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ABSTRACT

Seed dormancy is the delay or inability of vialdeds to germinate under favorable
conditions. The differential expression of dormafteels in barleylordeum vulgard..) seeds
impacts malt quality. While dormant genotypesragired to avoid the incidence of
preharvest-sprouting, genotypes with low dormaneyneeded for uniform germination of seeds
during malting. The objective of this study waslegiermine the genetic basis underlying seed
dormancy in spring barley using genome-wide astiocianapping (AM) and linkage mapping.
A panel of 3,072 elite U.S. spring barley breedings from eight breeding programs
participating in the USDA-NIFA Barley Coordinatedyécultural Project and 193,fderived
doubled-haploid lines from the cross ‘Stander’/bist’ were used to map QTL controlling seed
dormancy. The AM panel and the doubled-haploidutettpon were genotyped with SNP
markers using the lllumina Golden Gate assay. Foxed linear models that controlled
population structure and kinship were used forANeanalyses, while composite interval
mapping was used for the analysis of the biparga@pllation. Our results confirmed the
existence of marker-trait associations delineativ@ QTL regions in the long arm of
chromosome 5H (5HL) using the AM panel, and a lafiect QTL in the same region using the
biparental population. The locations and effecthebe marker-trait associations are congruent
with previously mapped QTL for seed dormancy anualestrate the two mapping methods
effectively targeted the same genetic regions erbtrley genome and provide insights about

the genetics of seed dormancy.
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PREFACE

This dissertation includes the result of all my kvand understanding about the
phenomenon of seed dormancy in barley, which wasedsout over the period from January
2009 to June of 2013 in the Department of Planei®as at North Dakota State University.
Four years ago what started as “baby-sitting” gamthe greenhouse, harvesting spikes at the
right maturity level, and counting thousands ofdsgéurned into a great journey that helped me
to unravel some of the intrinsic genetic and physgjizal relationships behind this trait, and at
the same time help me to overcome some of my dlffes in mathematics. Certainly, | would
not have reached to this point if it was not fag ttaluable help and contributions made by
others, specially my advisor Dr. Richard Horslegd &r. Sujan Mamidi, who believed that
something good was about to come from this resediodir constant motivation, support and
discussions helped me to address fundamental questvhile opening my mind to new ideas.

The following thesis dissertation contains fourtieas. Chapter | includes an
introduction followed by the literature review gort, which describes some of the general
aspects concerning barley origin and disseminati@genetics and physiology of seed
dormancy, as well as the implications that breedfingnalting quality traits has over the
selection of barley cultivars with lower levelss#fed dormancy. Chapter Il gives a broad
overview of the genome-wide association toolszii to identify significant marker-trait
associations for seed dormancy using a paneltef 8liS. spring barley breeding lines, as well as
a description of the putative gene functions asdediwith them and their corresponding role in
barley physiology. Chapter Il gives an insight abthe genetic mechanisms underlying seed
dormancy in a narrowed genetic base populationpaoades an idea of what happens inside

those breeding programs that breed for malt quakiys. Chapters Il and Il are written as two

vii



separate papers to be submitted for publicatiaghemear future. Therefore, these chapters
include an abstract, introduction, materials anthiwds, results and discussion, and references
section. The references are specific for eachtenaue to the similarity in genetic and
statistical tools used, repetition does occur betwehapters. Finally, Chapter V provides a

general summary of the results and highlights irguarfindings and conclusions.
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CHAPTER I.INTRODUCTION

Seed dormancy is a physiological phenomenon claaraet by a delay in germination of
viable seeds, which is modulated by several geasticenvironmental factors. The inability of
seeds to germinate is an adaptive trait that presiibte survival of the next generations until the
right conditions appear (Foley, 2001; Finkelstdiale 2008) and it's a process that is
conditioned by the moisture, temperature, light arglyen conditions present in the seed bed.
However, the causes behind seed dormancy vary deggean the type of inhibition affecting
the organism, which could be embryonic, physichlgmological or due to immaturity
(Finkelstein et al., 2008). Hydrolytic enzymes thaddify the endosperm are secreted by
specialized tissues, such as the scutellum andl¢ueone in response to plant growth regulators,
including abscisic acid (ABA), gibberellic acid (Aand jasmonate (JA). However, germination
can be also be triggered by the exogenous apglicafiother substances, such as hydrogen
cyanide (Oracz et al., 2009).

Seed dormancy, seed viability, and germinatiorkagefactors affecting malting, which
is the process where the endosperm is modifiechbpging its friability and increasing the
enzymatic activity to provide malt with optimal lreouse performance (Kay, 2005). However,
a problem imposed by the differential expressiodarinancy on the barley seeds may cause
reductions in malt quality associated with eithighlor low levels of seed dormancy, which
makes grains worthless for malting.

In programs that breed for spring malting barleyiraportant step in determining if a
line should be kept for advancement to subsequargrgtions is to determine its malt quality.
In the upper Midwest region of the U.S., the cr®parvested in mid- to late-August and the

breeding lines are submitted to the USDA-ARS matdiliqy laboratory in Madison, WI between



October and November for evaluation. The decisiomwbether to advance or discard a line
needs to be made before March, which makes ittioaddtermine if poor endosperm
modification in a line is due to extended seed @goray or inherently poor malt quality. Thus,
lines with extended seed dormancy are often culidavor of those with low seed dormancy
and desirable levels of endosperm modificationsTain lead into the selection of lines that may
have acceptable malt quality profiles, but are sp8ble to preharvest sprouting (PHS).

Two main approaches were utilized in this studiemtify significant marker-trait
associations with seed dormancy in barley. Oneuded the application of association mapping
(AM) tools for the analysis of a panel of elite &éding lines representing the eight U.S. spring
barley breeding programs, while the second approwthdes the utilization of linkage mapping
analysis for the study of an-Berived doubled-haploid (DH) population that hasaerowed
genetic base. My main goal was to gain a betteerstanding of the genetics underlying seed
dormancy and to identify single nucleotide polymuoasms (SNPs) that may be candidates for
use in marker-assisted selection (MAS) for eachetreeding programs, with special attention
on the Midwest U.S. six-rowed barley germplasm,chithas a narrow genetic base.

This review focuses on some physiological aspddiseoseed germination, including
some remarks about the function of hydrolytic enegrand their interactions with starch
granules during the pre and post-germination pseesas well as the role of ABA, GA and JA
hormones and their impact on germination. Briedlypects on the domestication, geographical
distribution, breeding and genetics of barley cragscritically discussed to give light of two
physiological phenomena (dormancy and PHS) thatathe process of starch modification and

ultimately malt quality.



Literaturereview

Introduction

Seed dormancy and PHS are complex traits contrbijeskveral quantitative trait loci
(QTL), which creates a large variation in dormaegpression patterns among barley genotypes
(Buraas and Skinnes, 1983u et al., 2005). Because of low levels of seathdocy are
preferred by the malting industry, barley breedwerge been forced to select for non-dormant
genotypes or those with low seed dormancy. The awatibn of non-dormant genotypes and the
occurrence of adverse climatological conditionghsas rainy, damp and cold temperatures may
lead to the occurrence of PHS (Lin et al., 2008Spre-germinated barley seeds not only
exhibit unacceptable levels of germination, bub @an imbibe more water during the steeping
process, which might induce the formation of mbldttcan decrease malt quality (Brookes,
1980; and Sole, 1994 cited by Lin et al., 2008})irutitely, PHS causes financial losses for
growers and processors.

Physiological and genetic studies have confirmedrtiportance of the phytohormones
GA, ABA, and JA, and their interactions in seedndancy and PHS responses in cereals
(Barrero et al., 2009). Different methods have hadized to determine the mode of action of
these hormones and their role in the activatiordietion of genes during the germination
process. The discovery of barley mutants exhibitiefgcts on grain morphology, coupled with
the use of biotechnology approaches, which inctualgsgenics, genetic mapping, enzymology,
expression analysis and in general all the —onoapgsoaches have given new insights about
the molecular mechanisms controlling seed dormancyPHS (Green et al., 1997; Jensen et al.,

2003; Finkelstein et al., 2008 Barrero et al., 2009



Different classifications have been proposed fedsgormancy based on the type of
inhibition, which could be embryonic, physical, giglogical or due to immaturity. There are
classifications methods that take into accouncthgrolling structures or substances that are
derived from the embryo or the surrounding tisqi@skelstein et al., 2008). According to
Foley (2001) a less complex classification mettsodne that distinguishes two types of
dormancy (primary and secondary) and two categ@esd coat-imposed and embryo
imposed). The type refers to the period of time ngltormancy is developed, while the category
makes reference to the structures or mechanismsipase a constraint for germination (Foley,
2001).

After removal from the mother plant and imbibitionder optimal conditions, mature
seeds may show low germinability, which is referasgorimary dormancy. On the other hand,
secondary dormancy appears in after-ripened sestihe aesult of their exposure to prolonged
unfavorable conditions (e.g temperature, lightssaibces) (Foley, 2001; Finkelstein et al.,
2008). The mechanisms by which dormancy can becowss in some species include the use of
scarification, after-ripening, stratification, ¢retexposure to light. Scarification refers to the
mechanisms by which the seed coat tissues are einthese may include chemical or physical
methods (e.g. acids/fire). After-ripening refeystperiod of dry storage that is needed to
overcome seed dormancy, while stratification i®esged with the requirement of chilling or
moist conditions. In certain plant species, ligl@ynmduce or reduced the potential for
germination depending on the degree of seed doyranesent at the moment of imbibition (e.g.
fully dormant, intermediate, non-dormaiEoley, 2001; Finkelstein et al., 2008). In the
particular case of cereals, scientist have obsehetdlue light mimics the effects of white light,

which affects seed germination by repressing jastteproduction. Such repression could be



occurring at the level of lipid hydrolysis, whicbudd affect the production of precursor
molecules for jasmonate (i.e., linoleic acid) (Jzsamn et al., 2013)

Benech-Arnold et al. (2006) suggested that dormaidtlye barley grain is imposed by
the covering structures (i.e., lemma, palea, pgriaad seed coat) based on the observation that
embryos can germinate well when isolated from #s¢ of these structures. These layers form a
barrier that delays oxygen diffusion, which theyidge may result in increased levels of ABA
induced by hypoxia (Benech-Arnold et al., 2006)

To date we have seen that most mechanisms undgedged dormancy and germination
have been correlated with changes in gene expressaomone accumulation and sensitivity,
enzyme activity and environmental factors actirggtber, which reflects the complexity of this
trait.

Germination and mechanismsfor dormancy induction and maintenance

Seed development and germination are separatedjbigscent period, which sometimes
is incorrectly referred to as dormancy. Quiescerts have the capacity to fully germinate;
however due to limiting external conditions (ilegght, oxygen, moisture, termperature) such
seeds cannot complete the germination processy(R001; Sreenivasulu et al., 2008). During
seed maturation barley kernels prepare to germihateever primary dormancy may prevent
germination. Primary dormancy is owed to the pneseof the covering structures (i.e.,
glumellae) that imposed a physical barrier fordifeusion of water and oxygen into the embryo
(Bradford et al., 2008). Secondary dormancy caadoglired after harvest of non-dormant
grains or after the release of primary dormancgarmant grains if grains are exposed to
unfavorable environmental conditions, such highgeratures (30 °C) and high water content,

which results in an increased expression of geglaged with the catabolism of GA and



increased in ABA content (Hoang et al., 2012). ndther hand, seed dormancy prese
harvest is gradually lost during at-ripening (dry storage) as a consequence of thenskpain
tempeature ranges and the exposure of the seeds trcervironmental conditions th
facilitate its germination (Foley, 2001; Bradforida¢, 2008). Among scient, it is widely
regardedhat the balance between abscisic acid (ABA) abbegellins (GA is required for the
maintenance and release of seed dormancy. Whike gtBmotes the induction of se
dormancy, GA is involved in the release and pragogstowards germination. However, ot
major controlling elements also include jasmondge @ncits intermediates, nitric oxides (N(

and light (Figure 1.1).
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For the purposes of this review, a brief descrippbthe major dormancy controlling
elements will be described in order to integratedtirrent knowledge on what is seed dormancy
and its occurence.

Abscisic acid

The accumulation of ABA is associated with the nemance of seed dormancy and it
has been detected in lower quantities in ABA-defitimutants, or during the onset of
germination due to changes in sensitivity and aaisim of ABA. Genetic studies have shown
that ABA is regulated by the genotype of the mothlant, but it seems that the ABA regulated
by the embryo is correlated with deepest leveldasmancy expression (Foley, 2001; Finkelstein
et al., 2008).

Evaluation of the transcriptome of dormant andraffgened barley embryos revealed
that ABA sensitivity and its catabolism is promotaedfter-ripened seeds by the differential
regulation of the ABA-8’-hydroxylase, thdPID PHOSPHATE PHOSPHATAS}ene family
and theABI3-INTERACTING PROTEINgenes, respectively. Barrero et al. (2009) sugdes
that the coleorhiza enhances dormancy by actiregkasrier for the root emergence, while after-
ripening enhances the up-regulation of genes irala the jasmonate (JA) and nitric oxide
biosynthesis pathways, which seems to counteraét lBels on the seeds. The concomitant
effect of low ABA levels results in the degradatmiithe coleorhiza, the emergence of the root
and germination of the grain (Barrero et al., 2009)

The catabolism of ABA in barley by HVABA-8'-hydrolases HVABA8'OHJ) was
observed to occur during after-ripening, while AB¥thesis is mediated by the expression of
the geneHVNCED1(9-cis-epoxycarotenoid deoxygenase) in responséite light. Gubler et

al. (2008) revealed that after-ripening did noténany effect on the expression of biosynthetic



genes for ABA, but it did promote the expressio®BfA catabolic genes (i.ejvABA8' OHJ)
and GA biosynthetic and catabolic genes (H¥GA3ox2andHvVGA20x3 respectively)
following imbibition (Gubler et al., 2008).

