 

M_5105 ModSev2 5A 142.28 All, PLY14, JAM15, PLY17 

M_7789 ModSev3 5A 12.37 All, PLY16, JAM15 

M_2837 ModSev3 5A 17.23 KIN15 

M_6641 ModSev3 5A 21.19 All, PLY16 

M_5929 ModSev3 5A 24.97 JAM15 

M_2365 ModSev3 5A 94.73 LW16 

M_3413 ModSev3 5A 115.26 PLY14 

M_138 ModSev3 5A 120.70 All 

M_8008 ModSev3 5A 125.17 KIN15 

M_5105 ModSev3 5A 142.28 All, JAM15 

M_7865 ModSev3 5A 152.32 JAM15 

M_7789 Sev2 5A 12.37 JAM15 

M_4469 Sev2 5A 70.46 PLY14 

M_5945 Sev2 5A 78.54 JAM15 

M_5105 Sev2 5A 142.28 PLY14 

M_7789 Sev3 5A 12.37 All, PLY16 

M_2837 Sev3 5A 17.23 KIN15 

M_6641 Sev3 5A 21.19 PLY16 

M_3717 Sev3 5A 98.81 PLY17 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_3413 Sev3 5A 115.26 PLY14 

M_8008 Sev3 5A 125.17 KIN15 

M_333 Sev3 5A 150.04 PLY16 

M_7865 Sev3 5A 152.32 JAM15 

M_6416 AUDPC 5B 39.83 PLY14 

M_1443 AUDPC 5B 58.81 AllPLY17 

M_5551 AUDPC 5B 69.09 PLY17 

M_7910 AUDPC 5B 70.17 PLY16 

M_6894 AUDPC 5B 96.51 PLY16 

M_7378 AUDPC 5B 102.54 PLY16 

M_302 AUDPC 5B 147.76 All 

M_4547 AUDPC 5B 167.64 JAM15 

M_5603 AUDPC 5B 167.64 PLY17 

M_7292 AUDPC 5B 167.64 LW16 

M_332 AUDPC 5B 203.57 PLY17 

M_4416 AUDPC 5B 216.66 KIN15 

M_4726 ModAUDPC 5B 12.31 JAM15 

M_6416 ModAUDPC 5B 39.83 PLY14 

M_6894 ModAUDPC 5B 96.51 PLY16 

M_332 ModAUDPC 5B 203.57 PLY17 

M_4416 ModAUDPC 5B 216.66 KIN15, JAM15 

M_4726 ModSev2 5B 12.31 JAM15 

M_6894 ModSev2 5B 96.51 PLY16 

M_302 ModSev2 5B 147.76 PLY17 

M_4300 ModSev2 5B 165.82 PLY14 

M_5603 ModSev2 5B 167.64 PLY17 

M_332 ModSev2 5B 203.57 PLY17 

M_4416 ModSev2 5B 216.66 JAM15 

M_6416 ModSev3 5B 39.83 PLY14 

M_6024 ModSev3 5B 86.06 PLY16 

M_5670 ModSev3 5B 109.53 PLY16 

M_1444 ModSev3 5B 111.56 JAM15 

M_1446 ModSev3 5B 111.56 PLY14 

M_4016 ModSev3 5B 164.00 All 

M_332 ModSev3 5B 203.57 PLY17 

M_4416 ModSev3 5B 216.66 JAM15 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_7910 Sev2 5B 70.17 PLY16 

M_7378 Sev2 5B 102.54 PLY16 

M_1018 Sev2 5B 129.09 LW16 

M_302 Sev2 5B 147.76 AllPLY17 

M_4547 Sev2 5B 167.64 JAM15 

M_5603 Sev2 5B 167.64 PLY17 

M_6067 Sev2 5B 175.46 LW16 

M_4416 Sev2 5B 216.66 JAM15 

M_197 Sev3 5B 31.03 PLY17 

M_6416 Sev3 5B 39.83 PLY14 

M_584 Sev3 5B 54.43 PLY17 

M_4094 Sev3 5B 92.08 PLY17 

M_5670 Sev3 5B 109.53 PLY16 

M_1446 Sev3 5B 111.56 PLY14 

M_4547 Sev3 5B 167.64 JAM15 

M_332 Sev3 5B 203.57 PLY17 

M_2295 AUDPC 6A 89.87 JAM15 

M_7354 AUDPC 6A 89.87 JAM15 

M_1911 AUDPC 6A 90.20 LW16 

M_6012 AUDPC 6A 103.90 JAM15 

M_2687 ModAUDPC 6A 75.45 PLY16 

M_2295 ModAUDPC 6A 89.87 JAM15 

M_7483 ModAUDPC 6A 89.87 All 

M_1911 ModAUDPC 6A 90.20 LW16 

M_2687 ModSev2 6A 75.45 PLY16 

M_1873 ModSev2 6A 86.47 PLY16 

M_3529 ModSev2 6A 89.87 PLY16 

M_4370 ModSev2 6A 89.87 JAM15 

M_7354 ModSev2 6A 89.87 JAM15 

M_7483 ModSev2 6A 89.87 All, PLY17 

M_1911 ModSev2 6A 90.20 All, LW16 

M_6406 ModSev2 6A 126.45 PLY16 

M_1911 ModSev3 6A 90.20 All, LW16 

M_5778 ModSev3 6A 103.47 PLY16 

M_6012 ModSev3 6A 103.90 PLY17 

M_2295 Sev2 6A 89.87 JAM15 

M_5713 Sev2 6A 89.87 PLY16 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_7354 Sev2 6A 89.87 JAM15 

M_1911 Sev2 6A 90.20 LW16 

M_5480 Sev2 6A 143.36 PLY14 

M_1911 Sev3 6A 90.20 LW16 

M_5778 Sev3 6A 103.47 PLY16 

M_6704 AUDPC 6B 0.63 PLY17 

M_4745 AUDPC 6B 43.23 LW16 

M_4486 AUDPC 6B 87.66 PLY16 

M_225 AUDPC 6B 97.18 PLY16 

M_2830 AUDPC 6B 97.18 PLY17 

M_723 AUDPC 6B 102.75 JAM15 

M_6704 ModAUDPC 6B 0.63 PLY17 

M_1657 ModAUDPC 6B 38.87 KIN15 

M_4486 ModAUDPC 6B 87.66 PLY16 

M_7487 ModAUDPC 6B 97.18 All 

M_1484 ModAUDPC 6B 142.59 PLY16 

M_6704 ModSev2 6B 0.63 PLY17 

M_1657 ModSev2 6B 38.87 KIN15 

M_3677 ModSev2 6B 52.89 PLY14 

M_5225 ModSev2 6B 78.37 KIN15 

M_4486 ModSev2 6B 87.66 PLY16 

M_1263 ModSev2 6B 97.18 JAM15 

M_7487 ModSev2 6B 97.18 All, JAM15 

M_6704 ModSev3 6B 0.63 PLY17 

M_4997 ModSev3 6B 2.58 PLY16 

M_2185 ModSev3 6B 74.96 KIN15 

M_4484 ModSev3 6B 83.88 LW16 

M_4609 ModSev3 6B 97.18 PLY16 

M_3933 Sev2 6B 58.18 KIN15 

M_225 Sev2 6B 97.18 PLY16 

M_6534 Sev2 6B 101.49 PLY14 

M_723 Sev2 6B 102.75 JAM15 

M_3225 Sev2 6B 147.91 PLY14 

M_6704 Sev3 6B 0.63 PLY17 

M_4997 Sev3 6B 2.58 PLY16 

M_2185 Sev3 6B 74.96 KIN15 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_8462 Sev3 6B 90.36 PLY17 

M_1531 Sev3 6B 96.29 LW16 

M_723 Sev3 6B 102.75 JAM15 

M_8072 Sev3 6B 139.98 PLY17 

M_7490 ModSev2 6D 6.39 KIN15 

M_7187 AUDPC 7A 45.45 PLY17 

M_3778 AUDPC 7A 71.80 LW16 

M_2381 AUDPC 7A 82.34 PLY14 

M_5518 AUDPC 7A 82.34 All, KIN15 

M_6208 AUDPC 7A 82.34 All, LW16 

M_2386 AUDPC 7A 100.51 All, LW16 

M_3778 ModAUDPC 7A 71.80 LW16 

M_2381 ModAUDPC 7A 82.34 PLY14 

M_5518 ModAUDPC 7A 82.34 KIN15 

M_6208 ModAUDPC 7A 82.34 All, PLY14 

M_7430 ModAUDPC 7A 96.21 JAM15 

M_7775 ModAUDPC 7A 98.87 JAM15 

M_4601 ModAUDPC 7A 99.86 PLY17 

M_2386 ModAUDPC 7A 100.51 All, JAM15, PLY17 

M_3778 ModSev2 7A 71.80 LW16 

M_7718 ModSev2 7A 88.01 JAM15 

M_7430 ModSev2 7A 96.21 JAM15 

M_6829 ModSev2 7A 97.25 PLY14 

M_2386 ModSev2 7A 100.51 All, JAM15 

M_4234 ModSev2 7A 104.65 KIN15 

M_810 ModSev2 7A 104.86 PLY16 

M_7140 ModSev2 7A 106.23 All, KIN15 

M_6764 ModSev3 7A 70.16 PLY16 

M_3054 ModSev3 7A 79.92 KIN15, PLY17 

M_2381 ModSev3 7A 82.34 PLY14 

M_5518 ModSev3 7A 82.34 KIN15 

M_6208 ModSev3 7A 82.34 All, PLY14 

M_7430 ModSev3 7A 96.21 JAM15 

M_633 ModSev3 7A 97.58 LW16 

M_2752 ModSev3 7A 98.42 PLY16 

M_7775 ModSev3 7A 98.87 JAM15 

M_2386 ModSev3 7A 100.51 JAM15 



 