ABA has an important role not only in the maintecenf seed dormancy, but also in the
protection of seeds against desiccation and tleetsfbf active oxygen species (AOS)
(Finkelstein et al., 2008). Late Embryogenesis Alant (LEA) proteins have been associated
with cellular tolerance to dehydration induced bying, freezing or salinity conditions. Most of
the genes encoding LEA proteins have ABA responsiements (ABRE), as well as
temperature responsive elements (LTRE), so itsemgmon is induced by ABA, cold or drought
(Hundertmark and Hincha, 2008).

Transcriptomic studies that characterize seed docgneelease in wheaT (iticum
aestivun suggested that a decrease in seed sensitiviltyetgrowth regulators abscisic acid
(ABA) and indole acetic acid (IAA) during the traimsn from dormancy to germination seems
to be related with the transcriptional repressiba Brotein Phosphatase 2c, SNF1-Related
Protein Kinase2, ABA Insensitive5, Lipid Phosph@tesphtase2, Auxin Response Factor, and
Related to Ubiquitinl genes. ABA inhibits seedngi@ation by activating the transcription of
genes involved in the catabolism of gibberellindarcts, while repressing the transcription of
genes associated to chromatin assembly and celhvealification (Jacobsen et al., 2013).

ABA biosynthesibscisic acids known to occur from a pathway involving caroteho
precursors. According to Milborrow (2001) and Xgoand Zhu (2003) the biosynthesis occur in
three main stages, two occurring in the plastidstae final reactions happening in the cytosol:
i) initial assembling of small phosphorylated imediates as precursors; ii) early formation of

the uncyclized gg carotenoid phytoene molecule and cleavage of 'teessSeoxanthin; and iii)



formation of an ABA intermediate known as xanthosatl synthesis of ABA via ABA aldehyde
(Milborrow, 2001; Xiong and Zhu, 2003). AccordirgXiong and Zhu (2003), the molecular
and biochemical reactions involved in the produttd ABA can be summarized (Figure 1.2) as
follow:
1. Epoxidation of zeaxanthin and antheraxanthin téexi@anthin by the zeaxanthin
epoxidase (ZEP). This reaction occurs in plastidar{n et al, 1996 cited by
Xiong and Zhu, 2003)
2. Conversion of violaxanthin to an epoxycarotenoidwn as Seis-
epoxycarotenoid and from this to as@termediate known as xanthoxin by the 9-
cis-epoxycarotenoid dioxygenase (NCED) (Schwartz.etl@P7 cited by Xiong
and Zhu, 2003).
3. Transport of xanthoxin () to the cytosol and its conversion to ABA.

a. Conversion of xanthoxin to ABA aldehyde by the
dehydrogenase/reductase (SDR) (Xiong and Zhu, 28883eferences
therein)

b. Conversion of ABA aldehyde to ABA by the ABA aldaleyoxidase
(AAO)/ molybdenum cofactor (MoCo) synthase (Xiomgl&zhu, 2003
and references therein).

The active modification of carotenoids by NCEDc{8-epoxycarotenoid dioxygenase)
has been detected during the production of neweleavhich may have the concomitant effect
of reducing the ABA biosynthesis, thus alteringniéaresistance to drought and oxidative stress
(Cazzonelli, 2001Du et al., 2010). Lower transcription levels of tH€ED genes (i.e., NCED3)

associated with a mutation on the loairsl in Arabidopsis has been related with significant



reductions for the synthesis of ABA (Ding et aD12; Cazzonelli, 2011). Additionall
Leymarie et al. (2008) identifiehat the geneslvNCEDl1andHvVNCED?2are involved in AB/A
mediated primary and secondary dormancy of theeharyopses (Leymarie et al., 20
Graeber et al., 2012).
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Figure 12. ABA biosynthetic pathway derived from thy epoxicarotenoid precursors ¢
abiotic stresses associated with the expressitmamgcription factors associated with
degradation of carotenoids for the production ofAABdapted from Xion and Zhu, 20C
Millborrow, 2001; and Mercadante,1999). BCp-carotene hydroxylase; ZEP=xanthin
epoxidase; NCED=8is-epoxycarotenoid dioxygenase; AAO/MCSU=A-aldehyde oxidas
coupled with the MoCo sulfurase; SDR=alcohol debgeénase/reducta:

Gibberellins
Gibberellins belong to a big family of tetracyctlterpenoid molecules that apjr at the

onset of germination and are involved in the cdrdaf@everal other physiological proces
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including “stem elongation, root growth, leaf exp@m, trichome development, flowering and,
fruit development” (Israelsson, 2004 and refererutiesl therein). According to Finkelstein et
al. (2008) and Israelsson (2004), there are husdsétetracyclic diterpens (~136), but only few
of these compounds stimulate biological responsgdaints (i.e., GAand GA). Their role in
germination seems to be controversial since thel&A treatments by itself does not induce
the germination of dormawtrabidopsisseeds or does not necessarily stimulate germmatio

all species (Finkelstein et al., 2008). Bradfordle(2008) identified that sensitivity to GA
decreased with hypoxia, which helps to explain @#ymay or may not stimulate germination
in some species. However, studies by Gubler €¢2@08) in barley revealed that after-ripening
promotes the expression of the GA biosynthetic@atdbolic genedHvGA3ox2andHVGA20x3
respectively) following imbibition, while inducinidpe expression of genes for ABA catabolism
(i.e., HVABA8'OH). Seo et al. (2006) recognized thaabidopsisABA-deficient mutants (i.e.,
nced6-1, aba2-andaao3-4, which were imbibed in the dark after irradiatieith far red light,
showed an enhanced ability to germinate comparéuketwild type. These results suggest that
ABA is antagonic to GA and is involved in the suggsion of GA biosynthesis (Seo et al.,
2006). Gibberellins induce the expression of hydrolenzymes that help to modify the
endosperm and weaken seed coat tissues, which @léosubsequent mobilization of seed
storage reserves, which help during the transftiom the embryonic to the vegetative
development (Finkelstein et al., 2008). Theresaneeral factors conditioning the regulation of
GA, among them light is a critical factor for theesl germination of some species (Shinomura,
1997 cited by Seo et al., 2006). The effect ofliglut on the biosynthesis of GA was studied by
Toyomasu et al. (1998) using lettuce seé@dgiuca satival). Their results suggest that red light

promotes the synthesis of @By inducing the expression of-Biydroxylases (i.e., Ls3h1) via
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phytochrome regulation. While red light induces gleemination of lettuce seeds, far-red light
has the reverse effect if applied just after treathe seeds with red light (Toyomasu et al., 1998;
Seo et al., 2006). It is also known that strattfora (~4°C) induces the production of bioactive
GA in Arabidopsisseeds. Using a mutant that affected the cold-ifdecsA gene AtGA3ox1,
Yamauchi et al. (2004) concluded that this genggpéa important role in seed germination and
that both red light and GA deficiency act in corgtion to increase the transcript levels of the
AtGA3ox1, which suggest this might integrate muéipignals to control seed germination in
Arabidopsis(Yamauchi et al., 2004; Seo et al., 2006)

The theory of the antagonistic effects exertedngyltalance between ABA and GA has
been well supported by the observation that a redmmating phenotype for a GA-deficiency
locus can be overcome by an additional mutatieami\BA-deficiency locus (Koornneef et al.,
1982 cited by Seo et al., 2006)

GA biosynthesisGiberellic acid is derived from the complex isohpathway, where
products are involved in the metabolisms of “horem(i.e., ABA), photosynthetic pigments
(i.e., carotenoids and phytol), electron carriees,(ubiquinone and plastoquinone), membrane
structural components (i.e., phytosterols), medsatd polysaccharide assembly (i.e., polyprenil
phosphates)” among others (McGarvey and Crotedh;18raelsson, 2004).

The base chemical structure of gibberellins is tadesmall five-carbon molecules {C
known as isopentenyl diphosphate (IPP) which joifotm a direct precursor known as
geranylgeranyl diphosphate (GGDP), which is a 20a@amolecule (g). The IPP could be
synthesized via the mevalonate-dependent reaatahg cytoplasm or through the mevalonate-
independent pathway in the plastids (Figure 11&elsson, 2004; Milborrow, 2001). According

to Israelsson (2004), the synthesis of gibberetians be divided into three main steps: i)
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formation of theentkaurene intermediates plastids; i) synthesis of GAfrom entkaurene
mediated by cytochrome 450 monooxygenases present in the membrane ohttakasmic

reticulum; iii) formation and deactivation 07o-GA molecules in the cytoplasm, whiprovides

biologically active GA ompound (Figure 3).
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Figure 13. The GA biosynthetic scheme featuring the majgps for the biosynthesis
gibberellins inArabidopsis(adapted from Israelsson, 2004; Milborrow, 2001mdéachi et al.
2004, 2007). MVA=mevalonate; IPP=Isopentenyldifphate; Pyruvate TTP= pyruve
triphosphate; G3P=Glyceraldeh-3-P; GGDP=geranylgeranyl diphosphate; Centcopalyl
diphosphate synthasentCDP=entcopalyl diphosphate; K&ntkaurene synthase; Kent
kaurene oxidase; KAGsntkaurenoic acid oxidas

The conversion of GGDP inentkaurene in the plastids éfrabidopsids catalyzed by
theentcopalyl diphosphate synthase (CPS) ancentkaurene synthase (KS) (Yamauchi et
2004; Israelsson, 2004). Tekatkaurene molecule is then transported ®diitoplasm wherit

is converted into G by the action of membra-bounded enzymemntkaurene oxidase (KC

and theentkaurenoic acid oxidase (KAO). While KO is presenthie outer membrane of t
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chloroplast, KAO is in the membrane of the endapia reticulum (Israelsson, 2004, a
references cited therein). Finally, once 1, is synthesized in the cytoplasm there are
metabolic pathways (i.ethe early no-hydroxylation and the early Iydroxylation pathways
that lead to the formation of ace GA forms. The occurrence of one or the other sderbe
speciesdependent (Kamiya and Gar-Martinez, 1999; Israelsson, 2004). Figure 3 ohbywss
the metabolic pathway that corresponds to the eant-hydroxylation mechanism, which h
been proposed fakrabidopsig(Yamauchi et al., 2004). Kamiya and Ga-Martinez (1999
highlighted in their review that the early r-hydroxylation pathway is utilized more
Arabidopsisand cucumberGucumis sativt), compared with cowped/{gha unguiculat), rice
(Oriza sativg and lettucel(actuca sativ), in which the early 13wdroxylation pathway is moi

common (Figure 1.4).
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Figure 14. Two biosynthetic pathways in plants that leathsformation of active GA formr
(adapted from Israelsson, 2004; Kamiyd GarciaMartinez, 1999; and Yamauchi et al., 20(
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Jasmonate and other elements controlling seed doyma

Transcriptomic analyses of dormant and after-rigdmealey embryos revealed there are
other mechanisms involved in the dormancy mainte@an release which are associated with
cell wall modification, JA responses, nitrate aftdte reduction, mRNA stability, and blue light
sensitivity processes (Barrero et al., 2009). Reswidies by Jacobsen et al. (2013) corroborated
the results obtained by Barrero et al. (2009) inelyaby using wheat caryopses. Their results
indicate that blue light, nitric oxide (NO) and d#e important elements controlling seed
dormancy. While blue light has an inhibitory effect dormancy release, methyl-jasmonate (MJ)
and NO had the opposite effect by controlling ABénsling, resulting in lower levels of seed
dormancy. Both MJ and NO required each other’sgmes in order to reduce seed dormancy of
wheat grains. Blue light seems to have a negafieet on the production of MJ, which has
been associated with dormancy release in wheatelsenvhile darkness seems to promote the
production of MJ, which has been associated witingetion of dormant seeds and defense
(Jacobsen et al., 2013).

Endosperm modification

Even though most of the efforts in the enzymologgearch of germinated barley grains
have been directed toward the identification, ctimrazation, and improvement @¢famylases;
there are other carbohydrate-hydrolyzing enzymasitave been isolated and characterized that
are also involved in the catalysis of starchesthed mobilization. Additionally, genes
encoding for such enzymes have been mapped td e geven barley chromosomes (Fincher
and Stone, 1993).

In barley and wheaflfiticum aestivuni..), the expression of starch degrading enzymes,

especiallyp-amylases, has been used as an indicator of prelggron of the grain, as well as a
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sign of the hormonal status that is related togttaén maturity (Izydorczyk, 2004; Green et al.,
1997).