131 

 

Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_5337 Sev2 7A 5.89 PLY14 

M_3778 Sev2 7A 71.80 LW16 

M_5518 Sev2 7A 82.34 All 

M_6208 Sev2 7A 82.34 All, LW16 

M_2386 Sev2 7A 100.51 All 

M_6764 Sev3 7A 70.16 PLY16 

M_3054 Sev3 7A 79.92 KIN15, PLY17 

M_2381 Sev3 7A 82.34 PLY14 

M_5518 Sev3 7A 82.34 All, KIN15, PLY17 

M_6208 Sev3 7A 82.34 All, PLY14 

M_497 Sev3 7A 95.51 PLY17 

M_7033 AUDPC 7B 50.02 All, KIN15, JAM15 

M_6661 AUDPC 7B 52.84 PLY14 

M_3387 AUDPC 7B 132.06 PLY14 

M_2893 ModAUDPC 7B 17.07 PLY17 

M_7033 ModAUDPC 7B 50.02 KIN15 

M_6661 ModAUDPC 7B 52.84 PLY14, JAM15 

M_4150 ModAUDPC 7B 130.02 PLY16 

M_3387 ModAUDPC 7B 132.06 PLY14 

M_4593 ModAUDPC 7B 136.21 PLY17 

M_2893 ModSev2 7B 17.07 PLY17 

M_8538 ModSev2 7B 56.19 PLY16 

M_8525 ModSev3 7B 48.04 KIN15 

M_6661 ModSev3 7B 52.84 PLY14, JAM15 

M_4593 ModSev3 7B 136.21 PLY17 

M_7033 Sev2 7B 50.02 KIN15, JAM15 

M_6661 Sev2 7B 52.84 PLY14 

M_8538 Sev2 7B 56.19 PLY16 

M_4150 Sev2 7B 130.02 LW16 

M_7396 Sev3 7B 20.91 PLY17 

M_8525 Sev3 7B 48.04 KIN15 

M_7033 Sev3 7B 50.02 JAM15 

M_6661 Sev3 7B 52.84 PLY14 

M_4145 Sev3 7B 56.81 PLY16 

M_1247 AUDPC 7D 12.59 All, JAM15 

M_5557 AUDPC 7D 52.22 JAM15 

M_5557 ModAUDPC 7D 52.22 JAM15 
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Supplementary Table 3.3. cont’d. List of all markers detected as being 

significantly associated (p < 0.005) with one of six disease ratings, as well as the 

chromosome, position, and environment in which the significant association was 

detected. 

M_5557 ModSev2 7D 52.22 JAM15 

M_5557 ModSev3 7D 52.22 JAM15 

M_1247 Sev2 7D 12.59 All, KIN15, JAM15 

M_1247 Sev3 7D 12.59 JAM15 
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-CHAPTER IV-  

Association Mapping for Crown Freeze in a Diverse Collection of Winter and Spring Oats 
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Abstract 

A panel of 213 diverse oat lines assembled by the collaborative oat research enterprise (CORE) 

were evaluated in a controlled environment chamber for their tolerance to crown freezing at -9 °C.  

Significant differences were observed both between lines and across runs of the experiment, 

though an analysis of checks indicated that much of the variability between runs could be ascribed 

to the moderately freezing tolerant lines.  Approximately 1700 high quality SNPs were used for 

association analysis in a QK mixed model.  Between two and eight significant markers were 

detected depending on whether the phenotypic data set included all 213 lines or just 133 winter 

oats, and whether the data were  transformed or not.  R2 values for significant markers ranged from 

0.039 and 0.092.  One QTL was identified on linkage group Mrg20, which is thought to bear a 

copy of an oat Vrn1 gene.  QTL identified on Mrg09 which is thought to be homeologous to Mrg20 

may represent a homeologous copy of Vrn1.  The markers identified in this study may be helpful 

in screening parents and their progeny when breeding for improved freezing tolerance in oats, 

especially amongst germplasm from the Southeastern United States. 
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Introduction 

Compared to spring sown oats (Avena sativa L.), fall sown ‘winter’ oats have a longer 

growth cycle, earlier maturity, and typically produce higher grain yields.  Production of winter 

oats, however, is limited to warmer geographical regions by low levels of winter hardiness found 

in cultivated germplasm, relative to wheat (Triticum aestivum L.) and barley (Hordeum vulgare 

L.).  Key components of winter hardiness include avoidance mechanisms such as vernalization 

requirement and photoperiod sensitivity which delay production of cold sensitive flowering tissue, 

as well as physiological processes such as cold acclimation/hardening.  Crown freezing tolerance 

(CFT) is one of the most important components of oat winter hardiness (Olien, 1967) and is 

affected by multiple concurrently operating mechanisms which interact with the environment to 

prevent the formation and spread of ice (Livingston and Tuong, 2014).  For example, barriers at 

the root-crown junction prevent the spread of ice from roots during freezing events, while the 

conversion of fructans to soluble sugars helps  prevent ice formation and protect organelles within 

crown cells (Livingston et al., 2006; Livingston and Tallury, 2009; Livingston et al., 2013).  Crown 

freezing tolerance is heavily influence by cold hardening, and this potential to adapt to cold stress 

drives many of the differences observed both between different cereal species, and between 

cultivars within a species. 

Much of our current understanding of winter hardiness in cereals stems from research on 

wheat and barley.  Winter hardiness for these crops is driven largely by adaptation of flowering 

time to the environment, which is chiefly regulated through vernalization and photoperiod 

sensitivity or insensitivity. The most important genes affecting vernalization in wheat and barley 

occur on homeologous group 5 (Vrn-1 and Vrn-2) and 7 (Vrn-3) chromosomes, whereas the major 

photoperiod in/sensitivity genes occur on group 2 (Ppd-1) chromosomes (Distelfield et al., 2009).  
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Additional QTL for winter hardiness components such as CFT have also been identified and are 

often linked with vernalization or photoperiod sensitivity (Sutka and Snape, 1989; Francia et al., 

2004; Galiba et al., 2009).  In addition to directly promoting the switch from vegetative to 

reproductive growth, the Vrn-1 locus has been shown to account for a number of winter-hardiness 

QTL by initiating a regulatory cascade that down-regulates ‘cold regulated’ (COR) genes, thus 

reducing cold hardiness (Dhillon et al., 2010).   

Relatively few studies have examined the genetic origins of winter hardiness or freezing 

tolerance in oats.  One of the most important genetic regions identified thus far is the 7CS-17AL 

translocation, which occurs frequently in spring sown oats and is uncommon in winter types (Jellen 

et al., 2000; Zhou et al., 1999).  However, the translocation is present in some of the most winter 

hardy of the fall sown, winter oat cultivars, including Winter Turf, Wintok, and Norline. It has 

been consistently associated with improved crown freezing tolerance and field survival, and in 

some cases with vernalization and photoperiod sensitivity (Holland et al., 2002a; Santos et al., 

2006; Wooten et al., 2007).  A few studies have identified additional QTL with smaller effects on 

other chromosomes (Wooten et al., 2008; Wooten et al., 2009; Maloney et al., 2011). 

Attempts to improve winter hardiness in oats have been met with limited success in the last 

forty years (Livingston and Elwinger, 2005), due in part to the high degree of within plot variability 

and year to year variation in field trials (Marshall, 1965; Marshall, 1992).  Some success has been 

made in this regard by using controlled environment growth and freezing chambers to produce 

relatively consistent freezing events, allowing researchers to differentiate between progeny with 

improved crown freezing tolerance (Livingston et al., 2004).  Despite this, a lack of knowledge 

regarding the genetics governing crown freezing tolerance and winter hardiness in oats have 

hampered breeding efforts. 
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Recent developments in genetic resources such as extensive single-nucleotide 

polymorphism (SNP) assays (Huang et al., 2014; Tinker et al., 2014), physically anchored 

consensus genetic maps (Oliver et al., 2013; Chaffin et al., 2016), and improved understanding of 

population structure in global sets of oats (Fu et al., 2005; Newell et al., 2011) have opened up the 

possibility of genome wide association mapping (GWAS).  This approach has recently been used 

to identify QTL for agronomic traits, abiotic and biotic diseases, and end-use quality (Achleitner 

et al., 2008; Newell et al., 2012; Montilla-Bascon et al., 2015; Schneider et al., 2015; Foresman et 

al., 2016).  More recently GWAS was used in tandem with controlled environment chambers to 

identify frost tolerance QTL in a set of European oats (Tumino et al., 2016).  

Despite advances to our understanding of the physiology behind freezing stress, our 

knowledge of the genetic mechanisms underpinning this complex trait in oats remain limited.  

Access to a set of molecular markers linked to QTL for crown freezing tolerance could facilitate 

breeding efforts through marker assisted selection.  The goal of this research was to evaluate a 

highly diverse set of oats for crown freezing tolerance using controlled environment growth and 

freezing chambers and identify SNP markers linked to QTL conferring superior survivability 

following freezing. 
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Materials and Methods 

Plant Materials and Crown Freezing Tolerance Assessment 

 A set of 213 oat accessions from the worldwide diversity and winter oat panels of the 

Collaborative Oat Research Enterprise (CORE) were utilized in this research. One hundred and 

eleven accessions were from the winter panel which included material predominantly from the 

United Kingdom and the southern United States.  The remaining 102 accessions were composed 

of fall- and spring-sown lines selected from the diversity panel to represent the genetic diversity 

from a global collection of oats (Supplementary Table 4.1). 

 Preparation for and assessment of crown freezing tolerance were performed following the 

methods described by Livingston et al. (2005) using growth and freezing chambers at North 

Carolina State University. Briefly, seeds were sown into 20cm-long nursery tubes containing 

Fafard 2P Mix (Fafard, Inc., Anderson, SC), and watered with an alternating daily schedule of 

either deionized water or a complete nutrient solution.  A combination of T-12, 1500 ma, cool-

white fluorescent and 100 W incandescent lamps were used to illuminate the growth chambers for 

12 hours every day, producing a photosynthetic photon flux density of 300 µmol m-2s-1.  Plants 

were grown for five weeks (until approximately the five leaf stage) at 13°C for establishment and 

then 3°C for three weeks to initiate cold acclimation.  

 Following cold acclimation, plants were removed from the pots and excess soil was washed 

from roots using icy water.  After trimming the stems and roots to within 2-3cm of the crown, 

plants were place into cold, slightly moist circular sponges.  Ten plants were placed clockwise 

equidistantly around each sponge, which were then placed on steel plumbing flanges for structural 

support. Sponges were loosely wrapped in plastic bags to prevent desiccation, and ice was added 

to each bag to prevent supercooling.  For each run of the experiment, all sponges were placed 
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randomly on the same rack within a freezing chamber and held at -3°C for 72 hours to allow for 

subzero acclimation.  

 Following subzero acclimation, the temperature was dropped at a rate of 1°C per hour until 

reaching a final temperature of -9°C, where the plants were held for three hours.  The temperature 

was then raised at a rate of 2°C per hour until reaching 7°C.  Plants were removed from the sponges 

and roots trimmed to the base of the crown to decrease the chance of molding. Finally, plants were 

place in 50 cm by 30 cm plastic bins containing 5 cm deep Fafard 2P Mix and allowed to recover 

in an air conditioned greenhouse.  All ten plants from each sponge were planted into vertical 

columns within the flat, with a total of 15 sponges or 150 plants transferred to each flat.  After 

three weeks of recovery plants were visually rated on a zero to five scale with the following metric: 

a score of zero indicated complete death; a score of 1 indicated the presence of some green tissue  

but no obvious signs of growth; a score of 2 indicated some sign of either root or shoot growth; a 

score of 3 indicated both root and shoot growth; a score of 4 indicated more aggressive growth and 

tillering; a score of 5 indicated no sign of freezing damage, with plants growing quickly and 

aggressively immediately following transfer to the flats.  This scale was based on the method 

described by both Wooten et al. (2007) and Maloney et al. (2011), in which leaf tip necrosis, tiller 

number, root mass, and regrowth are considered together. 

 Due to space constraints in the growth chambers, a nested experimental design was used.  

Lines were randomly assigned to four ‘sets’, and each set was replicated four times.  The fourth 

set only contained half as many lines as the first three.  Five individual plants of each line assigned 

to a set were grown for each replication as observational units to help account for experimental 

error.  To allow comparison between the four sets of lines, six moderately freezing susceptible 

lines (Akiyutaka, Bountiful, Cherokee, Ogle, Sun II, and TX02U7176) and six moderately freezing 
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tolerant lines (Robust, LA06059SBS-84-S1, LA99016, Madison, TX07CS1584, and Winter Turf) 

were chosen based on preliminary tests (data not shown) to be included as checks in every 

replication.  

 

Phenotypic Data Analysis 

Phenotypic data were analyzed using SAS v9.4 (SAS Institute Inc., Cary, NC).  The 

UNIVARIATE procedure was used to evaluate normality and identify potential outliers.  Box Cox 

transformations (Box and Cox, 1964) were consequently performed for both the entire panel of 

213 accessions, and just the 133 winter oats after identifying the λ value producing the best 

approximation of normality. To validate experimental consistency between all replications across 

sets of lines, the GLM procedure was used to evaluate the five freezing tolerant and five susceptible 

checks.  In this case a model with lines, sets, replications nested within sets, and two-way 

interactions as random variables were used. To evaluate each of the four complete sets of lines, a 

model with replications and lines nested within sets was used.  The LSMEANS statement was used 

to generate entry least-square means for use in the association mapping.  Because no significant 

differences were observed between sets for the checks (see below), the LSMEANS generated for 

lines from different sets were considered equivalent.  Heritabilities for each of the sets of 

accessions were estimated on an entry-mean basis in SAS according to Holland et al. (2002b), with 

sets treated as environments. 

 

Genotypic Analysis and Association Mapping 

 A combination of genotyping-by-sequencing (GBS) and an Illumina Infinium assay 

(Illumina, Inc., San Diego, California) were used previously to generate SNP data (Huang et al., 
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2014; Tinker et al., 2014) for the accessions in this study, and physically anchor the markers to a 

consensus map of hexaploid oat (Oliver et al., 2013; Chaffin et al., 2016).  Genotypic data were 

obtained from the online repository for CORE data, https://triticeaetoolbox.org/oat .  A total of 

3567 SNP markers were available for the lines included in this study.  Marker filtration, evaluation 

of population structure, linkage disequilibrium (LD), and association analysis were performed 

using JMP Genomics 7 (SAS Institute Inc., Cary, NC).  Markers with a minor allele frequency less 

than 0.05 or greater than 10% missing data were removed from the data set.  To reduce type II 

experimental error and improve statistical power, markers on the same chromosome with a 

correlation equal to 0.95 were binned and represented by a single marker using the tagSNP 

function.  Linkage disequilibrium was calculated as the square of the allele frequency correlation, 

r2 (Hill and Robertson, 1968) for all pairs of loci within each linkage group.   

Association analysis were performed using a Q+K mixed model.  The Q-matrix containing 

the first five principal components was generated through principal component analysis (PCA) in 

JMP Genomics 7 with the PCA for Population Stratification function with EIGENSTRAT 

adjustment (Price et al., 2006). The K-Matrix was generated based on identity by descent using 

the Relationship Matrix function.  An experiment-wide error rate of α=0.005 was used as the 

threshold for significant marker associations.  
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Results 

Phenotypic Analysis 

 In this study, 213 oat varieties, landraces, and breeding lines were evaluated for crown 

freezing tolerance using controlled environment growth chambers.  The distribution of ratings was 

found to differ significantly from normality (Figure 4.1), with 133 lines having an adjusted mean 

rating between 0 and 1.  Seventy two of the eighty two spring type oats fell within this group, with 

only 10 spring type accessions having an adjusted mean rating greater than one. In comparison, 

seventy of the 131 winter oat accessions had adjusted mean ratings greater than one.  Because 

association mapping typically assumes a normal distribution of the response variable, Box Cox 

transformations at λ=0.4 and λ=0.5 were performed on the entire population and winter oats, 

respectively (Figure 4.2). Due to the severity of skewness among the spring oats, no acceptable 

transformation was identified.  Association mapping was performed using both transformed and 

untransformed data for the entire panel of accessions and just the winter oats. 

Analysis of the transformed data (λ= 0.4) of six freezing susceptible and six freezing 

tolerant lines included as checks did not show significant differences between the four sets to 

which lines were randomly assigned in this study, nor between the two-factor interactions of sets 

by lines, or replications nested within sets by lines (Table 4.1).  Significant differences (p < 0.001) 

were observed between the 12 checks and between the replications nested within each set.  When 

examining the transformed data for the entire panel of lines, significant differences (p < 0.05 to 

0.001) were observed both between replications, lines, and their interactions for the first three sets 

of lines (Table 4.2).  Only lines were significant (p < 0.001) in the fourth set.  The amount of 

variation (R2) explained by the model ranged from 0.4 (Set 4) to 0.59 (Set 1 and Set 2).   
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Marker Statistics 

 After filtering the initial set of 3567 SNP markers for minor allele frequency, missing data, 

and redundancy, a final set of 1715 markers was obtained.  Consensus mapping data placed these 

markers at 868 unique mapping positions.  Linkage groups ranged in size from 72.6 cM for Mrg18 

to 203 cM for Mrg21 (Table 4.3).  Though the average distance between unique mapping positions 

ranged from just 1.42 cM (Mrg01) to 6.36 cM (Mrg20), distribution of the markers was not entirely 

uniform.  Thirty eight gaps greater than 10 cM were observed on 16 of the linkage groups (data 

not shown).  The linkage group Mrg20 had a disproportionate number of gaps (7), six of which 

were between 15-25 cM in length. 

 

Population Structure and Linkage Disequilibrium 

The first five principal components generated through principal component analysis 

explained 30.4 percent of the genetic variation in this oat panel, with the following five principal 

components explaining an additional 8.9 percent.  Consequently, the first five principal 

components were used to account for population structure in the Q matrix.  The first PC divided 

accessions based on growth habit (spring vs. winter), whereas the second and third PCs spread 

accessions out according to their geographic origin (Figure 4.3). 

When examining the entire panel, intra-chromosomal LD (r2) for all linkage groups ranged 

from 0.053 (Mrg03) to 0.209 (Mrg02), with a genome-wide average of 0.087 (Table 4.3).  

Genome-wide r2 estimates declined from 0.27 at distances between 0-5cM to 0.13 at 5-10cM, 0.05 

at 10-50cM, and 0.03 at marker pair distances greater than 50cM (Figure 4.4).  The winter type 

accessions generally had lower levels of LD than the spring types, with the exception of linkage 

groups Mrg04, Mrg05, Mrg08, Mrg11, and Mrg20.  
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Association Mapping 

 Between two and eight QTL were identified through association mapping depending on 

whether the entire set of accessions were analyzed or just the winter oats, and whether or not the 

data were transformed to better fit assumptions of normality.  When using the untransformed 

phenotypic data for the entire mapping panel, eight marker associations were identified using a 

significance threshold of p < 0.001 (Table 4.4). The R2 for these loci ranged from 0.039 to 0.06.  