The degradation of native starch granules is teitidoy then-amylase (1,4-D-
glucanohydroxilase), which hydrolyses<l,4 linkages binding the glucose molecules
(Acquistucci et al., 2011). These enzymes have beauped into a specific glycoside hydrolase
family depending upon several aspects, includiregginetic information, structural and amino
acid constitution, sequence identity, homology,rbptiobic cluster information, as well as
physico-chemical properties (Jensen et al., 20@&;dur and Hoseney, 2010). Enzymology and
genetic studies on germinated or malted grainsatdithe existence of two main groups.of
amylases, known asAmy1 anda-Amy2. These have been classified on the basis af thei
isoelectric points (pl) differences, as well asentbhysico-chemical, and activity properties. The
members of the low-pl, a-Amy1 have a pl value approaching 4.6; while the membgtthe
high-pl, ora-Amy-2 exhibit pl values that approach 5.9. Both typescategorized as €a
metalloproteins, which indicates that their expi@ssnd secretion are stimulated by the
regulation of C& (Fincher and Stone, 1993). ThdAmy-1 enzymes have a remarkable stability
at acidic pH, and are also known as “malt” or “geration” a -amylases. On the other hand, the
a-Amy-2 enzymes, also known as the “green” or “pericamZymes, exhibit a higher specific
activity, but a lower affinity for maltodextrins dmaltooligosaccharides compareditdmy-1.
Furthermorep-Amy-2 is specifically inhibited by the -amylase/subtilisin inhibitor (BASI), and
exhibits a lower activity towards insoluble bluarsh at around 10 mM of &awhile thea-

Amy1 has its highest activity at 0.1-1 mM ofCalhese features makeAmy-2 less effective

in the catalysis of starch grains as opposegAony-1.
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Matthews and Jacobson (2001) demonstrated thetmdtiem barley improvement using
transformation technologies to produce transgeaitelp containing genes encoding for low and
hi-pl a-amylases, as well asglucosidases. Their results indicated that addlitiban extra copy
of the low-pla-amylase gene makes little or no difference contptyehe addition of an-
glucosidase gene. This is probably the result ®fpifesence of several endogenous gene copies
encoding form-amylase (three low-pl and six high-pl; Chandlealet 1984 cited by Jensen et al.,
2003; Matthews and Jacobson, 2001), compared te@meof the gene encodinmgglucosidase
(Tibbot and Skadsen, 1996 cited by Jensen et@3;2Viatthews and Jacobson, 2001). Jensen
et al. (2003) suggested that an important impaakdcloe made in the malting, kilning, and
mashing processes if improved versions ofotffemy-1 genes were used for the transformation
of barley cultivars. This would directly translat¢o more stable enzymes, which could enhance
their activity during the kilning and mashing preses, and thus improve the quality of the end
product.

Barley domestication and dissemination

Domestication syndrome, genetic diversity, and gaolgical distribution

The genusHordeumbelongs to the monophyletic tribe Triticeae, whrepresents an
evolutionary successful branch of the Poaceae yattmét evolved roughly 12 million years ago
(Gaut, 2002; Schulte et al., 2009). The memberthisftribe show a mode of speciation that
includes a variety of polyploidization levels, adprwith interspecific and intergenetic
hybridizations, which have allowed the evolution different life forms, reproductive and
dispersal mechanisms. Approximately 32 species baea assigned to the gertdsrdeum,of
which H. vulgaresppvulgareis a selfing diploid known as “cultivated barlegihdH. vulgare

spp spontaneumas “wild barley” (von Bothmer and Jacobsen, 198&lafini et al., 2002).
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Fundamental transitions occurred between the etéd/ barley and its wild relative during the
domestication process. These transitions, also krasvthe “domestication syndrome”, include
the reduction in grain shattering due to the dgwalent of a non-brittle rachis, an increase in
seed weight, appearance of naked seeds, decressedrdormancy, and changes from the two-
rowed to the six-rowed spike type (Salamini et2002; Pourkheirandish and Komatsuda, 2007;
Sang, 2009). In wild barley, there are two lategakelets, which are reduced in size and assist in
the dispersal of the central spikelet. In contréisé six-rowed type has developed all three
spikelets, which leads to an increase on the nurobgrains per spike. Such a trait did not
change in the two-rowed barley compared to the ¥atdh, and this has been attributed to the
gene action exerted by tMesl locus. Cultivated barley genotypes having a rgeesversion of
the vrsl locus exhibit a six-rowed spike, while those eamhg the dominant version/(sl)
have a two-rowed morphology. The results of mutatiostudies on th&/rsl locus allowed
scientist to support the hypothesis that six-rowadey was originated from a two-rowed type
by mutation (Pourkheirandish and Komatsuda, 2007).

Another important adaptive trait that permitted a&xgon of barley production to
different areas around the globe was the developwiea spring growth habit. Three genes
located on chromosomes 4H, 5H and 7H (respectivelgye been associated with the
differentiation of growth habits. THagHl, Sgi? andSgI8 genes are present in the spring growth
barley genotypes, while their allelic versior&gfl, sgi2 andsgiB) are required for the winter
growth habit (Pourkheirandish and Komatsuda, 200¥)nter barley requires vernalization and
long days (LD) for determining flowering time whikgpring-sown genotypes do not require
vernalization and have accumulated several mutitiat make them LD-insensitive. A

reduced response to photoperiod in spring-growtlepa@enotypes allowed them to accumulate
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more biomass as a consequence of an extended wegepwth. Such characteristics directly
translate into higher yield benefits, and majorlyatalities for the expansion of barley to higher
latitudes.

Like many other cereal crop species, barley origithan the Eastern Mediterranean area
known as the Fertile Crescent (Rasmusson, 198%3.réfgion includes the current territories of
central Israel, Jordan, Syria, Lebanon, Turkeyg lad Iran. The expansion of barley around the
ancient world began approximately 8,000 years agreading through ancient routes to Greece,
North Africa, the Nile and Ethiopia, as well asnrand India. Approximately 2000-3000 years
later, this crop was also found in Northern Germ&dguthern Scandinavia, and China (von
Bothmer et al., 2003). It is believed that crodsetsveen cultivars and wild species followed by
artificial selection resulted in the appearancehefcurrent barley diversity (Sang, 2009).

It seems that the spread of grain crops throughwibked occurred in response to (1)
climate changes, (2) growth in population sizeg tbeced human migrations into less dense
areas, (3) domestication of animals (i.e., catth@t were used to carry loads of grain, and (4)
commercialization of products. According to Ensn@ng1994) an unusual warm climate
between the 5500 and 3000 B.C. caused the meltittteasnow in mountain regions of Europe
and Russia, pushing farmers from Macedonia to regra the Balkans and Central Europe.
However, the establishment of barley and wheatscmopy occurred until climate temperatures
cooled down.

Recent studies have demonstrated that temperatdrgracipitation gradients played a
major role in the adaption and shaping processethefpopulation structure of wild barley
species in the Fertile Crescent area (Hubner g2@09). Changes in temperature and humidity

during the development of modern barley crops hese been associated with changes in the
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dormancy release patterns and PHS responses. ufingagrain is exposed to rainy and warm
temperatures, this leads to an immediate loss efl saability and quality. When high
temperatures occur during grain fill, this may altee hormonal metabolism of the embryo,
which contributes to the disruption of dormancy andgers the occurrence of PHS (Gualano
and Benech-Arnold, 2009). Also, low temperatures faost conditions play an important role in
the activation of molecular mechanisms that turn pant frost tolerance functions and
vernalization responses (Kosova et al., 2011).

The patterns of differentiation and evolution oftimated barley landraces, as assessed
by the use of nuclear loci and morphological traitslicate that South and East Asian barley
types are genetically distinct from those in Eurapé North Africa. Such differences might be
the result of differential migration of barley froms two domestication centers of origin during
the Neolithic age period (Saisho and Purugganafy)@X@and resulted in the development of
distinctive morphotypes and growth habits in reggoto the local environments in which crops
were grown.

With the discovery of the new world, barley wasradiuced most likely during the
second voyage of Christopher Columbus into the Agasr(Wiebe, 1979). It is believed two
main routes allowed for the dissemination of barteg the United States. The first route came
through the east coast, while the second route throegh the southwest area.

Because of the unbearable climate of the eastabosed, barley production was limited
until settlements moved into western New York. leséingly, it was found that the six-rowed
cultivars from Europe grew much better than the-tamwed cultivars from England. The barley
production then became popular for brewing purposbgh caused its spreading throughout

the colonies, suitable or not (Wiebe, 1979). Néhadess, climate factors, biotic stress, and
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farmer’s freedom formed the distributional pattefribarley crops grown in the U.S. (Weaver,
1943). There are four main regions devoted to #réep production in the US, and they are: the
East, upper Midwest, West, and Southwest. Approteina80% of the production comes from
the Midwest and West regions, where North Dakothadargest producer, followed by Idaho
and Montana (USDA, 2012 Small Grains 2012 Sumnfeptember 2012
http://usdaOl.library.cornell.edu/usda/current/SanaiSu/SmalGraiSu-09-28-2012.pdf
accessed: June 9, 2013). Most of the barley eutisown in the upper Midwest (including
Minnesota, North Dakota, and South Dakota) are®med malting cultivars, whose ancestry
could be traced back to the Manchuria region oh@lfRasmusson, 1985; Horsley and Harvey,
2011). Such introductions were adapted to the anttidry climate conditions present in the
area, and had acceptable levels of malt qualityth@erother hand, the production of two-rowed
barley is circumscribed to the West region, wheegtates of Idaho and Montana are the largest
producers (USDA, 2012 Small Grains 2012 Summargtedeber 2012
http://usdaOl.library.cornell.edu/usda/current/SanaiSu/SmalGraiSu-09-28-2012.pdf
accessed: June 9, 2013). Both states devote be&%e@d% of their barley area to the
production of malting cultivars, whose ancestry bartraced to introductions coming from
central Europe. The East region, comprised by tdtes of Maryland, Pennsylvania, and
Virginia produces on average less than 5% of tted barley area in the U.S. (USDA, 2012
Small Grains 2012 Summary, September 2012
http://usdaOl.library.cornell.edu/usda/current/SanaiSu/SmalGraiSu-09-28-2012.pdf
accessed: June 9, 2013). However, the majoritgisfitarley grown in this region are non-
malting winter cultivars. Finally, the Southwesgian, comprised by the states of Arizona and

southern California, generally produces around 1%hetotal U.S. total barley production.
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Much of the barley grown in this region are non4tmal spring barley cultivars that can be
grown under irrigated conditions. A big proportiointhe barley grown in the U.S. is produced
for domestic use, and only a small percentage (atd%%) is exported as feed barley (Horsley
and Harvey, 2011).
Breeding barley cultivarsfor malting quality

The production of new cultivars with improved mgiiality and other favorable
agronomical attributes starts with the selectioparents adapted to the specific production
regions that already have acceptable malt qualityreeding line is called “Malting-type” only
when such line has been inspected and approved bffieial private company or a non-profit
organization, such as the American Malting Barlegdciation, Inc. (AMBA). Public and
private breeding programs are involved in the dgwalent of new malting-cultivars, and the
AMBA oversees a malt and brewing evaluation progmanvhich prospective cultivars are
evaluated.

Quiality traits that receive the most attention i&dalers, maltsters and brewers include:
(1) grain protein and kernel plumpness, (2) maltaet, (3) enzymatic activity (i.ea-amylase
and diastatic power), (4) wort protein, (5) carbataye modification (i.e -glucan content and
wort viscosity), and (6) protein modification or Kach Index (Horsley and Harvey, 2011),
among others. One of the reasons why producingngattltivars is a big challenge for the
barley breeders, is that beer brands have theirap&aific recipes, which include different ratios
of barley cultivars mixed into a brewing blend. Butends provide the characteristic flavor to
each brand, and a little change in the compositigyht compromise the quality, flavor, and
consistency of the beer. Such requirements repraseutoff that can only be overcome by the

production of cultivars with similar malting atttites to the already existing malting cultivar, but
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that have improved agronomic traits and/or diseesistance (R. Horsley pers. communication,
2012). Another limitation that affects the improvamand development of new malting
cultivars in the upper Midwest of U.S. and the easPrairie Provinces of Canada is the narrow
germplasm base of their respective collections.ofdiag to Horsley and Harvey (2011) the
current breeding lines produced in these regionsearaced back to only fifteen accessions
that were obtained at the end of the nineteen-cgntlow can traits within a narrow germplasm
be improved? Rasmusson and Phillips (1997) sugdésée gain from selection in a narrow
germplasm could be achieved possiblydeynovovariation and the occurrence of higher than
normal rates of epistasis.