These markers were located on linkage groups Mrg01 (assigned as 5C), Mrg09 (assigned as 6C), 

Mrg23 (assigned as 11A), and Mrg24 (assigned as either 8A or 14D).  Two of the loci on Mrg09 

were located less than 10cM from each other, while all three loci on Mrg23 were within a 15cM 

window.  After transforming the data, six significant marker associations were identified on 

Mrg04, Mrg06, Mrg12, and Mrg23. Two of the three markers on Mrg23 were the same as those 

identified using the untransformed data.  The amount of variation explained by these loci was 

similar to the untransformed QTL, ranging from 0.039 to 0.059. 

 Only three significant marker associations were observed for the winter oat genotypes, 

alone, using either the transformed or untransformed data.  The marker ‘avgbs_200126’ at 103.8 

cM on Mrg09 and was discovered using both transformed and untransformed data.  It had an R2 

of 0.092; the highest of all the QTL identified in this study.  A different marker, ‘avgbs_216491’, 

at this same locus was identified using the untransformed whole population data.  Similarly, 

‘GMI_ES15_c2419_132’ was identified at 58.7 cM on Mrg23 using untransformed winter oat data 

and both versions of the whole population data.  This marker was just under the significance 

threshold using the transformed winter oat data.  A third QTL was found at 181 cM on Mrg20 

using the transformed oat data. 
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Discussion 

Phenotypic Assessment of Crown Freezing Tolerance 

 In order to identify QTL for crown freezing tolerance in oats, this study evaluated 213 

diverse winter and spring type accessions using controlled environment growth and freezing 

chambers.  Growth chambers have been used successfully in wheat (Karlson et al., 2002; 

Stockinger, 2009) and barley (Francia et al., 2007; Dhillon et al., 2010) to examine the mechanisms 

and genetic basis of freezing tolerance.  Additionally, the specific methodology employed in this 

study has been used in oats to identify QTL for crown freezing tolerance in various germplasm 

(Wooten et al., 2008; Maloney et al., 2011).  In this study, significant (P<0.001) differences were 

observed between genotypes for each of the four sets of accessions.  The interaction between 

genotypes and replications was not significant among the checks, but was (p<0.001) for three of 

the four sets of accessions.  This significant interaction is likely the result of increased variability 

in response to freezing stress by moderately tolerant/susceptible accessions.  Both placement 

within the freezing chamber and small differences in moisture content between sponges could have 

influenced the freezing conditions that specific oat crowns experienced.  While highly susceptible 

and tolerant crowns were killed or unaffected, respectively, these minute differences could drive 

differences in response between copies of the same moderately tolerant/susceptible accessions.  

These fluctuations coupled with the variation between replications can lead to inconsistent freezing 

damage and recovery ratings.  While controlled environment systems are potentially faster and 

more reliable than field based studies for evaluating cold and freezing tolerances, substantial 

experimental error can still occur (Fowler et al., 1993).  In situations where experimental error 

cannot be reduced, additional observations are required to improve the accuracy with which 
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experimental units are evaluated.  In this study five plants of each accessions were evaluated for 

each replication of the experiment for a total of twenty observations per genotype. 

 The range of recovery responses observed in this study did not fit a normal distribution, as 

most spring oats were killed or unable to recover following exposure of the crowns to -9°C.  While 

the winter oats had better crown freezing tolerance, the distribution was still highly right-skewed 

to the right (Figure 4.1).  It has been noted previously that identifying the freezing temperature at 

which a genotype has a 50% survival rate (LT50) more reliably separates differences among lines 

(Fowler et al., 1981), however this method requires numerous copies of each line to be evaluated 

at multiple temperatures.  Examining the LT50 was not feasible in this study due to the number of 

accessions evaluated and limitations in growth and freezing chamber space. 

 

Linkage Disequilibrium and Population Structure 

 It is important to account for the presence of population structure in genome wide 

association studies to reduce the chance of type I error.  In a recent study which examined the 

world diversity, winter, and spring oat panels from the CORE (Klos et al., 2016), fairly low levels 

of population structure were observed.  Much of the structure that was identified corresponded 

with growth habit and geographic origin and could be accounted by the first few principal 

components.  These sources of population structure within oat germplasm have been seen 

elsewhere (Achleitner et al., 2008; Newell et al., 2011), and were observed in this study as well. 

The potential accuracy with which association mapping can pinpoint causal loci depends 

in part on the level of LD present in the genome and within specific chromosomes.  Higher levels 

of LD may make it easier to identify important regions contributing to the associated trait, but 

reduce the specificity with which putative QTL are located.  While the results of principal 
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component analysis in this study were in agreement with Klos et al., greater levels of LD were 

observed here, and spring oats displayed higher levels of LD compared to winter oats.  This 

discrepancy can likely be explained by the large number of additional spring type accessions 

examined in that study which captured more of the diversity within spring oats and outweighed 

the influence of winter type accessions.  Klos et al. speculated that structural rearrangements and 

differences between winter oats and the consensus map (based primarily on spring oat maps) might 

also lead to inflated estimates of LD among winter accessions, though similar results for population 

structure and LD have been identified by others while examining global collections of oats (Newell 

et al., 2011; Asoro et al., 2013). 

Compared with the rest of the genome, five linkage groups (Mrg02, Mrg05, Mrg11, Mrg15, 

Mrg28) showed particularly high levels of LD (>0.13).  During the development of the oat 

consensus map, Chaffin et al. (2016) identified genomic regions with extensive LD which appear 

to be caused by numerous population-specific translocations and chromosomal rearrangements.  

For example, Mrg28 is thought to be the 7C-17A translocated chromosome.  Similarly, markers 

associated with Mrg15 had high levels of alternate placement with one end of Mrg11, indicating 

an additional translocation event.  In addition to creating regions of high LD, translocations may 

confound GWAS efforts by creating artificial population structure (i.e. not indicative of shared 

ancestry).  Though it is important to consider putative QTL identified in these regions cautiously, 

only one such loci was identified in this study on Mrg05 when analyzing just spring oats. 

 In regions where low LD are observed, it is important to have adequate marker saturation 

of the genome to be able to detect putative QTL.  In this study unique mapping loci (based on the 

consensus map) occurred on average every 3.3cM.  Despite this fairly dense saturation, markers 

were often clustered at loci in some regions of the chromosomes, producing gaps in other areas.  
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While these gaps rarely exceeded 10 cM, several large gaps were observed on Mrg20.  One 

significant marker association was observed on Mrg20 using transformed winter oat data.  This 

locus occurred in a region with large gaps, so it is likely that the true QTL is not being accurately 

identified. 

 

Association Mapping 

Due to the highly skewed response of accessions in this study to exposure of freezing 

temperatures at -9C, the association mapping analysis was repeated four times, using either 

transformed or untransformed versions of data from either the entire mapping panel or just the 

winter oats.  The R2 of the QTL in the study was fairly low, with the strongest accounting for only 

9.2 percent of the genetic variation.  Though only two significant loci were detected using either 

the transformed or untransformed winter oats datasets, these loci had higher R2 than those 

identified using the entire mapping panel. 

Though the genetic dissection of freezing tolerance in oats has not received the same 

attention as other cereals, some progress has been made.  The recent development of a consensus 

map (Oliver et al., 2013; Chaffin et al., 2016) has opened up the additional possibility of making 

comparisons between studies using different mapping populations.  The most important 

populations used to map components of freezing tolerance in oat include the ‘Kanota’ x ‘Ogle’ 

(KO), ‘Ogle’ x ‘TAMO 301’ (OT), and ‘Fulgum’ x ‘Norline’ maps.  One of the important genomic 

regions identified through those studies was the 7CS-17AL intergenomic translocation which 

appears to be linked to vernalization response and improved cold hardiness (Wooten et al. 2007; 

Wooten et al., 2009; Maloney et al., 2011).  This translocation is associated with the KO 3_38 

linkage group, and Mrg18 and Mrg28 from the consensus map.  Recently Nava et al. (2012) was 
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able to map primers for conserved sequences of the Vrn1 and Vrn3 genes from wheat and barley 

to the linkage groups KO 22_48_18 and KO 6, respectively, corresponding to Mrg20 and Mrg12 

in the consensus map.  These loci mapped to regions where QTL for vernalization, photoperiod 

sensitivity, and winter hardiness were identified in previous studies (Siripoonwiwat et al., 1996; 

Holland et al., 1997; Holland et al., 2002a; Tumino et al., 2016).   

Between two and eight QTL were detected in this study depending on whether the 

phenotypic data for the entire mapping panel or just winter oats was used, and whether or not the 

data was transformed to fit expectations of normality.  One QTL was detected on the putative Vrn1 

bearing linkage group Mrg20 at 181 cM.  Though this locus is roughly 30 cM from the next closest 

frost tolerance QTL described in the literature, large gaps in marker saturation on this linkage 

group likely limited the accuracy of mapping.    Another QTL was detected using three of the four 

data sets on Mrg09 at 103.8 cM.  This locus had the highest R2 (0.092) identified in this study.  

Holland et al. (2002a) identified a QTL for photoperiod sensitivity at 2cM on OT 2 which 

corresponds roughly to the 80-140 cM region of Mrg09 (Chaffin et al., 2016), placing it near the 

QTL identified in this study.  As Mrg09 is thought to be homeologous with Mr20 and Mrg21, 

these QTL may indicate the first evidence of an additional Vrn1 locus.  

A QTL at 58.7 cM on Mrg23 was also detected using three of the data sets and accounted 

for 4.9-7.3 percent of the genetic variation.  A couple of studies have identified QTL for freezing 

flowering time and crown freezing tolerance on either KO 11 or KO 11_41_20_45 (Holland et al., 

1997; Wooten et al., 2008), and Nava et al. (2012) identified QTL for vernalization on the ‘UFRGS 

881971’ x ‘Pc68/5*Starter’ linkage group 1 at positions corresponding to the QTL identified by 

Holland et al. (1997) on KO 11_41_20_45.  In a study by Wooten et al. (2009), markers 

corresponding to the KO 11 linkage group were associated in a ‘Fulgum’ x ‘Norline’ population 
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with vernalization and crown freezing tolerance.  KO 11 was incorporated into Mrg23 of the 

consensus map (corresponding to positions 25-80 cM).  A recent association mapping study using 

European winter oats identified a QTL for frost tolerance on Mrg23 at 29 cM.  Additional QTL 

were identified in this study on Mrg23 at 11, 54, and 68 cM.  While an exact comparison of QTL 

positions with the KO map is difficult, it is clear that this region consistently plays an important 

role in regulating both crown freezing tolerance and other winter hardiness component traits.  It 

may be that a cluster of genes regulating or under the influence of vernalization response are 

present on this chromosome. 

Additional QTL were detected on linkage groups Mrg01 (85 cM), Mrg04 (44 cM), Mrg06 

(52 cM), Mrg12 (53 cM), and Mrg24 (5 cM).  Tumino et al. (2016) identified frost tolerance QTL 

at 101 cM on Mrg01, and 59 cM on Mrg12.  Because these QTL were detected in both southeastern 

US and European winter oat germplasm, they may represent genetic regions that are consistently 

important for winter hardiness.  As the majority of winter oats included in this study consisted of 

elite germplasm and released lines from breeding programs in the southeast, the remaining QTL 

may represent adaptation to growing conditions in the southeastern United States.  
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Table 4.1. Analysis of variance for recovery to freezing stress by six moderately 

freezing susceptible and six freezing tolerant checks included in four sets of accessions.  

Four replications were performed for each set, with five plants of each check in every 

replication. 

Source† 
Degrees of 

Freedom 

Sum of 

Squares†† 

Mean 

Square 
F Value Pr > F 

Check 11 260.10 23.65 72 <.0001 

Set 3 9.24 3.08 1.88 0.187 

    Replication (Set) 12 19.65 1.64 4.99 <.0001 

Check x Set 33 9.76 0.30 1.42 0.102 

Checks x Replication (Set) 132 36.45 0.28 1.16 0.159 

Residual 768 235.14 0.31     

Total 959 570.34       
†Replications are nested within sets. 

†† Data were transformed prior to the analysis of variance following the BoxCox method at a lambda of 0.4 
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Table 4.2. Sums of squares and their level of significance for factors included in the analysis 

of crown freeze tolerance.  Separate analysis of variance were performed for four sets into 

which 213 oat accessions were divided. 

Source‡ Set 1†† D.F. Set 2 D.F. Set 3 D.F. Set 4 D.F. 

Lines† 364*** (65) 209*** (68) 208*** (59) 73*** (17) 

Replications 30*** (3) 23*** (3) 54*** (3) 2NS (3) 

Lines x 

Replications 
80*** (195) 62*** (204) 76* (177) 6NS (51) 

Residual Error 324 (1056) 201 (1104) 337 (960) 120 (287) 

R2 0.59  0.59  0.5  0.41  

Coefficient of 

Variation 
77.9   153   97.4   97   

Heritability (SE) 0.78 (0.03)  0.76 

(0.03) 
 0.67 

(0.05) 
 0.67 

(0.08) 
 

‡ Data were transformed prior to the analysis of variance following the BoxCox method at a lambda of 0.4 

† Significance levels for F-tests of mean squares are indicated by:  NS (p > 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 

††Separate analysis of variance were performed for each Set as Lines and Replications were nested within Sets. 
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Table 4.3. Description of the consensus map used to identify molecular markers associated with 

crown freezing tolerance in oats.  Estimates of the linkage disequilibrium (squared correlation 

coefficient) were calculated for each chromosome using either the entire panel of 213 lines, or 

just the spring or winter oats. 

Linkage 

Group† 

Chromosome
†† 

Total 

Distance 

(cM) 

Number of 

Markers 

Number of 

Unique 

Mapping 

Positions‡ 

Average 

Distance 

Between 

Mapping 

Positions 

Average 

LD (r2) for 

all 

Accessions 

Average 

LD (r2) for 

Spring 

Accessions 

Average 

LD (r2) for 

Winter 

Accessions 

Mrg01 
5C 

(conflict) 
132.5 186 

93 1.42 
0.054 0.065 0.059 

Mrg02 9D 107.5 40 22 4.89 0.209 0.244 0.156 

   Mrg03 4C or 10D 129.9 119 57 2.28 0.053 0.062 0.054 

Mrg04 18D 58.4 65 32 1.83 0.110 0.108 0.122 

Mrg05 16A or 1C 155.7 94 41 3.80 0.149 0.135 0.141 

Mrg06 14D 146.8 64 34 4.32 0.083 0.087 0.083 

Mrg08 12D 182.3 113 58 3.14 0.058 0.057 0.065 

Mrg09 6C 132.7 80 49 2.71 0.060 0.065 0.060 

Mrg11 1C 108.6 84 29 3.74 0.130 0.102 0.127 

Mrg12 13A 107.9 90 38 2.84 0.106 0.100 0.099 

Mrg13 
20D 

(conflict) 
119.2 90 

48 2.48 
0.092 0.109 0.085 

Mrg15 2C or 10D 87.2 91 32 2.73 0.160 0.181 0.138 

Mrg17 3C 114.5 127 72 1.59 0.075 0.074 0.074 

Mrg18 7C or 17A 72.6 54 35 2.07 0.061 0.073 0.057 

Mrg19 21D 77.9 39 26 3.00 0.055 0.060 0.053 

Mrg20 19A 248 89 39 6.36 0.119 0.111 0.112 

Mrg21 16A 203.4 85 50 4.07 0.078 0.083 0.072 

Mrg23 11A 110.6 52 31 3.57 0.118 0.139 0.116 

Mrg24 8A or 14D 95.3 78 38 2.51 0.120 0.086 0.130 

Mrg28 7C or 17A 89.2 43 18 4.96 0.172 0.215 0.162 

Mrg33 15A 124.9 32 25 5.00 0.069 0.065 0.058 

Genome-wide: 2605.1 1715 868 3.30 0.101 0.106 0.096 
† Merged linkage groups as designated by Oliver et al. (2013) 

†† Physical chromosome assignment determined by Oliver et al. (2013). 'Conflict' indicates conflicting evidence of alternate or inconsistent 

chromosome assignment based on data from Chaffin et al. (2016) 
‡Based on the Chaffin et al. (2016) consensus map, multiple markers were potentially places at the same mapping position. 

 

 

 

 

 

 

 



 

158 

 

Table 4.4. List of significant loci determined through association mapping using phenotypic data from either the entire population or 

just the winter oats.  The analysis was performed using untransformed data and using Box Cox transformations. 

Marker Chromosome 
Position 

(cM) 
LOD R2 

Major/ 

Minor 

Allele 

Major Allele 

Group Mean† 

No. of 

Lines 

Minor Allele 

Group Mean 

No. of 

Lines 

Whole Population - Untransformed          

avgbs_214477 Mrg01 85.7 2.46 0.055 G/C 1.09 151 0.84 62 

avgbs_66173 Mrg09 47.1 2.70 0.060 C/T 0.92 130 1.17 83 

GMI_ES03_c12087_253 Mrg09 56.6 2.34 0.053 T/C 1.00 190 1.30 23 

avgbs_216491 Mrg09 103.8 2.46 0.055 G/A 0.98 148 1.17 65 

GMI_GBS_21367 Mrg23 53.8 2.96 0.052 T/C 0.92 169 1.53 44 

GMI_ES15_c2419_132 Mrg23 58.7 3.11 0.055 T/C 0.93 176 1.62 37 

GMI_ES22_c12811_64 Mrg23 68.3 2.43 0.054 T/G 1.12 113 0.95 100 

GMI_ES14_c15338_376 Mrg24 4.9 2.31 0.039 A/G 1.50 110 0.57 103 

Whole Population - Transformed      
    

GMI_GBS_109442 Mrg04 43.9 2.32 0.052 C/T 1.27 156 0.44 57 

GMI_ES22_c1835_596 Mrg06 51.7 2.33 0.039 T/C 1.31 129 0.65 84 

avgbs_116601 Mrg12 53.5 2.65 0.059 C/A 0.96 172 1.4 41 

avgbs_225580 Mrg23 11.4 2.63 0.059 A/G 1.14 182 0.48 31 

GMI_GBS_21367 Mrg23 53.8 2.87 0.050 T/C 0.92 169 1.53 44 

GMI_ES15_c2419_132 Mrg23 58.7 2.80 0.049 T/C 0.93 176 1.63 37 

Winter Oats Only - Untransformed          

avgbs_200126 Mrg09 103.8 2.46 0.092 C/T 1.28 89 1.79 37 

GMI_ES15_c2419_132 Mrg23 58.7 2.55 0.073 T/C 1.31 103 1.97 23 

Winter Oats Only -Transformed          

avgbs_200126 Mrg09 103.8 2.46 0.092 C/T 1.28 89 1.79 37 

GMI_ES_LB_11332 Mrg20 181.2 2.41 0.068 T/C 1.61 104 0.6 22 
†Adjusted group means for all lines with either the major or minor allele for the specified molecular marker.  For loci identified using then entire set of 213 oat 

accessions, means are based on the untransformed entire set.  For signficant loci identified using only winter oats, only the untransformed winter oats were 

used to calculate group means.  Numbers in bold indicate the group with a higher recovery rating. 
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Figure 4.1. Histogram showing distribution of recovery ratings of 213 winter and spring oats 

three weeks after freezing crowns at -9C. 
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Figure 4.2. Histogram showing distribution of recovery ratings following BoxCox 

transformations of all 213 lines (lambda = 0.4) and just the 133 winter oats (lambda = 0.5). 
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Figure 4.3. Population structure of 213 winter and spring oat accessions.  The first principal 

component divided accessions based upon growth habit (winter type on the left of red 

line, spring type on the right).  The second and third principal components divided 

accessions based upon geographic origin. 
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Figure 4.4. Linkage disequilibrium decay for all 21 linkage groups based upon 1715 single 

nucleotide polymorphism markers tested on 213 diverse spring and winter oats. 