Genetics of seed dormancy and PHS: the genotypayiyonment interaction

Seed dormancy is a critical adaptative trait presemany species that is imposed during
the latter stages of embryo development and prevbatgermination prior to the complete
maturation of the seed (Gubler et al., 2008). Ndidtioci and the environment contribute to the
genetic variation present in nature for this trimtArabidopsisa large number of mutants in
genes such as ABA-insensitiveSR]3), Fusca 3FUS3 and leafy cotyledond EC1andLEC
2), which are non-dormant genotypes, show a defigiém seed maturation. Additionally,
mutants affected in the biosynthesis of GA (homgeating mutants) and ABA (non-dormant
mutants) has shown the importance of ABA in thaigtbn and maintenance of dormancy and
the opposing role of GA in the control of germioati Previous studies dkrabidopsis
suggested that seed dormancy is specifically cthatkbdy theDelay of germination {DOGJ)
gene family compared to other seed dormancy andigation genes that are usually involved in

multiple physiological processes (Bentsink et2006)
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In barley, several cultivars are more prone to gpas a consequence of the stringent
selection exerted by breeders (Benech-Arnold e2@06; Gubler et al., 2008.) In 2006, Benech-
Arnold et al. confirmed that dormancy of barleydses a trait typically imposed by the covering
structures (lemma and palea, pericarp and seell dbair study demonstrated that embryos
germinate well during earlier stages of developmdmn they were isolated from the rest of the
seed and incubated in water. Thus, limitation ofgen supply to the embryo was suggested as
the mechanism responsible for dormancy of coveeedsdue to oxidized phenolic compounds
present in the lemma and palea (Benech-Arnold. e2@06).

Factors affecting the expression of dormancy asceiease are determined by the
genotype, the stage of the seed development, ameemental conditions present at that
moment. Among other environmental factors affectiognancy and its release pattern,
temperature, precipitation, humidity, photoperinifiogen level, global radiation and water
deficit have been reported (Gualano and Benech{4y2009).

Pre-harvest sprouting in barley cultivars is enleant maturing seeds are exposed to rain
and warm temperatures, which leads to the immetbateof seed viability. In 2009, Gualano
and Benech-Arnold reported on the effect of temjpeeaduring grain fill on the dormancy
release pattern of five malting cultivars widelydsn the Argentina. Their findings suggested
that high temperatures during a sensitivity windtwing grain fill could be altering the
hormonal metabolism of the embryo, leading to tiseughtion of dormancy and the
manifestation of PHS. Changes in the thermal enurent could be modulating the embryo

response to hormones by reduction of the ABA semitgiind increasing of GA sensitivity.

24



Alpha amylases effects on dormancy and PHS

Dormancy and PHS often are considered two seppratesses governing the
development of the embryo in response to interndlexternal factors. One of the methods that
allows for identification of sprout damage in seedthe presence efamylase activity. Alpha-
amylases are key enzymes involved in the metabalisstarches, which act in the amylolytic
breakdown of the-1,4 bonds between the amylose and amylopectinrsughis event is a
prerequisite for seed germination and seedling gramterms of energy production and
provision of carbon structures to create new caflabmponents (Mitsui et al., 1996). Two
indirect methods that estimate the levels-@mylase in the grains are: the falling number (FN)
and the stirring number (SN). Both methods prodsimates of the enzyme activity based on
the starch pasting properties. The FN method id osare often in wheafl¢iticum spp.)
industry, while the SN method is commonly usechim alting barley industry (Lin et al.,
2009).

Two maino-amylase families have been described in cereashey are named-Amy-

1 and-2, respectively (Derera, 1989). TheAmy-2isozymes, have been detected in the pericarp
of immature caryopses, but also have been obséaterdduring stages of germination (Lunn et
al., 2001; Mrva and Mares, 2001), while thdmy-lisozymes, have been detected during the
germination process and PHS.

Synthesis of both type of enzymes occurs in thergpericarp tissues where they are
more abundant during the early stages of the caryagvelopment; however, their activity
declines afterwards as the caryopsis reaches myafhtares and Gale, 1990; Lunn et al., 2001).
This is true for most cultivars where trace amowfitg-amylases remain until maturity,

although, high levels af-amylase activity have also been detected duriadater stages of
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ripening in triticale and some wheat cultivars (sland Mares, 1996). For this reason,
researchers have divided them into two categaeesied “pre-maturityi-amylase” and “late
maturity a-amylase”. Apparently, the production of pre-mdtusi-amylases is associated with a
delayed ripening of the grains caused by enviroriaiéactors such as cold temperatures,
precipitation, and high humidity. In 1994, Andrzaj&-Hybel et al. reported that triticale
caryopses 9 d after pollination had low levels.edmylase activity, but later the levels increased
during caryopsis development. Their findings sugtesa-amylase activity in the earlier
developmental stages may be related to the PH$d&hited by the triticale cultivars
(Andrzejczuk-Hybel et al., 1994) and also contregdibe results previously reported by
Lindblom et al., (1989) cited by Andrzejczuk-Hylalal., (1994) who found significant
differences in the-amylase activity at the end of the maturity stafy&iticale cultivars.

In 1997, Pagano et al. reported that PHS suschifytitsi sorghum cultivars is related to
their a-amylase activity. In the PHS-resistant cultivaw levels ofa-amylase were detected
during the caryopsis development, while in the spsble ones high levels were observed
during grain maturation. In 2004, Izydorczyk sudgdghat pre-maturitg-amylase versions
might be associated to PHS in barley, however teadil research should be done in order to
address this question.
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CHAPTER I1. GENOME-WIDE ASSOCIATION MAPPING FOR SEED DORMANCY
IN THE SPRING BARLEY CAP LINES
Abstract
Seed dormancy, seed viability, and germinationainidy (Hordeum vulgare..) are key

factors affecting malt quality. While certain lévef seed dormancy are required to avoid
preharvest-sprouting (PHS) in the field, low dormais necessary to assure uniform
germination of kernels during malting. The objeetof this study was to employ genome-wide
association mapping (AM) to identify QTL for seearishancy using elite US spring barley
breeding lines from eight breeding programs paréitng in the USDA- CSREES Barley
Coordinated Agricultural Project (Barley CAP). Danty tests were performed on 3,072 lines.
All 3,072 lines were genotyped using the llluminald&nGate assay using two 1,536-SNP
arrays Barley Oligo Pool Assays (BOPA 1 and BOPAR},only 2,965 lines were utilized for
GWAS. Phenotype and genotype data were subject@ttanalyses using four linear
regression models that controlled for populationdtire and kinship. A total of 40 AM
analyses were performed, including separate armfgseach year within a breeding program
and combined across years for each program. Twotidgiave trait loci (QTL) regions in the
long arm of chromosome 5H were consistently obskaggoss programs and years where QTL
have been reported previously. Other QTL speaifieach breeding program and year also were
identified. Common SNPs that could be used forkeraassisted selection (MAS) across
breeding programs were found only on chromosome. 5Hirther studies need to be done to
validate the efficacy of these SNPs for MAS in ebateding program, and to determine if the

associations of seed dormancy with specific madiutraits is due to linkage or pleiotropy.
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Introduction

Among modern cereals, barley has undergone strelegtion by plant breeders against
extended seed dormancy in order to promote uniforchquick germination during malting
(Oberthur et al., 1995). Seed dormancy is an adgaphit characterized by the inability of
viable seeds to germinate under favorable condit{oley, 2001; Li et al., 2004) and is a main
factor contributing to PHS tolerance (Mares, 198ddriguez et al., 2001; Chao et al., 2010). It
has been well documented that there is large gewnatiation underlying seed dormancy and
PHS in common wheal ( aestivuni.), rice Oryza sativgaand barley, and that expression is
strongly controlled by environmental factors andagpe x environment interactions (Buraas
and Skinnes, 1984; Gu et al., 2005a; Lin et aD92Chao et al., 2010).

The ultimate goal in malting is to maximize endagpenodification and increase
enzymatic activity, which are imperative to prod@eenentable sugars for the production of
beer. However, a problem associated with low sleedhancy is the occurrence of PHS, which
is characterized by the germination of seeds omtbiher plant when maturing grain is exposed
to rainy conditions (Gualano and Benech-Arnold,®00The occurrence of PHS in barley
cultivars with low seed dormancy leads to decregsath weight and malt quality by promoting
hydrolysis of starch molecules and creating théggeenvironment for attack by saprophytic
pathogens (Li et al., 2004; Gualano and Benech-dr&®09). In severe cases of PHS, the grain
can be worthless for malting. On the other haondmént genotypes need a prolonged storage
time before malting, which increases cost, as a®lhe probability of seed decay if problems
occur during storage. Ultimately, dormancy and Rid&se financial losses for growers and

processors.
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In breeding programs for spring malting barleyjraportant step in determining if a line
should be kept for additional testing in subseqgenterations is to determine its malt quality.
In the upper Midwest US, the crop is harvested ik 1to late-August, the breeding lines are
submitted to the USDA-ARS malt quality laboratonydctober and November for malt quality
evaluation, and decisions on whether to advancksoard a line are made before March. lItis
not unusual to begin malting the lines in early Bimber. A major problem with this scheme is
that it can be difficult to determine if poor endesm modification in a line is due to extended
seed dormancy or inherently poor malt quality. §,Hunes with extended seed dormancy often
are culled in favor of those with low seed dormaany desirable levels of endosperm
modification. This can lead to lines that may hageeptable malt quality, but are susceptible to
PHS.

Traditional genetic studies for seed dormancy melyahave relied on use of biparental
mapping, where at least one parent is unadaptg@dio @6 QTL have been mapped across the
entire barley genome, with a large effect QTL ré@din chromosome 5H proximal to the
centromere (5HC) and in the telomeric region inltmg arm (5HL; Oberture et al., 1995; Lin et
al., 2009; Ullrich et al., 1993; Li et al., 2004a)/hile this mapping strategy is effective in
identifying QTL controlling traits of interest in@opulation, it may not be effective in
identifying QTL conferring differences in one’sgated germplasm. Often, a QTL identified by
biparental mapping can span 10 to 30 cM, whichltesulow mapping resolution due to the
restricted number of meiotic events (Zhu et alQ@@Pasam et al., 2012). An alternative to
biparental mapping is genome-wide association nmgp{AM), which harnesses the genetic
diversity and historical recombination presentatunal populations. Association mapping

methods allow for increased mapping resolutionatyqmmorphisms to individual nucleotides or
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single genes (Zhu et al., 2008; Wang et al., 20TRe use of AM tools promises to increase the
speed and efficiency of breeding crops by predictihenotypes based on the identification of
functional polymorphisms associated with marker (Btake et al., 2012).

TheBarley CAP facilitated the collaboration of scietdifrom the public and private
sectors with the aim of developing and integrathmginformation of 3,072 SNP markers into a
barley consensus linkage map (Close et al., 20%eBet al., 2012). This resulted in a platform
for the genetic analysis of barley germplasm framss the US. Each of the breeding programs
submitted 96 different lines {l6r more advanced) each year for a period of feary (2006-
2009). The lines were genotyped in the USDA-ARSemdar marker laboratory of Dr.
Shiaoman Chao in Fargo, ND and phenotypic datagosnomic and quality traits were
collected each year by each breeding program collaborative trialsBlake et al., 2012). The
barley breeding program at North Dakota State Usityee(NDSU) was responsible for
phenotyping seed dormancy in lines with the spgrayvth habit from eight breeding programs
(USDA-ARS, Aberdeen, ID; Busch Agricultural ResascLLC; NDSU six-rowed; NDSU
two-rowed; University of Minnesota; Montana Stateersity; Utah State University; and
Washington State University. Both phenotype antbge data are curated and stored in The
Hordeum Toolbox data resource (THttp://hordeumtoolbox.org/> accessed: 7 May 3013

In the present study, | applied AM to seed dormateta collected on 2,965 barley
breeding lines submitted by the eight aforementis@ing barley breeding progranidy main
goal was to gain a better understanding of thetgenenderlying seed dormancy and to identify

SNPs for each program that may be candidates ®mMuUgIAS.
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Materials and methods

Plant materials

A total of 3,072 barley lines submitted by eightlué ten barley breeding programs
participating in the Barley CAP were phenotypeddeed dormancy. Breeding programs
submitting materials included those from the USDR&Aberdeen, ID; Busch Agricultural
Resources, LLC; Montana State University; NDSU,-t@wed and six-rowed programs; the
University of Minnesota; Utah State University; aMashington State University. Each program
submitted 96 different lines {for later generations) each year from 2006-2000pbly those

with complete phenotype and genotype data weredied in this study (Table 2.1).

Table 2.1. Breeding programs participating in ti&DA-CSREES Barley Coordinated
Agricultural Project (CAP) from which lines wereopided for seed dormancy phenotyping.

Spring breeding program Number of lines evaluated
USDA-ARS — Aberdeen, ID 369
Bush Agricultural Resources, LLC 377
Montana State University 362
North Dakota State University (two rowed) 379
North Dakota State University (six rowed) 367
University of Minnesota 371
Utah State University 365
Washington State University 375
Total number of CAP lines analyzed 29651

T Elite breeding lines @For advanced) submitted from 2006-2009.