 

 

 

 

 

 

 

 

 

 

 

 

Li
n

ka
ge

 D
is

eq
u

ili
b

ri
u

m
 (

C
o

rr
 

2

Distance 
(cM)



 

163 

 

Supplementary Table 4.1. List of 213 oat accessions evaluated for response to crown freeze stress, including 

the growth habit, year in which the line was either collected or released, and the breeding program and location 

from which the accession originated. 

Line Name 
Growth 

Habit 

Year of 

Release or 

Collection 

Accession 

Number‡ 

State or 

Country of 

Origin 

Breeding Program 
Survival

† 

Survival 

(Transfo

rmed)†† 

AARRE Spring 1995 
PI 599685, 

POOL 6370 
Finland 

Boreal Plant 

Breeding Ltd. 
0.000 0.000 

AJAX Spring 1941 POOL 558 Canada 
Dominion Rust 

Research Laboratory 
0.350 0.657 

AJAY Spring 1991 
PI 537436, 

POOL 7909 
Idaho USDA 0.900 0.959 

AKIYUTAK

A 

Unknow

n 
1980 POOL 9197 Japan NARO/HARC, Japan 0.100 0.398 

ASENCAO Winter 1949 POOL 5341 Brazil USDA 0.400 0.693 

ASSINIBOIA 

S42 
Spring 2006 POOL 17710 Canada 

University of 

Saskatchewan 
0.300 0.618 

CDC BALER Spring 1999 POOL 6374 Canada 
University of 

Saskatchewan 
0.100 0.398 

BELINDA Spring 1998 POOL 7499 Sweden Svalof Weibull AB 0.000 0.000 

BIA Spring 2000 POOL 11880 Sweden Svalof Weibull AB 0.500 0.758 

BLAZE Spring 1997 
PI 602968, 

POOL 7411 
Illinois University of Illinois 0.000 0.000 

BOUDRIAS Spring 1998 POOL 3891 Canada AAFC Lacombe 0.000 0.000 

BOUNTIFUL Winter 1919 POOL 16111 
United 

Kingdom 
Cornell University 0.750 0.891 

CDC BOYER Spring 1994  Canada 
University of 

Saskatchewan 
0.000 0.000 

BUCKSKIN Spring 1999 POOL 14795 Illinois University of Illinois 0.200 0.525 

BUFFALO Winter 2003 POOL 7481 
United 

Kingdom 

University of 

Aberystwyth IBERS 
0.750 0.891 

CALIBRE Spring 1983 POOL 3522 Canada 
University of 

Saskatchewan 
0.300 0.618 

CENTENNIA

L 
Spring 1983 

PI 476810, 

POOL 6397 
Wisconsin 

University of 

Wisconsin 
0.000 0.000 

CHAPS Spring 1996 
PI 596582, 

POOL 6414 
Illinois University of Illinois 0.350 0.657 

CHERNIGO

VSKIJ27B 
Spring 1990  Russia Unknown 0.000 0.000 

CHEROKEE Spring 1948 
CIav 3846, 

POOL 5866 
Iowa Iowa State University 0.500 0.758 

CI4706-2 
Unknow

n 
Unknown POOL 21557 Unknown Unknown 0.000 0.000 

CLINTON Spring 1950 POOL 2543 Iowa USDA 0.300 0.618 

COKER227 Winter 1976 
CIav 9413, 

POOL 5460 

South 

Carolina 

Cokers Pedigreed 

Seed Co. 
0.550 0.787 

COKER234 Winter 1974 
CIav 9414, 

POOL 2223 

South 

Carolina 

Cokers Pedigreed 

Seed Co. 
0.050 0.302 

DAL Spring 1972 
PI 546035, 

POOL 3993 
Wisconsin 

University of 

Wisconsin 
0.100 0.398 

CDC 

DANCER 
Spring 2000 POOL 3956 Canada 

University of 

Saskatchewan 
0.000 0.000 
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Supplementary Table 4.1. cont.’d List of 213 oat accessions evaluated for response to crown freeze stress, 

including the growth habit, year in which the line was either collected or released, and the breeding program 

and location from which the accession originated. 

DANE Spring 1990 
PI 546467, 

POOL 4043 
Wisconsin 

University of 

Wisconsin 
0.100 0.398 

DOMINIK Winter Unknown POOL 11782 Germany 

Interessengemeinscha

ft Pflanzenzucht 

GmbH 

0.050 0.302 

DRUMMON

D 

Unknow

n 
2002 POOL 5907 

New 

Zealand 

Plant & Food 

Research, New 

Zealand 

0.000 0.000 

EXETER Spring 1941 POOL 1113 Canada 
Dominion Rust 

Research Laboratory 
0.000 0.000 

FLAEMINGS

NOVA 
Winter 1989 POOL 7603 Germany KWS SAAT SE 1.250 1.093 

FLORIDA50

1 
Winter 1967 

CIav 8226, 

POOL 6835 
Florida University of Florida 1.400 1.144 

FORD 

EARLY 

GIANT 

Spring Unknown 
CIav 3624, 

POOL 18778 
Unknown Unknown 0.300 0.618 

FREDDY Winter Unknown POOL 7550 Germany Saaten-Union GmbH 0.850 0.937 

FULGHUM Winter 1892 POOL 2533 Georgia USDA 0.700 0.867 

FURLONG Spring 2000 POOL 7150 Canada AAFC Brandon 0.500 0.758 

GEHL Spring 2002 POOL 13076 Canada AAFC Ottawa 0.150 0.468 

GEM Spring 1996 
PI 596804, 

POOL 2661 
Wisconsin 

University of 

Wisconsin 
0.200 0.525 

GOSLIN Spring 2004 POOL 363 Canada AAFC Ottawa 0.000 0.000 

H927-1-6-1-

X-X-24 
Winter Unknown 

CIav 4575, 

POOL 18790 
Georgia University of Georgia 1.800 1.265 

HAZEL Spring 1985 
PI 498424, 

POOL 1262 
Illinois University of Illinois 0.400 0.693 

HIFI Spring 2002 
PI 633006, 

POOL 7407 

North 

Dakota 

North Dakota State 

University 
0.200 0.525 

HORIZON27

0 
Winter 2006  Louisiana 

Louisiana State 

University 
1.350 1.128 

IL86-5698-3 Spring 1992 POOL 18015 Illinois University of Illinois 0.800 0.915 

JAY Spring 1998 
PI 608673, 

POOL 6173 
Indiana Purdue University 0.200 0.525 

JERRY Spring 1994 
PI 591808, 

POOL 6627 

North 

Dakota 

North Dakota State 

University 
0.150 0.468 

KAUFMAN

N 
Spring 1998 POOL 8718 Canada AAFC Lacombe 0.200 0.525 

LANG Spring 1977 
CIav 9257, 

POOL 6618 
Illinois University of Illinois 0.550 0.787 

LUTZ Winter 1997 POOL 7491 Germany Saaten-Union GmbH 0.450 0.727 

MALDWYN Winter 1946 POOL 7922 
United 

Kingdom 

University of 

Aberystwyth IBERS 
0.000 0.000 

MAM17-5 Spring 2003 POOL 8352 Wisconsin 
University of 

Wisconsin 
0.600 0.815 

AC MARIE Spring 1995  Canada AAFC Brandon 0.050 0.302 

MATILDA Spring 2003 POOL 7369 Sweden Svalof Weibull AB 0.000 0.000 



 

165 

 

Supplementary Table 4.1 cont’d. List of 213 oat accessions evaluated for response to crown freeze stress, 

including the growth habit, year in which the line was either collected or released, and the breeding program 

and location from which the accession originated. 

MAVERICK Spring 2008 
PI 652940, 

POOL 20145 
Idaho USDA 0.000 0.000 

MELYS Winter 1982 
PI 584825, 

POOL 7515 

United 

Kingdom 

University of 

Aberystwyth IBERS 
0.000 0.000 

MF9522-523 Spring Unknown POOL 17779 
Pennsylvan

ia 
USDA 0.350 0.657 

MN811045 
Unknow

n 
Unknown  Minnesota  0.000 0.000 

MN841801-1 
Unknow

n 
Unknown  Minnesota  0.150 0.468 

AC 

MORGAN 
Spring 1999 

PI 629113, 

POOL 3946 
Canada AAFC Lacombe 0.350 0.657 

MORTLOCK Spring 1984 POOL 5016 Australia 

Australian 

Department of 

Agriculture 

1.450 1.160 

MORTON Spring 2002 
PI 633005, 

POOL 7048 

North 

Dakota 

North Dakota State 

University 
1.200 1.076 

NOBLE-2 Spring 2005 POOL 15154 Minnesota 
University of 

Minnesota 
0.050 0.302 

NOVO 

JATKOVO 
Spring Unknown 

PI 58170, 

CIav 2072, 

POOL 18781 

Russia 
University of 

Colorado Boulder 
0.150 0.468 

OA1063-8 Spring 2002 POOL 7708 Canada AAFC Ottawa 0.250 0.574 

OGLE Spring 1980 
CIav 9401, 

POOL 66 
Illinois University of Illinois 0.550 0.787 

OT380 Spring 1999 POOL 7110 Canada 
University of 

Saskatchewan 
0.350 0.657 

OT586 Spring 2005 POOL 14840 Canada Unknown 0.700 0.867 

OTANA Spring 1976 
CIav 9252, 

POOL 3990 
Idaho USDA 0.000 0.000 

CDC PACER Spring 1995 POOL 3509 Canada 
University of 

Saskatchewan 
0.200 0.525 

PG11 Spring Unknown POOL 5260 Canada AAFC Brandon 0.350 0.657 

PG16 Spring 1992 POOL 5281 Canada Unknown 0.000 0.000 

AC 

PINNACLE 
Spring 1999 POOL 3948 Canada AAFC Brandon 0.000 0.000 

PRESCOTT Spring 1999 POOL 2369 Canada AAFC Ottawa 0.000 0.000 

CDC PRO-FI Spring 2001 POOL 11872 Canada 
University of 

Saskatchewan 
0.150 0.468 

PROVENA Spring 1983 
PI 595902, 

POOL 7976 
Idaho USDA 0.727 0.880 

PUSA 

HYBRID G 
Spring 1984 

PI 124016, 

POOL 13221, 

CIav 3445 

India 
Indian Agricultural 

Research Institute 
0.100 0.398 

RANCH Winter 1999 POOL 6932 France Lemaire Deffontaines 2.100 1.346 

RED 

RUSTPROO

F 

Spring 1811 POOL 2537 California 
University of 

California 
0.650 0.842 

AC 

RIGODON 
Spring 1992 POOL 13 Canada AAFC Sainte-Foy 0.150 0.468 
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ROBUST Spring 2003 POOL 10803 Indiana Purdue University 3.850 1.715 

RONALD Spring 2001 POOL 3950 Canada AAFC Brandon 0.800 0.915 

SALOMON Winter 1995 POOL 7556 Germany 

Groetzner 

Pflanzenzucht GmbH 

& Co. KG 

0.100 0.398 

SANG Spring 1974 POOL 6882 Idaho NSGC Oat 0.300 0.618 

SESQUI Spring 2001 POOL 7483 Minnesota 
University of 

Minnesota 
0.950 0.980 

SHADOW Spring 2005 POOL 17318 Canada USDA 0.550 0.787 

CDC SO-I Spring 2005 POOL 14828 Canada 
University of 

Saskatchewan 
0.750 0.891 

CDC SOL-FI Spring 1998 POOL 9182 Canada 
University of 

Saskatchewan 
0.700 0.867 

STOUT Spring 1973 
CIav 9195, 

POOL 5406 
Indiana Purdue University 0.600 0.815 

SUN II-1 Spring 2000 POOL 18075 Minnesota 
University of 

Minnesota 
0.600 0.815 

SW 

BETANIA 
Spring 1999 POOL 13727 Sweden Svalof Weibull AB 0.600 0.815 

TAMO397 Winter 2001 POOL 8068 Texas 
Texas A&M 

University 
0.250 0.574 

TRIPLE 

CROWN 
Spring 1997 POOL 3518 Sweden Svalof Weibull AB 0.000 0.000 

TROY Spring 1998 
PI 548769, 

POOL 8038 

South 

Dakota 

South Dakota State 

University 
0.000 0.000 

UFRGS8 Winter Unknown POOL 8069 Brazil UFRGS, Brazil 0.850 0.937 

UFRGS88 

1971 
Winter Unknown POOL 8064 Brazil UFRGS, Brazil 0.000 0.000 

UFRGS93 

0605 
Winter Unknown POOL 8070 Brazil UFRGS, Brazil 0.000 0.000 

UKRAINE 

RESELECTI

ON 

Winter 1953 POOL 7449 Ukraine Iowa State University 0.500 0.758 

URANO Winter Unknown POOL 11683 Chile 

Instituto de 

Investigaciones 

Agropecuarias 

0.550 0.787 

VICTORIA Winter 1920 POOL 106 Argentina USDA 0.300 0.618 

VISTA Spring 1999 
PI 614661, 

POOL 6376 
Wisconsin 

University of 

Wisconsin 
1.200 1.076 

WAOAT2132 Spring Unknown POOL 18756 Australia 

Australian 

Department of 

Agriculture 

0.750 0.891 

Z615-4 Spring 2005 POOL 16467 Canada AAFC Ottawa 2.600 1.466 

833-99AB118 Winter Unknown POOL 21234 Louisiana Unknown 1.900 1.293 

AURORA Spring 1914 
CIav 831, 

POOL 5508 
Mississippi USDA 0.000 0.000 

BROOKS 
Facultati

ve 
1978 

CIav 9260, 

POOL 6765 

North 

Carolina 

North Carolina State 

University 
3.250 1.602 
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CEIRCH DU 

BACH 
Winter 1928 

CIav 2771, 

POOL 2602 

United 

Kingdom 

University of 

Aberystwyth IBERS 
2.550 1.454 

CI7035-1 Winter 1952 POOL 21558 Argentina USDA 1.200 1.076 

COKER242 Spring 1993 
CIav 7927, 

POOL 12822 

South 

Carolina 

Cokers Pedigreed 

Seed Co. 
3.250 1.602 

COKER716 Spring 1979 
CIav 9418, 

POOL 9358 

South 

Carolina 

Cokers Pedigreed 

Seed Co. 
1.650 1.222 

COLBERSO

N 
Winter Unknown POOL 20916 

North 

Carolina 

North Carolina State 

University 
1.250 1.093 

CORONDO Winter Unknown POOL 20917 
North 

Carolina 

North Carolina State 

University 
0.650 0.842 

DELAIR Spring 1949 
CIav 4653, 

POOL 5500 
Florida USDA 2.150 1.358 

DESOTO Winter 1942 
CIav 3923, 

POOL 3938 
Arkansas USDA 0.850 0.937 

FL0047-J9 Winter 2003 POOL 21236 Florida University of Florida 2.350 1.407 

FL0115-J2 Winter 2001 POOL 21237 Florida University of Florida 2.600 1.466 

FL0238BSB-

22 
Winter 2007 POOL 21238 Florida University of Florida 0.450 0.727 

FL03001BSB

-S7 
Winter 2003 POOL 21239 Florida University of Florida 0.150 0.468 

FL03053-

S06-15-B-

S1B 

Winter 2003 POOL 21240 Florida University of Florida 0.600 0.815 

FL03129-

AB7 
Winter 2003 POOL 21241 Florida University of Florida 1.650 1.222 

FL03146BSB

-S1-B-S1 
Winter 2003 POOL 21242 Florida University of Florida 1.350 1.128 

FL03167BSB

-147 
Winter 2003 POOL 21244 Florida University of Florida 1.100 1.039 

FL03167BSB

S-3 
Winter 2003 POOL 21245 Florida University of Florida 2.600 1.466 

FL03184-

FLID-B-S1 
Winter 2003 POOL 21246 Florida University of Florida 0.700 0.867 

FL04155-

S06-31-B-S1 
Winter 2004 POOL 21247 Florida University of Florida 0.200 0.525 

FL04178-

FLID-B-S-2 
Winter 2004 POOL 21248 Florida University of Florida 0.650 0.842 

FL99084-J2 Winter 1999 POOL 21249 Florida University of Florida 1.700 1.236 

FL99153FBS

-45-1-B-S-B-

S1-B-S1 

Winter 1999 POOL 21250 Florida University of Florida 0.000 0.000 

FL99212-D6 Winter 1999 POOL 21251 Florida University of Florida 1.950 1.306 

FLORIDA16

7 
Spring 1936 

CIav 4320, 

POOL 5174 
Florida University of Florida 2.500 1.443 

FLORIDA50

0 
Spring 1965 

CIav 8023, 

POOL 6477 
Florida University of Florida 0.200 0.525 

FLORILAND Spring 1952 
CIav 6588, 

POOL 9725 
Florida University of Florida 2.200 1.371 
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FULGRAIN Winter 1937 POOL 5921 
South 