To determine seed dormancy, the Barley CAP linaesnfrom each year and two checks
were assigned to experimental units using an autgddaock design (Federer and Raghavarao,
1975) consisting of 27 blocks. The cultivars Star{den-dormant) and Robust
(dormant/moderately dormant) appeared in each acdkeach of the CAP entries appeared

once in the experiment. Randomizations were perdarusing the softwvare AGROBASE
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Generation 1l v. 18.18.2 (2010 Agronomix Softwdre,.). Experimental units were 15.24-cm-
diameter clay pots (Ceramo, Jackson, Missouri)anintg a potting media of Sunshine LC 8
soil mix (Sun Gro Horticulture, Canada). Threedsekeom a single entry were sown in each pot.
All experiments were conducted in the greenhoud#h, avphotoperiod of 16 h day/8 h night and
temperatures of 20 °C day/18 °C night, respectiv€dgmocote Plus (Scotts, Maryville, OH)
granular fertilizer was applied at the two-leaig&tafollowed by weekly applications of a
solution of 20-20-20 Jack’s Peat Lite (JR Petars, Allentown, PA) at the recommended rate.
Spikes from the three plants within a pot were asated in bulk at physiological maturity.
Visual indicators of physiological maturity includi®oss of green color from the glumes and the
peduncle (Copeland and Crookston, 1985). Harvesgiies were placed in ZiplBaype plastic
bags and stored at -20°C until germination teste\werformed as described by Lin (2007).
Germination test and statistical analyses

The percent of non-dormant seeds was determined tis¢ protocol Barley 3-C of the
American Society of Brewing Chemist (1999), witmmsomodifications. The method consists
germinating 100 kernels uniformly spread over tlWweeds of 90-mm Whatman® filter paper in
51-mm Petri dishes previously saturated with 4 rhdistilled water. Petri dishes were sealed
with Parafilm M (Pechiney Plastic Packaging Compalyicago IL) to maintain stable moisture
conditions. Samples were incubated in the dark2on at 20 + 2°C and relative humidity of
98% in a growth chamber (Percival Scientific; PetA). The percent of non-dormant seeds
was determined at 72 h as described by Lin eR@DY). Data gathered from each test year were
analyzed separately using the MIXED procedure 08 $A9.3(SAS Institute, Inc. 2011yyhere

block was considered a random effect and genotypes a fixed effect.
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The heritability of seed dormancy and its assodiatandard error were estimated on a
family-mean basis using a modification of the meltkdescribed by Holland et al. (2003) for the

analysis of random lines in an augmented design,

o¢

h? =
g2
O‘g + e/r

wheresZ=genetic component of varianeg=experimental error variance, arndnumber of
replicates. Data for both checks were removed poidine calculations. The variance and
covariance parameters were calculated using theT&E3WT and ASYCOV options of the
MIXED procedure of SAS 9.3 (SAS Institute, Inc. 2pIwhere blocks were deemed random
and genotypes fixed. Heritability estimates weakewated by the multivariate restricted
maximum likelihood (REML) option of the MIXED prodare in SAS 9.3 (SAS Institute, Inc.
2011) and as described by Holland et al. (2003)Hwithnd (2006). Approximate standard
errors for heritability were calculated using tredtd method of Lynch and Walsh (1998). Matrix
computations to estimate the standard errors wacalated using PROC IML (SAS Institute,
Inc. 2011). Variance components were estimated using the REMibio of the MIXED
procedure of SAS v. 9(BAS Institute, Inc. 2011).
Genotype data acquisition

All 3,072 germplasm lines from the eight springléaparticipating programs were
genotyped with the lllumina (San Diego, CA) Goldetéassay (Fan et al., 2003) using two
1,536-SNP Barley Oligo Pool Assays (BOPA 1 and BQPpgreviously described in Close et al.
(2009) and Blake et al. (2012). Three data seisdi@ted alignment, SNP file, and traits) were

downloaded from the THT in TASSEL (Bradbury et 2DQ7) format using a minor allele
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frequency (MAF) of 0.0 and maximum missing datd@®. Original files were formatted for
further imputation analyses.
Association mapping analyses

Missing data imputation

To minimize the problems caused by missing genotlgia values, imputation analyses
were performed. The software package FastPHASE3Scheet and Stephens, 2006) was used
to impute missing genotype data at each of theZ3 @3 using the default parameters and the
Expectation-Maximization algorithm was used toraste the maximum likelihood. Only 2,768
markers having a MAF > 0.05 were considered folysea herein.

Identification of polymorphic loci

Forty separate AM analyses were performed heneatiding 1) analyses for each
breeding program combined across the four yeagbt(@nalyses), and 2) separately for each
breeding program for each of the four years (32yaea). SNP markers identifying
polymorphisms and having a MAF > 0.05 were seletiie@ach of the further steps.

Population structure and kinship

Population structure, defined as the differeng#htedness among individuals of different
subsets (e.qg. breeding programs), was initiallgrirfd by Principal Component Analysis (PCA)
using the PRINCOMP procedure of SAS 9.3 (SAS lasgijtinc. 2011). The first principal
components (i.e., eigenvectors) that explainedast|25% of the cumulative variation were
selected for subsequent analyses. An identicatditg pairwise kinship (K) allele sharing matrix
(Zhao et al., 2007) was calculated using the DISTANprocedure and Gower method of SAS

9.3 (SAS Institute, Inc. 2011).
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Linkage disequilibrium analyses

Genome-wide LD analysis was performed across hmggaliograms and years by
making pairwise comparisons among SNP markers ukagquared allele frequency
correlations between pair of loci (pairwisestatistic) as suggested by Hill and Robertson
(1968). The squared value of the Pearson’s caioalef coefficient was calculated using the
CORR procedure of SAS 9.3 (SAS Institute, Inc. 301Decay of LD within each chromosome
and the whole genome was determined using nonrlnegaession methods as described by
Remington et al. (2001) amchplemented by the NLIN procedure of SAS 9.3 (SAStitute, Inc.
2011). Separate LD analyses for each breedingamagusing lines from all four years and for
the whole panel were performed. The pattern astliblition of intrachromosomal LD was
graphically depicted for each chromosome and thelevhenome by plotting significant intra-
chromosomal pairwisg values against the genetic distance (cM) betwesnkens. From a
total of 3,072 SNP markers, only 2,522 with a MAB.85 were included herein to identify the
average LD decay for the genome-wide AM analy$&ssegregating markers were removed and
anr?of 0.5 was arbitrarily chosen as a cutoff pointdieywhich LD was likely due to genetic
linkage. This level of LD indicates that the clssmarker only captures 50% of the phenotypic
variation.

Linear regression models used and identificatiomafker-trait associations

Four linear regression models comprising both ganigrear models (GLM) and Mixed
Linear Models (MLM) were selected to determPwalues associated with tests for marker-trait
associations. Descriptions for each of the four e®@aive, P, K, and P+K) are provided in

Table 2.2 and information can be found elsewheasdm et al. 2012; Mamidi et al. 20¥L et

40



al. 2005). All analyses were conducted using th&HBID procedure of SAS 9.3 (SAS Institute,
Inc. 2011).
The general linear regression model used herdiovislthe formula:
y=Xa+Pp+Kv+e
wherey is the response vector for phenotypic valuesdedsdormancyy is the vector of fixed
effects related to SNP marker effegtss the vector of fixed effects with regard to plgtion
structurey is the vector of random effects for co-ancestng sais a vector of the residual
effects.X denotes the genotypes at the marRetenotes the principal components from the
PCA, anK is the Kinship-IBS identity matrix. The variancg@sthe random effects where
calculated as follows: Vap) = 2Kd4 and Var §) = I5g, whereK is the kinship matrix antis an
identity matrix. Diagonal elements in this matbrrespond to the reciprocals of the number of
observations for the phenotypic data, while thedsdijonal elements are recorded as z& s
the genetic variance, aig is the variance of the error term or residualsaree.
Table 2.2 Four statistical models used to identify markeitasociations.
Linear regression model Information present inrttealel

Naive y=Xa+¢ General Linear Model (GLM) without any correctiar population structureyis
related tax, without correction for structure (PCA) or relateds (K)

P y=Xa+PB+e¢ GLM with principal components used for correctidrpopulation structure ang
is related toX. Principal components explaining a minimum of 26Pthe
cumulative variance were chosen.

K y=Xa+Kv+e Mixed Linear Model (MLM) with the K-matrix used ascorrection for population
structure ang is related toX. Similarity, defined as identity in state, wasdise
the kinship matrix

P+K y=Xa+PB+Kv+e MLM with principal components and the K-matrix ag@ctions for population
structure. Principal components explaining 25%uwhalative variance were
chosen.

The best linear model for each of the 40 data@eibinations was identified using the

method suggested by Mamidi et al. (2011), whidhaised on the estimation of mean square
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difference (MSD) values. In this method, all marRevalues for each model are ranked from
the smallest to the largest values, and MSDs dceleted as follow:

i1 (Pi - %)

n

2

MSD =

wherei denotes the rank numbey,is the probability of thé" rankedP-value andn is the total
number of markers. The linear model exhibitinglthwest MSD value for each analysis was
deemed as the best.

Additionally, the positive false discovery rate [pR) for each of the markers with
significant marker-trait associatiorB<0.001) was estimated using the MULTTEST procedure
of SAS 9.3 (SAS Institute, Inc. 2011) The estimgt€®R values allowed for correction of
multiple marker-trait associations (Storey, 2002he efficiency of the models was also
estimated by comparing their ability to reduceitifation of false positive associations by
plotting the observeB-values versus the expectearalues (Kang et al. 2008). Uniform
distribution of the observe@-values exhibiting minimal deviations from the egfeelP-values
also served as criteria for model selection. Tdefficients of determinatiorRf) and the allelic
means were calculated for each of the significaatkers using the REG and STEPWISE
procedures of SAS 9.3 (SAS Institute, Inc. 201H9r the stepwise regression, the defaults in
SAS were used (significance level for entry is Cah8l significance level for staying is 0.15).
Epistasis

Epistatic interactions between significant markei ivere estimated using a MIXED
linear regression model with an interaction ternimg$AS v. 9.3 (SAS Institute, Inc. 2011).
The significance threshold used to declare impo®eaistatic interactions wa<0.001. Maps
containing the network of epistatic interactionsamen significant loci were built using the

software MapChart v. 2.2 (Vorrips, 2002).
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Gene annotation

Significant SNP markers found to be associated ge#td dormancy were cross
referenced with information provided in Table S4Qlgse et al. (2009), which included relevant
information about BLAST hits to the rice and Aratpdis genomes, as well as the corresponding
Uni-Prot information. Additional information wassa gathered from HarvEST v. 1.83
(http://harvest.ucr.edu/ accessed: 15 March 2048i;h contains a BLAST server that supplies
information for 2,943 mapped SNP unigene sequethegxan be used as queries in the database
(Close et al., 2009)

Results and discussion
Phenotypic data

The malting process of barley is comprised of thnegor steps: steeping, germination,
and kilning. Since differential expression of dormowlevels of barley seeds can impact
germination and malt quality,@llection 0f3,072 CAP lines was evaluated to determine the
genetic basis of seed dormancy. Of these, on§52j8es having botphenotype and genotype
datawere used for the analyses.

The phenotypic distribution of percent non-dormseeds for each breeding program
showed marked differences from year to year (AppeRjures A1-A8). Additionally, the
individual means varied greatly from one year tothar, which is partly the result of the
utilization of different elite breeding lines{Br more advanced generations) in each of the four
years (Table 2.3). The phenotypic distribution efgent non-dormant seeds for all breeding
lines was continuous (KS =0.14Px0.01), with means of individual lines extendingded the
checks. Robust, the dormant check and Standengativelormant check, behaved as expected

for seed dormancy (Figure 2.1). The normalityg€kblmogorov-Smirno\D statistic) indicated
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that percent non-dormant seed values did not folawarmal distribution in most breeding
programs, with the exception of the NDSU two-roveed six-rowed programs in 2006, NDSU
six-rowed in 2007, and Montana State Universit2®8. TheP-values for the analysis of each
breeding program across four yedds(.145;P<0.01) support the results obtained in the
individual analyses (Table 2.4).

Based on the histogram distribution plots, it appélaat seed dormancy data generally
follow a bimodal distribution, which suggest theiac of major genes or large QTL effects
controlling the trait. Previous studies on bawieyl other cereal crops, including rice and wheat,
led to identical conclusions based on the studyilof and cultivated accessions, half diallel
crosses, BC, and:ppopulations (Gu et al., 2003, 2005; Mares ef8l05; Wan et al., 2006
Andreoli et al., 2006Takeda and Hori, 2007 orada et al., 2008).

Heritability estimates ranged between 0.21 + 0d0U.82 = 0.06 (Table 2.5), with the
lowest values generally observed for the breediatermals submitted in 2007 and highest values
for the materials submitted in 2006. Differenagshie range of heritability values for dormancy
from year to year for a breeding program suggegtgblection for seed dormancy has not been a
priority in the breeding programs. Traits, suctheading date, which receive high attention
because of their importance to adaptation, oftes Ineritability values within narrower ranges
(Pasam et al., 20)21t is thought that selection for low seed dormaimncgreeding programs has
stretched to a level where most commercial culé\aae non-dormant or moderately dormant in
order to promote uniform and quick germinationkaed kernels upon imbibition, which is a main

prerequisite for malting (Oberthur et al., 1995gLal., 2004).
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Table 2.3. Mean, minimum and maximum values focg@et non-dormant seeds across four years andlagbding programs
participating in the USDA-CSREES barley CAP praject

2006 2007 2008 2009
Breeding program Range Mean Range Mean Range anMe Range Mean

nu nu nu nu
USDA-ARS - Aberdeen, ID 0 100 56.0 +31.2 0 29 41+59 0 76.7 26.5+25.0 0 100 43.6 £24.8
Bush Agricultural Resources, LLC 5 100 78.6 £25.8 0 52 115125 0 750 22.1+20.0 0 100 46.1+19.9
Montana State University 0 100 65.0+31.2 0 27 471+58 0 716 28.9+215 0 94 344+24.1
North Dakota State University (two row) 0 100 49.29.5 0 54 10.3+10.2 0 57.0 13.2+134 0 90 40.8+15.2
North Dakota State University (six row) 14 100 62.23.2 0 56 18.6 +12.7 0 450 10.6 £11.0 0 92 41.4 +23.2
University of Minnesota 3 100 69.0 £ 29.7 0 44 5.7%9.0 0 820 248 £27.5 0 100 35.2+19.8
Utah State University 0 98 27.7+24.1 0 58 42+98 0 86.2 21.5+£227 0 90 375%x21.1
Washington State University 0 100 42.6 £33.4 03 3 32%65 0 70.0 17.4 +18.8 0 100 34.4 823.
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Figure 2.1. Phenotypic distribution of percent mmmmant seeds, averaged across four years, for
spring barley lines from the: (a) USDA-ARS Aberdedh (b) Busch Agricultural Resources,
LLC, (c) Montana State University, (d) North Dak&tate University (NDSU) two-rowed, (e)
NDSU six-rowed, (f) University of Minnesota, (g) bt State University, (h) and Washington
State University barley breeding programs. Thevesrmdicate the means for Robust (23.6) and
Stander (52.9) across four years. The X-axis repitsghe percentage of germinated seeds,
while the Y-axis represents the observed frequéoicgach of the intervals in X.
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Table 2.4. Goodness of fit test for a normal disttion of percent non-dormant seed data for eagbding program in 2006-2009,
and across all years and breeding programs.

2006 2007 2008 2009 2006-2009
Breeding Program Dt P-valuet D P-value D P-value D P-value D P-value
USDA-ARS — Aberdeen, ID 0.125 <0.010 0.253 <0.010 .186 <0.010 0.294 <0.010 0.149 <0.010
Bush Agricultural Resources, LLC 0.231 <0.010 0.189 <0.010 0.148 <0.010 0.302 <0.010 0.114 <0.010
Montana State University 0.158 <0.010 0.246 <0.010 0.107 0.022 0.347 <0.010 0.142 <0.010
North Dakota State University (two row) 0.071 >0.150 0.157 <0.010 0.179 <0.010 0.330 <0.010 0.152 <0.010
North Dakota State University (Six row) 0.090 0.057 0.104 0.014 0.167 <0.010 0.309 <0.010 0.128 <0.010
University of Minnesota 0.208 <0.010 0.262 <0.010 0.213  <0.010 0.344 <0.010 0.155 <0.010
Utah State University 0.130 <0.010 0.334 <0.010 0.173  <0.010 0.344 <0.010 0.167 <0.010
Washington State University 0.130 <0.010 0.314 .0%0 0.177 <0.010 0.332 <0.010 0.185 <0.010

tKolmogorov-Smirnov (KS) statistic.

IValues shown in bold indicate the data followateamal distribution aP<0.01.



The genetic analysis of seed dormancy in weedy(flogza sativa and its association
with some adaptive syndrome traits (e.g. shatteramgn length, black hull color, and red
pericarp color) revealed that seed dormancy QTLflardkked by one or up to four QTL of these
multiple interrelated traits. The biological imgdtion of this QTL organization indicates that
reduction in seed dormancy could be the resulhdifect selection against multiple interrelated
adaptive syndrome traits than the selection agaastl dormancy per se (Gu et al., 2004).
Continuing with this ideatiseems reasonable to believe tloat seed dormancy in barley could
be the result of selection for other traits, inahgdheading date, malt extract, and highmylase
(Li et al., 2004).

Table 2.5. Heritability estimates for percent namrdant seeds for each of the eight breeding
program across four years (2006-2009).

Breeding Program 2006 2007 2008 2009
h2

USDA-ARS — Aberdeen, ID 0.82+0.06 0.24+0.07 0.70 £0.08 0.75+0.08
Bush Agricultural Resources, LLC 0.55+0.14 0.55+0.13 0.44+£0.11 0.60+0.12
Montana State University 0.80+0.07 0.21+0.07 0.58 £ 0.10 0.56+0.12
North Dakota State University (two row) 0.78 +0.07 0.32+0.13 0.37£0.09 0.45+0.12
North Dakota State University (six row)  0.61+0.12 0.56 +0.11 0.38+0.08 0.56 +0.14
University of Minnesota 0.79+0.07 0.27+0.11 0.77 £ 0.06 0.64 +0.12
Utah State University 0.76 £0.06 0.35+0.13 0.53+0.12 0.68 £0.11
Washington State University 0.78 £ 0.06 0.27@80. 0.56+0.11 0.65+0.11

THeritability estimates based on a family meandagre calculated using formulas and SAS
codes with some modifications as proposed by Hdlktral. (2003).

Association mapping analyses

Polymorphic loci

In principle, imputation analysis allows one tomsite missing SNP genotypes using

methods that rely on heuristics or expectation-méation algorithms by comparing each

individual and maker locus against the completa ffatm other individuals. The large amount

of information gathered from the use of thousarfdearkers provides enough information to
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impute the missing data with great accuracy (lalet2009 Browning, 2008). From the 3,072
SNPs used to genotype the 2,965 lines, 3.5% ddltbkes were missing and needed to be
imputed. Among them, a subset of 2,768 markergngar MAF > 0.05 were used for
identification of marker-trait associations on appiag panel that included lines from all
programs in all years. These markers were preljais®d in biparental mapping and other AM
studies; therefore, they are considered hereifarrration about the total number of
polymorphic markers (MAF > 5%) utilized in eachtbé AM analyses, including the analysis of
individual years for each breeding program, as aglihe combined analysis across the four
years for each breeding program is provided in agpeTable A1. The number of markers
found to identify polymorphisms varied within anti@ng breeding programs from year to year
as the result of the utilization of different setslite breeding lines (~96 lines per year). Some
of the highest levels of polymorphism were obsenwetthe lines submitted by the Utah State
University (2,608) and USDA-ARS-Aberdeen (2,55&dating programs, while the lowest
number corresponded to the materials submittethdyniversity of Minnesota (1,853) and
NDSU six-rowed (2,055) programs.

Linkage disequilibrium analysis

Linkage disequilibrium, also known as gametic ghdisequilibrium, is an estimate of the
degree of non-random associations existing betwabeles at different loci based on
expectations for allele and haplotype frequenciési (et al., 2008). In general, the causes of LD
are the same as those for evolution (i.e., mutagenetic drift, subpopulation structure, and
migration). If the effect of selecting for supergenotypes is added, we should expect to see
extensive and variable LD across the barley gendfagping resolution and the number of

candidate genes that can be associated with a pipenare strongly affected by the extent of LD
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(Pasam et al. 2012; Waugh et al., 2009). The gerwitde LD patterns observed for each
breeding program were variable (Figures A9 and AlGkage disequilibrium decay ranged
from rapid in the Utah State University’ s progré@m< 0.5 at 2 cM ta®> 0.1 at 7 cM) to
extended in the University of Minnesota’s prografx(0.5 at 4 cM ta?> 0.1 at 44 cM). From
a total of 2,522 polymorphic SNP markers used, 98 -cosegregating loci were identified.
These markers covered approximately 1,090 cM ob#rkey genome, with an average of one
marker every 1.2 cM. Results suggest the densitgarkers used in this study is sufficient for
the identification of marker-trait associations $&ed dormancy. Additionally, there were only
seven intermarker distances >2.5 cM where the @wotfinding a QTL were reduced.

Population structure

A model-based approach using PCA and kinship waeimented to determine
population structure. The number of eigenvecterscpmbination of SNP markers that
collectively explained at least 25% of the variatis summarized in Table 2.6. In each of the
four years, a single principal component sometimas sufficient to explain up to 35.4, 43.2,
37.7, and 35.3% of the variation for a single bneggrogram, while in other cases up to seven
principal components were necessary to explainrenmiim of 25% of the variation (e.g. the
NDSU two-rowed program in 2006).

Comparison of models

Four linear models were utilized in this study WgiP, K, and P+K) to detect
associations between SNP markers and seed dormanayself-pollinated crop like barley, the
level of population structure is expected to bgdaiue to the effect of non-random mating and
relatedness, in addition to the pressure exertesklaction of important agronomic traits (Wang

et al., 2012; Passam et al., 2012).
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Table 2.6. The number of principal components (id€luded in each of the association
mapping analyses and the percent of cumulativanee (%) explained by the principal
components.

Individual years

Four years
Breeding Program 2006 2007 2008 2009 (2006-2009)
PC % PC % PC % PC % PC %
USDA-ARS-Aberdeen, ID 1 28.7 1 32.0 1 29.6 4 29.3 1 246
Bush Agricultural Resources LLC. 1 35.4 1 43.2 1 37.7 1 35.3 1 345
Montana State University 3 27.3 2 25.8 3 31.0 2 45.2 4 27.8
North Dakota State University (two-row) 7 26.0 5 .28 4 30.3 5 27.4 10 25.7
North Dakota State University (six-row) 3 25.2 2 .e8 4 30.5 3 27.7 5 25.4
University of Minnesota 4 28.5 3 30.0 3 26.6 3 28.1 6 27.2
Utah State University 5 28.5 3 28.1 2 28.3 2 30.8 5 25.0
Washington State University 1 26.0 1 25.9 5 026. 5 27.3 3 25.7

In order to detect significant marker-trait asstioizgs and reduce the confounding effect
of population structure, | identified those mod#iat performed “best” based on the MSD values
(Table 2.7). The lower the MSD value, the betberrmodel (Mamidi et al., 2011). Additionally,
| assessed the effectiveness of these four moddlshair ability to reduce false positive
associations by using the method described by kea@ad (2008). Under the assumption that
SNP markers are unlinked and there are only affiesvassociations, it is expected that the
cumulative distribution of thB-values should approach a uniform distribution.ug;ha large
deviation from the expectation indicates that tloeleh may increase the chances to find spurious
associations (Kang et al. 2008; Pasam et al., 20Ba%ed on this assumption, | identified those
models containing kinship (K) or a combination aftaicture component, P, and kinship to be
significantly better. Eighteen of the P+K modelsl 4% of the K models generally had lovirer
values than those in the Naive or P-only modelpdagix Figures A11-A19). Additional
information about markers having a convergence thighbest linear models is also provided in

appendix Table A2.
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Marker-trait association analysis and annotation

A concern often expressed with AM is that of fgesitives. | tried to reduce the
number of false positives by using population strcecand kinship as covariates in the analyses.
A marker-trait association was considered significithe marker main effect was significant at
P<0.001 [-log10 (0.001) = 3]. The number of mark&gnificantly associated with seed
dormancy based on the analyses of i) individuafjms and years, and ii) across all years for
each breeding program are summarized in Table 2.7.

In the combined analysis across programs and yiedentified four SNPs significantly
associated with seed dormancy (data not shownje€eldf the four SNPs mapped to the
telomeric region of chromosome 5HL and explainé¥ 45.14, and 6.05% of the phenotypic
variation, respectively. The fourth SNP markeunsnapped, but explained up to 27.9% of the
phenotypic variation. An inherent weakness in coad analyses across breeding programs
with very different germplasm is that the resulsymot be meaningful for individual programs.
In the AM analyses across years for each prograennamber of significant marker-trait
associations detected ranged from 20 in the ND&Wosved program to 104 in the Busch
Agricultural Resources program (Table 2.7; appelfrdgures A20-A27). However, in many
cases for each breeding program, the chromosonmnredpere significant marker-trait
associations were identified in one year was nosistently detected in other years (Appendices
Table A3-A10). This may be due, in part, to aruffisient population size (< 96 lines), lack of
genetic diversity at specific loci, or both. Taekenine if specific SNPs may have utility for
MAS, interpretation was done on analyses from inldial years for each breeding program.
Valuable markers for MAS must work across the géasmp base of a breeding program, which

includes lines from a wide range of crosses andsyeleor this purpose, | considered SNP
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Table 2.7. Best linear models selected based om#an square difference (MSD) value and the
number of significant maker®{0.001) associated with percent of non-dormant seed.

Linear Modelt

Breeding Program Analysis  Naive P K P+K Markers
MSDx*
USDA-ARS-Aberdeen, ID 4 years  0.0054 0.021 0.0414 0.0018 65
2006 0.0427 0.0101 0.0032  0.0031 9
2007 0.1119  0.0006 0.0098 0.0013 14
2008 0.1347 0.0014  0.0002 0.0004 7
2009 0.0175 0.0087  0.0001 0.0002 6
Bush Agricultural Resources LLC 4years 0.0792 0.0284 0.0688 0.0285 104
2006 0.0505 0.0409 0.0157  0.0099 52
2007 0.1272  0.0014 0.0088 0.0111 41
2008 0.1495 0.1862 0.037 0.016 8
2009 0.0782 0.0027 0.0014  0.0006 5
Montana State University 4years  0.0331 0.0701  0.007 0.024 61
2006 0.0225 0.0059 0.0007  0.0006 5
2007 0.0477 0.0643 0.001 0.0008 7
2008 0.025 0.0227 0.0016 0.0023 1
2009 0.0417 0.0337 0.0026  0.0024 3
North Dakota State University (two-row) 4years 3JBO 0.0127 0.0212 0.01 39
2006 0.0046 0.0009  0.0007 0.001 12
2007 0.0009 0.0032 0.0009 0.0017 29
2008 0.0049 0.0059 0.0014  0.0006 18
2009 0.0069  0.0013 0.1072 0.0039 8
North Dakota State University (Six-row) 4years 420 0.0338 0.0092 0.0134 20
2006 0.0242 0.0129  0.0003 0.0003 -
2007 0.0061 0.0166 0.0077  0.0057 3
2008 0.0295 0.0056  0.0006 0.0051 13
2009 0.0126 0.0167 0.0099 0.0015 1
University of Minnesota 4years  0.0528 0.0401 408 0.0363 81
2006 0.0457 0.0088 0.0004 0.0009 4
2007 0.0009 0.0012 0.0033 0.0048 13
2008 0.0403 0.0032  0.0003 0.0007 1
2009 0.0061 0.0121 0.0016 0.0019 8
Utah State University 4years  0.0821 0.0326 01021 0.0172 57
2006 0.0074 0.0127 0.0042  0.0041 7
2007 0.0077 0.0005 0.0003 0.0005 13
2008 0.0474 0.0262  0.0004 0.0004 6
2009 0.0147 0.0228 0.004 0.0029 12
Washington State University 4years  0.1079 0.0094 0.0934 0.0063 62
2006 0.1062 0.0039  0.0002 0.0004 17
2007 0.1243  0.0014 0.0041 0.1268 34
2008 0.0177 0.005  0.0005 0.0006 13
2009 0.0051 0.0033  0.0004 - 2

TNaive=Simple model; P=Principal Component Analy€eKinship; P+K= combination of

PCA and kinship.

FNumbers in bold represent the best linear modsdéscted.
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markers significantly associatefe<0.05) with seed dormancy in two or more years asdlthat
may be used for MAS (appendices Tables A11-Al18jimadtely, the utility of specific SNPs for
MAS needs to be validated using completely differaaterials for each of the breeding
programs.

Marker trait associations identified in similar negs across program3wo large effect
QTL on chromosome 5HL were identified in multipleeéding programs and in different years
(Table 2.8; Figure 2.2). The QTL named QDrm.BCAf#5contained two SNP loci (178.43-
182.88 cM) and QDrm.BCAP-5H.2 contained 10 SNP (280.60-196.85 cM). QDrm.BCAP-
5H.1 was detected in breeding lines from the Busgiicultural Resources, LLC; NDSU two-
rowed; University of Minnesota; and Washington &taniversity programs. QDrm.BAP-5H.2
was detected in lines from all eight programs.

Among these 12 SNP loci in the two QTL, five hadgpiwe functions associated with
seed dormancy. The SNP 12 30360 had significarkendrait associations in 50% of the
breeding programs and is associated with a putf@sraonate O-methyltransferase protein. This
enzyme catalyzes the formation of methyl jasmofrata jasmonic acid. Methyl jasmonate is a
plant volatile reported to be one of the major edata controlling seed dormancy in cereal grains
and other plant species including sunflowdelfanthus annuug.), Amaranthuspp., tobacco
(Nicotiana tabacunik..), oat Avena sativd..), wheat, rapesee@fassica napus.), and flax
(Linum usitatissimurh..). Methyl jasmonate is involved in regulatiohtlbe expression of key
biosynthetic and catalytic abscisic acid (ABA) getieat ultimately modulate seed dormancy
responses. Additionally, methyl jasmonate is anartgnt cellular regulator mediating the

expression of various developmental processesydimay flower and fruit development, leaf
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abscission, senescence, and seed germinationt iadices plant defense responses (Jacobsen
et al., 2013; Seo et al., 2001).

Significant marker-trait associations were found%96 of the breeding programs using
the SNP 12_31123. This SNP is associated with @igatpectinesterase inhibitor domain
containing protein. Pectinesterase inhibitors mmaye an important role in the defense reaction
of plants against pathogens and other developmewtats including seed germination,
microsporogenesis, pollen growth, fruit maturatiang senescence (An et al., 2008). An
association between seed dormancy and the SNP 401 1tas detected in 50% of the breeding
programs. This SNP is associated with a putativ®@RRadical Induced Cell Deathl) protein,
which has been identified as a key regulator @sstrhormonal, and developmental responses in
Arabidopsis thaliana Mutants for RCD1 showed altered responses togaste, ethylene, and
nitric oxide, as well as differential sensitivity teactive oxygen species (ROS). For this reason
it has been suggested that RCD1 plays an impaidénin the hormone-signaling pathway and
in the coordination of ROS responses in plantgp@aset al., 2009).

Significant associations between seed dormancylten8NP 12 10322 were detected in
75% of the breeding programs. This SNP is assatiaith a putative protein of the plasma
membrane encoding another putative ABA inducednpégasiembrane protein (PM 19) (U35
Uniprot description; Close et al., 2009). Thegmes/of proteins are expressed in barley embryos
from mid-embryogenesis up to maturity, and therele decline upon germination. In dormant
embryos the PM19 mRNA levels are high and onlyt stadecrease after 72 h upon imbibition.
In non-dormant seeds the expression of PM19 mRNg@ldecan be induced by treatments that

prevent the germination of the seeds (e.g. addafokBA).
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Table 2.8. Significant marker-trait associatiorsnitified in the long arm of chromosome 5H in twayarre years and across breeding

programs.
Bush Agricultural North Dakota State
USDA-ARS — Aberdeen, ID Resources, LLC Montana State University University (two rowed)

Marker Chr cM 2006 2007 2008 2009 2006 2007 2008 2009 20087 2008 2009 2006 2007 2008 2009
12 11010 5H 178.43 * * *okk Fekeke
12_11450 5H 178.43 * * * * ok
12_31292 5H 189.6 * *
11_10401 5H 191.97 ** RO kR *hk ok o
12_30360 5H 191.97 ** ok ke Tk ek Hok
12_31210 5H 191.97 ** ok ke Tk ek *x
12_30382 5H 194.64 *k * ok * *kk *
12_10857 5H 194.84 Fhk ok * ik *x
11_20402 5H 195.42 x** o Hok ok ok *
12_10322 5H 196.12 *** o Hook * ok *
12_30958 5H 196.12 ek *
12 31123 5H 196.85 *** *x ok * ok * *

* &% xkx Significant at P<0.05, 0.01,

and 0.001, respectively.
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Table 2.8. Significant marker-trait associatiorsnitified in the long arm of chromosome 5H in twayarre years and across breeding
programs (cont.).

North Dakota State

Washington State

University (six rowed) University of Minnesota Utah State University University
Marker Chr cM 2006 2007 2008 2009 2006 2007 2008 2009 20087 2008 2009 2006 2007 2008 2009
12 11010 5H 178.43 o * ok o o
12 11450 5H 178.43 * o
12 31292 5H 189.6 ok * ook
11 10401 5H 191.97 ok * ok — -
12 30360 5H 191.97 ok * **
12 31210 5H 191.97 ok * **
12 30382 5H 194.64
12 10857 5H 194.84 ok * ** ook * ok
11 20402 5H 195.42 ok * *kx Ak
12 10322 5H 19612 * *kk *% *% * * k% * *% * *kk
12 30958 5H 196.12 * ok ok * ok *hk ok
12 31123 5H 196.85 * ok ok Hokk * ok P

*, ** %% Significant at P<0.05, 0.01, and 0.001, respectively.
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Figure 2.2. Significant markerait associations identified across four years @igtit breeding programs on the telomeric regic
the long arm of chromosome 5HL. AB=US-ARS, Aberdeen, ID; BA=Busch AgriculturB®lesources, LLC; MT=Montana St¢
University; ND 2R=NDSU twaowed; ND 6R=NDSU si-rowed; UM=University of Minnesota; UT=Utah Stateilgrsity; and
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PM19 is part of the Late Embryogenesis AbundanLgroteins, which have also been
associated with cellular tolerance to dehydratrafuced by drying, freezing conditions, or
salinity. Most of the genes encoding LEA proteiase ABA responsive elements (ABRE), as
well as temperature responsive elements (LTREheao expression is induced by ABA, cold,
or drought (Hundertmark and Hincha, 2008).

Significant associations between the SNP 11 2040%aed dormancy were found in
50% of the breeding programs. This SNP is asstiaith a putative ubiquitin-conjugating
enzyme (E2-21 kDa 1), which is part of the postdtational modification machinery that is
implicated in the molecular death tagging of pnagiGao et al., 2013). Once proteins are
tagged, they are disposed by the protease comydars, which is responsible of the removal of
intracellular polyubiquitinated proteins (Smalleakt 2003). These proteins have also been
implicated in the hypersensitivity response to ABAd might be implicated in the modulation
of seed dormancy during embryo maturation (Smalbd.£2003; Finkelstein et al., 2008). Liu et
al. (2013) suggested that declines in seed seitgitovABA and indolacetic acid (IAA) are
mediated by transcriptional repression of sevematily genes, including those related to
ubiquitinl genes (Liu et al., 2013). The remaisdarthe SNP markers with significant
associations with seed dormancy have putative imsimplicated with several developmental
processes, but with unknown direct relation fordsg@rmancy (appendices Tables A11-A18).

An interesting hypothesis arose from the obseraatat certain SNP loci were
significantly associated with seed dormancy in sbmneeding programs, but not others. For the
particular case of the University of Minnesota &1dSU six-rowed programs, fewer marker-
trait associations were detected on chromosomethbbih in the other programs. Additionally,

some of the loci in the University of Minnesota afidSU six-rowed programs without
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associations were either fixed or approaching ifxafTable 2.8). For example, the genotype
BB at locus 1230382 and AA at locus 11 20402 \kegkly likely to be found across the four
years in these two breeding programs, which ledaw®nclude that fixation of some alleles and
genotypes in this genomic region is likely the testiindirect selection for other traits
controlled by loci in this regio(Appendices Tables A11-A18).

The distal portion of chromosome 5HL has been ifledtin multiple studies as an
important region harboring QTL that control the egsion of multiple malting quality traits,
including malt extract, diastatic power, solubleagen,a-amylase activity, wort viscosity;
glucan,p-glucanase activity, seed dormancy, and PHS (Zlkaag, 2011Von Korff et al.,

2008 Panozzo et al., 200Li et al., 2005 Hayes et al., 200Zollins et al., 2003Gao et al.,
2003;Li et al., 2003 Marquez-Cedillo et al., 20Q0Mather et al., 199)lIrich et al., 1993; Han

et al., 1996).In two crosses where ‘Harrington’ was the suscéppiarent to PHS, Li et al.
(2003) identified a large effect QTL for seed donmyathat coincided with a QTL for PHS in
chromosome 5HL. The allele from Harrington forresed PHS susceptibility also was
associated with increased malt extract, diastatwegp, a-amylase activity, and soluble nitrogen.
These results suggest that genes controlling dayigRlS susceptibility are in repulsion with
those for malting quality. However, more researefds to be done to test this hypothesis (Li et
al., 2003).

Marker trait associations detected within breedprggrams.Apart from comparing the
results for marker-trait associations detectedsacdifferent breeding programs, | aimed to
examine those regions within a breeding progranrgvbgnificant P<0.05) marker-trait
associations were detected in a minimum of twoobdibur years. The associations in

chromosome 5HL discussed previously will not bewassed in detail in this section.
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A total of 32 marker-trait associations were degdach the USDA-ARS-Aberdeen, ID
program. Except for chromosome 1H, associations waentified in all chromosomes, with
chromosome 5H harboring the most (19 of the 32)e NP marker 12_31527 was identified in
the long arm of chromosome 2H (151.37 cM) in 2006 2007 and it is associated with a
putativea-amylase/trypsin inhibitor precursor. A QTL witHesser effect in chromosome 2H
associated witli-amylase activity was previously identified by Ltiad. (2003) in a biparental
mapping study using the cross ‘Chebec’ x ‘Harrimjtol he allele contributed by Harrington
was associated with higheramylase activity levels than those with the alfeben Chebec. The
rest of the SNP markers identified with significamrker-trait associations in the USDA-ARS-
Aberdeen, ID program were associated with energplnodism (e.g ATP dependent processes,
sugar transport, carbohydrate synthesis and casaiatell receptors), as well as other proteins
involved in the replication of DNA and the ROS padly.

One hundred and twelve marker-trait associatione wetected in the Bush Agricultural
Resources LLC program across all seven chromosanteanlinked markers. The majority of
the associations were located in chromosome 5FB(R loci), 4H (20 SNP loci) and 2H (19
SNP loci). The non-chromosome 5HL SNPs were aasmtiwith several metabolic pathways.
Two marker-trait associations identified were carted to proteins involved in the metabolism
of plant regulators. The SNP 11 10793 mappeddahiort arm of chromosome 4H (44.94 cM)
and it is associated with a putative gibberelligedated protein 1 precursor; and SNP 1230494,
mapped to chromosome 5HL (180.71 cM), is assochttda putative ethylene receptor
protein. It is well known that gibberellins stimate seed germination by inducing the production
of hydrolytic enzymes that weaken the endospermsard coat tissues, as well as prompt the

translocation of seed reserves and the expansithreadell walls that end up in the protrusion of
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the radicle and the expansion of the embryo. Aalutly, ethylene promotes dormancy
breaking and germination via antagonism of the Ad8gnaling pathway (Finkelstein et al.,
2008).

Seventeen marker-trait associations significanevadetected in the Montana State
University program and they were identified in anasomes 2H, 4H, 5H and 7H. The majority
of the associations were located in chromosomeBENP loci) and 4H (6 SNP loci). Most of
the marker-trait associations identified in thisgmam are related to carbohydrate assimilation
and metabolism, post-translational modificatiomnplstress responses, and seed dormancy
control (e.g. jasmonate and pectinesterase inhg)ito

For the North Dakota State University two-rowedgyeon, 40 marker-trait associations
were detected in six of the seven chromosomestandrilinked group of markers No
associations were detected in 3H. The majoritmafker-trait associations were identified in
chromosomes 5H (16 SNP loci) and 6H (8 SNP lothe SNP 12 31481 mapped to
chromosome 5HL (191.97 cM) and it is associatett wiputativegibberellin 20 oxidase.1This
locus was previously identified by Li et al. (20@&% part of a major QTL controlling both PHS
and seed dormancy in a rice-wheat-barley compasgtaty. A lesser effect QTL associated
with dormancy and previously designateds&2 also mapped to a similar chromosome location
in chromosome 5HL (Han et al. 1996; Gao et al. 208Bere other genes controlling malt
quality traits also have been identified (Li et2004).

In the North Dakota State University six-rowed paog, 34 marker-trait associations
were identified in chromosomes 1H, 2H, 5H, 6H a@maunlinked group of markers, with the
majority of the marker-trait associations locatea¢hromosome 6H (23 SNP loci). Once again,

the majority of the marker-trait associations welated with putative proteins involved in a
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large number of cell processes. The SNP 12 308&p6pmg to chromosome 6H (55.94 cM)
corresponds to a putative cryptochrome 1 apoprotdiich is a class of photoreceptor in the
blue region of the spectrum that links the contfadeed dormancy and germination with light
intensity (Yu et al., 2010; Goggin et al., 2008ubler et al. (2008) stated that blue light mimics
the effects of white light in promoting seed dormyanof freshly harvested cereal grains, which is
associated with the regulation of genes for ABAabetism in embryos.

The University of Minnesota program had the lowesnber of marker-trait associations,
nine. Most of the associations were found in tdrgylarm of chromosome 5HL and they were
previously described. The rest of the marker-tiagociations were found on chromosomes 1H,
2H and the unlinked group of markers. None ofeéhellPs appeared to be linked to any of the
processes involved in seed dormancy or germination.

A total of 55 marker-trait associations in the U&thate University program were
identified across all chromosomes, including thinleed group of markers. The majority of the
associates were found on chromosome 3H (18 SN, folowed by chromosomes 4H and 5H
(7 SNP loci each). The SNP 11_10180 maps to chsome 2HS (21.61 cM) and is in a similar
region as a QTL for dormancy identified by Lohwaissteal. (2012). The SNP 11 10180 is
associated with a putative auxin-binding proteinP®B precursor. The auxin-binding protein is
of special interest since auxins accumulate ircttgledons of mature seeds, where they seem to
play an important role in embryogenesis and thelbgwnent of the apical-basal pattern
formation (Kucera et al., 2005). The inhibitoryeet of L-tryptophan, a precursor of IAA, and
other synthetic auxins was confirmed using excesatryos from dormant wheat cultivars,
where germination was inhibited unless auxin amage were used. Additionally, Ramaih et al.

(2003) showed that excised embryos from dormardsskse sensitivity to auxins during after-
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ripening, which supports the importance of auxinsrdy seed development and their role in the
control of seed dormancy and PHS. Two other istarg marker-trait associations were
identified in the short and long arms of chromos@Hg44.94 cM and 76.03 cM, respectively).
The SNP on the short arm is associated with aigatgtbberellin-regulated protein 1 precursor,
while the second is associated with a putativarcimiducible gibberellin-responsive protein 2.
A QTL located in chromosome 4HS was previously idiexd by Han et al. (1996) and named
SD4 This QTL was flanked by markers WG622 and BCIBLO&hich positions it within the
region of 13.1-38.41 cM in the barley OPA consemsap (Close et al., 20099D4was

identified only under certain environments and axpd only 5% of the phenotypic variation of
seed dormancy (Han et al., 1996). Coincidentallgominant gibberelic acid (GAInsensitive
dwarfing genedwf2 has been map to chromosome 4HS near microsatabitker XhvOle (18.3
cM) using an Epopulation from a cross between ‘93/B692(f2) and ‘Bonus M2’ wf2).

The identification of th®wf2 gene and other dwarfing genes among homoeologoupgr
suggest their synteny within the Triticeae tribeafidic et al. 1999). A QTL in the same region
of chromosome 4HS has also been identified in athaties and associated with the control of
several malt quality traits, including, malt extraercentagey-amylase activity, diastatic power,
B-glucan content and seed dormancy (Gao et al.,;288des et al., 1993, 1994; Han and
Ullrich, 1994 cited by Gao et al., 2004). The set&NP marker in chromosome 4H
(12_20143) is associated with a putaiin-inducible gibberellin-responsive protein Zhis
protein has been associated with a QTL affectiagtgheight in rice (Kovi et al. 2011), which in
barley corresponds to a genomic region containiAgrgensitive dwarfing genes that seem to

be collinear with geneRht-D1candRht-D1bin wheat (Ilvandic et al. 1999).
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Finally, 32 marker-trait associations were detectg&idg materials from the Washington
State University breeding program in chromosomes3HH 5H, 6H, and 7H; and some of the
unlinked markers. Most of the significant markextassociations were found in chromosome
5H (17 SNPs), towards the telomere (191.97 cM &8%), and were discussed in the previous
section. However, the SNP 12 31094 on chromosd#$vias found to be associated with a
putative protein enolase 1, which has been obsenveigher amounts in germinating barley and
rice seeds (Jstergaard et al., 2004; Kim et ab920Another interesting association was
detected in chromosome 3HS and related to a patptotein cysteine synthase mitochondrial
precursor. Cyanide has been identified as a kpylagor of seed dormancy in cereals, as well as
in other plant species including rice, sunflowempla Malus domestica ). andArabidopsis
thaliana (Oracz et al., 2009; Garcia et al., 201@dareferences therein)Oracz et al. (2009)
suggested that the effect of cyanide on dormanegse could be attributed to a response to
ROS accumulation. In sunflower it has been obskthrat dormancy is alleviated by ethylene,
in which expression is induced by cyanide throdghdctivation of the transcription factor
ethylene response factorl (ERF1). Other metalsdhtduding cysteine, which is a substrate of
thep-cyanoalanine synthasp-CAS), stimulate seed germination in some plantselb
(Maruyama et al., 1998; Garcia et al., 2010). fHse¢ of the significant marker-trait associations
are related with proteins unrelated to seed dorgpnangermination.

Because many of the QTL for seed dormancy in thegnt study map to chromosome
regions where malt quality QTL have been mappedipusly, | wanted to determine if the
selection for malt quality traits, such as worttpm, soluble protein/total protein (S/T) and
amylase, may have indirectly impacted seed dormaifitys hypothesis is supported, in part, by

the wide range on heritability values observedstd dormancy (Table 2.5) and the existence
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of fixed alleles at some loci within genomic regiomith marker-trait associations (e.g.
chromosome 5HL). Correlation analyses betweengpérmon-dormant seeds with wort protein,
S/T anda-amylase did not provide conclusive results to supmy hypothesis (data not
presented). The weak correlations obtained, génefe<0.62), may have been due to large
amounts of missing phenotype data for the maltityuahits; thus, additional research is needed.

In the present study | have described the appticaif the genome-wide AM tools using
a panel of elite US spring barley breeding lingsie identification of marker-trait associations
with percent of non-dormant seeds. Two main QTLaegwere identified in the long arm of
chromosome 5HL and its locations are correspongitiy previously identified QTL in several
biparental mapping studies (Ullrich et al., 1993ntet al., 1996; Li et al., 2003; Lin et al., 2009;
Zhang et al., 2011; Lohwasser et al., 2012). Thalte suggest that in the case of US spring
barley, each program needs to conduct their owrpmgystudies using their own germplasm in
order to identify markers than can be used sucakyg$br MAS. Further studies need to be
done to validate the different SNPs efficacy for $1/& each breeding program, and to
determine if the associations of seed dormancy sp#ctific malt quality traits is due to linkage
or pleiotropy.

Candidate markers suqgqgested for further validadgimshuse in MAS

| suggest the following SNP markers be validateddet®rmine their utility for MAS in
each breeding program (Table 2.9 and 2.10). Gifer selecting markers differed based on
whether the markers mapped to chromosome 5HL dhancegion. SNP markers in
chromosome 5HL significantly associaté®(.05) with seed dormancy in two or more years are
included and critically discussed. For the otHeomosome regions, significant SNP markers

(P<0.05) that were found to be significant in two ofifour years were selected for validation
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depended on whether the SNP was associated wittatiye function related to seed
dormancy/germination, or mapped to a region coingiavith known QTL for seed dormancy
(e.g. SD1, SD3, or SD4; Han et al., 1996). Sigaifit SNP’s P<0.05) whose function did not
appear to be associated with seed dormancy, biushlaved up in three or more years were also
included herein. Nine candidate SNP markers waetified for the USDA-ARS-Aberdeen
program across years, but only eight were detantdte combined analysis with the exception
of marker 11 _20546. The BB genotype in five SNR Vs found to be associated with nearly
60% more non-dormant seed&=@8.8). The remaining four SNP loci showed that AA
genotype was associated with 68% more non-dornestssf=38.5). Eleven candidate SNP
markers were identified for the Bush Agriculturad®urces program across years, but only
seven markers were detected in the combined araliise BB genotype in nine of the markers
was associated with nearly 86.4% more non-dormesdsg=42.3). Only two SNP markers
having the A allele at both loci were associateth\si7% more non-dormant seeds-43.4).
Five candidate SNP makers were identified for thmntdna State University breeding program,
with only one not detected in the combined analgsi®ss years (marker 11 _20546). The AA
genotype in four out of five SNP markers was asdediwith 44% more non-dormant seeds than
those lines with the BB genotype. Eight candid&td®® markers were identified for the NDSU
two-row program, but marker 1231123 was not detkeit the combined analysis across years.
The presence of the AA genotype in five out of eiglarkers was associated with 54% more
non-dormant seedX£34.3), while in three other loci (12_11450, 11_3®2nd 12_30577) the
BB genotype was associated with 36% more non-darseed than the AA genotype.

Four SNP markers were identified for the NDSU six«ed program across years, but

none of them were significant in the combined asedy The means for the percentage of
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Table 2.9. Candidate SNP markers identified onmlasome 5HL using breeding lines from
eight US spring barley breeding programs from 22069.

Separate analysist Combined
Breeding program Marker cM Years  --—--—-- AA----- e BB----- analysist
% Mean % Mean
USDA-ARS-Aberdeen, ID 11 20546 172.38 3 755 36.£23.2 3095 * ns
11 10869 173.08 2 55.9 25.2 441 41.99 rkk
12 31352 182.88 2 285 222 715 35.93 rkk
11 10401 191.97 3 39.5 21.72 58.9 39.21 ok
12 31210 191.97 3 33.3 21.77 65.3 37.75 ok
12 30360 191.97 3 37.8 21.22 60.8 39.12 ok
11 20402 195.42 2 67.1 39.31 32.3 20.60 ok
12 10322 196.12 2 64.4 39.40 35.1 21.22 ok
12 31123 196.85 2 64.7 39.03 35.1 21.44 ok
Bush Agricultural
Resources LLC 12 30162 161.58 3 78.9 4035 20.8 31.14 ns
12 30494 180.71 2 14.0 31.64 788 4231 ns
11 20897 182.88 3 13,5 2554 86.5 41.61 ns
11 11364 189.60 2 7.2 21.18 92.8 40.66 ok
11 20786 189.60 3 13.8 20.36 86.2 42.79 ok
11 21108 190.23 2 35.0 46.5 493 34.0 ik
11 10401 191.97 3 175 21.29 825 4350 ok
12 30360 191.97 3 15.1 19.09 84.9 43.44 ok
12 31210 191.97 3 14.0 18.98 86.0 43.05 ok
12 30382 194.64 3 13,5 26.00 86.5 42.24 ns
12 10857 194.84 3 6.7 16.78 93.3 40.73 rkk
Montana State University 11 20546 172.38 2 50.4 39.66 49.4 29.66 ns
12 30382 194.64 2 445 26.63 54.7 38.44 ok
11 20402 195.42 2 42.2 43.01 57.0 25.74 ok
12 10322 196.12 2 40.9 4250 58.3 26.18 ok
12 31123 196.85 2 41.7 4226 57.7 26.16 ok
North Dakota State
University (two-row) 12 11010 178.43 2 6.6 439 ®2. 27 * ok
12 11450 178.43 3 93.7 27.20 6.3 44.48 ok
11 10736 180.71 2 45.4 34 522 229 ok
11 10236 181.43 3 456 23.60 54.1 3291 ok
12 30577 182.88 3 50.7 24.07 47.8 33.22 ok
11 20402 195.42 2 728 312 256 194 ok
12 10322 196.12 2 712 313 274 203 ok
12 31123 196.85 3 72.0 31.28 274 20.34 ns

*, *** Significant SNP marker-trait associationsR¢0.05 and 0.001.
T