Carolina 

Cokers Pedigreed 

Seed Co. 
3.650 1.678 

HARRISON Winter 2003 POOL 19427 Arkansas Unknown 0.950 0.980 

HORIZON 

LA976 
Winter 2008  Louisiana 

Louisiana State 

University 
2.500 1.443 

LA03040SBS

BSB-83 
Winter 2003 POOL 21258 Louisiana 

Louisiana State 

University 
2.300 1.395 

LA02012-S-

B-139-S2-B-

S2-B-S2 

Winter 2002 POOL 21252 Louisiana 
Louisiana State 

University 
0.450 0.727 

LA02035-I-J1 Winter 2002 POOL 21253 Louisiana 
Louisiana State 

University 
1.100 1.039 

LA0210SBS

BSBSB-S1 
Winter 2002 POOL 21254 Louisiana 

Louisiana State 

University 
0.800 0.915 

LA03012SBS

BSB-12 
Winter 2003 POOL 21255 Louisiana 

Louisiana State 

University 
1.200 1.076 

LA03012SBS

BSB-61 
Winter 2003 POOL 21256 Louisiana 

Louisiana State 

University 
1.250 1.093 

LA03018SBS

BSB-65-S1 
Winter 2003 POOL 21257 Louisiana 

Louisiana State 

University 
1.800 1.265 

LA03046SBS

7-B-S1 
Winter 2003 POOL 21259 Louisiana 

Louisiana State 

University 
0.850 0.937 

LA03060SBS

BSB-S1 
Winter 2003 POOL 21260 Louisiana 

Louisiana State 

University 
2.050 1.333 

LA03063SBS

BSB-6 
Winter 2003 POOL 21261 Louisiana 

Louisiana State 

University 
0.750 0.891 

LA03063SBS

BSB-S4 
Winter 2003 POOL 21227 Louisiana 

Louisiana State 

University 
0.600 0.815 

LA03066SBS

-L1 
Winter 2003 POOL 21262 Louisiana 

Louisiana State 

University 
4.000 1.741 

LA04004SBS

B-121 
Winter 2004 POOL 21263 Louisiana 

Louisiana State 

University 
4.100 1.758 

LA04004SBS

B-61-B-S1 
Winter 2004 POOL 21264 Louisiana 

Louisiana State 

University 
2.400 1.419 

LA04014SBS

B-39 
Winter 2004 POOL 21265 Louisiana 

Louisiana State 

University 
0.800 0.915 

LA04018SBS

B-181 
Winter 2004 POOL 21266 Louisiana 

Louisiana State 

University 
0.650 0.842 

LA04018SBS

B-86 
Winter 2004 POOL 21267 Louisiana 

Louisiana State 

University 
3.300 1.612 

LA05006GS

BS-7-S1 
Winter 2005 POOL 21268 Louisiana 

Louisiana State 

University 
2.400 1.419 

LA06058SBS

-32-S1 
Winter 2006 POOL 21269 Louisiana 

Louisiana State 

University 
2.750 1.499 

LA06059SBS

-84-S1 
Winter 2006 POOL 21270 Louisiana 

Louisiana State 

University 
3.500 1.651 

LA604 Winter 2006 POOL 21231 Louisiana 
Louisiana State 

University 
1.600 1.207 

LA97006GS

B-59-2-4-

SBS1 

Winter 1997 POOL 21222 Louisiana 
Louisiana State 

University 
2.300 1.395 
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LA99016 Winter 2014 POOL 21232 Louisiana 
Louisiana State 

University 
3.900 1.724 

LA99017 Winter 2014 POOL 21233 Louisiana 
Louisiana State 

University 
0.000 0.000 

LANDHAFE

R 
Winter 1938 POOL 2559 Algeria USDA 2.800 1.510 

LEE Winter 1927 POOL 5507 Virginia USDA 1.600 1.207 

OSAGE Winter 1955 
CIav 3991, 

POOL 607 
Kansas USDA 2.850 1.520 

MADISON Winter 1982 
CIav 9404, 

POOL 8033 

North 

Carolina 

North Carolina State 

University 
4.150 1.767 

OZARK Winter 1989 POOL 6757 Arkansas 
University of 

Arkansas 
2.050 1.333 

PIONEER Winter 1940 
CIav 3427, 

POOL 10585 
New Jersey Rutgers University 0.000 0.000 

QUINCY 

GREY 
Winter 1940 

CIav 4078, 

POOL 10591 
Florida 

Cokers Pedigreed 

Seed Co. 
1.000 1.000 

RED 

ALGERIAN 
Winter 1918 POOL 2548 Algeria USDA 1.100 1.039 

SANTA FE Winter 1945 POOL 5347 Argentina USDA 1.250 1.093 

SECRETARI

AT LA495 
Winter 1996 

POOL 12808, 

PI 604674 
Louisiana 

Louisiana State 

University 
1.300 1.111 

SIMPSON Winter 1983 
PI 494755, 

POOL 9758 

South 

Carolina 
Clemson University 0.000 0.000 

SUREGRAIN Spring 1957 
CIav 7155, 

POOL 5448 

South 

Carolina 

Cokers Pedigreed 

Seed Co. 
0.150 0.468 

TIFT Spring 1940 
CIav 3526, 

POOL 20918 
Georgia USDA 0.500 0.758 

TRISPARINI

A 
Winter 1953 POOL 20915 Romania 

North Carolina State 

University 
0.000 0.000 

TROPHY Winter 2006 POOL 20740 Louisiana SUNGRAINS 0.650 0.842 

TX02U7029 Winter 2002 POOL 21352 Texas 
Texas A&M 

University 
2.400 1.419 

TX02U7047 Winter 2002 POOL 21353 Texas 
Texas A&M 

University 
0.700 0.867 

TX02U7065 Winter 2002 POOL 21354 Texas 
Texas A&M 

University 
0.900 0.959 

TX02U7097 Winter 2002 POOL 21355 Texas 
Texas A&M 

University 
1.350 1.128 

TX02U7103 Winter 2002 POOL 21356 Texas 
Texas A&M 

University 
2.800 1.510 

TX02U7104 Winter 2002 POOL 21357 Texas 
Texas A&M 

University 
2.600 1.466 

TX02U7176 Winter 2002 POOL 21358 Texas 
Texas A&M 

University 
1.700 1.236 

TX02U7181 Winter 2002 POOL 21359 Texas 
Texas A&M 

University 
3.050 1.562 

TX02U7219 Winter 2002 POOL 21360 Texas 
Texas A&M 

University 
2.050 1.333 

TX02U7227 Winter 2002 POOL 21361 Texas 
Texas A&M 

University 
0.800 0.915 
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TX02U7325 Winter 2002 POOL 21363 Texas 
Texas A&M 

University 
0.650 0.842 

TX02U7443 Winter 2002 POOL 21364 Texas 
Texas A&M 

University 
0.250 0.574 

TX02U7473 Winter 2002 POOL 21365 Texas 
Texas A&M 

University 
2.300 1.395 

TX02U7479 Winter 2002 POOL 21366 Texas 
Texas A&M 

University 
0.300 0.618 

TX02U7490 Winter 2002 POOL 21367 Texas 
Texas A&M 

University 
0.200 0.525 

TX02U7605 Winter 2002 POOL 21369 Texas 
Texas A&M 

University 
2.600 1.466 

TX02U7651 Winter 2002 POOL 21370 Texas 
Texas A&M 

University 
1.650 1.222 

TX02U7682 Winter 2002 POOL 21371 Texas 
Texas A&M 

University 
2.300 1.395 

TX05CS347-

2 
Winter 2005 POOL 21373 Texas 

Texas A&M 

University 
3.450 1.641 

TX05CS542 Winter 2005 POOL 21374 Texas 
Texas A&M 

University 
1.450 1.160 

TX05CS556 Winter 2005 POOL 21375 Texas 
Texas A&M 

University 
2.900 1.531 

TX07CS1805 Winter 2007 POOL 21382 Texas 
Texas A&M 

University 
2.000 1.320 

TX07CS1832 Winter 2007 POOL 21383 Texas 
Texas A&M 

University 
1.900 1.293 

TX07CS1948 Winter 2007 POOL 21384 Texas 
Texas A&M 

University 
2.550 1.454 

TX07CS1965 Winter 2007 POOL 21385 Texas 
Texas A&M 

University 
2.300 1.395 

TX07CS1997 Winter 2007 POOL 21386 Texas 
Texas A&M 

University 
2.550 1.454 

TX07CS2001 Winter 2007 POOL 21387 Texas 
Texas A&M 

University 
3.700 1.688 

TX07CS2765 Winter 2007 POOL 21393 Texas 
Texas A&M 

University 
0.900 0.959 

TX07CS2795 Winter 2007 POOL 21394 Texas 
Texas A&M 

University 
0.100 0.398 

UFRGS07702

6-2 
Winter Unknown POOL 21285 Brazil UFRGS, Brazil 1.400 1.144 

UFRGS08702

3-5 
Winter Unknown POOL 21286 Brazil UFRGS, Brazil 0.550 0.787 

UFRGS08715

7-3 
Winter Unknown POOL 21288 Brazil UFRGS, Brazil 0.250 0.574 

UPF95H900-

10 
Winter 1995 POOL 21289 Louisiana 

Louisiana State 

University 
0.250 0.574 

UPF97H300-

2-11 
Winter 1997 POOL 21290 Louisiana 

Louisiana State 

University 
0.000 0.000 

UPF98H2000

-4 
Winter 1998 POOL 21291 Louisiana 

Louisiana State 

University 
0.100 0.398 
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UPFA20TEI

XEIRINHA 
Winter 2002 POOL 12055 Brazil 

Universidade de 

Passo Fundo 
2.700 1.488 

UPFA22TEM

PRANA 
Winter Unknown POOL 12056 Brazil UFRGS, Brazil 1.850 1.279 

URS-21 Winter Unknown POOL 12058 Brazil UFRGS, Brazil 0.350 0.657 

WINTER 

FULGHUM 
Mixed 1920 

CIav 2500, 

POOL 6683 
Virginia USDA 1.250 1.093 

WINTER 

TURF 
Winter 1764 POOL 5510 

United 

Kingdom 
Unknown 3.750 1.697 

‡ Plant Introduction (PI); Cereal Investigation of Avena (CIav), Pedigrees of Oat Lines (POOL) 

† Adjusted means for recovery three weeks after exposure of crown to -9C. Means are based off of four replications with five 
observations per replication. 

††Adjusted mean of recovery following transformation to improve normality. A BoxCox transformation using lambda = 0.4 was 

performed. 

 

 


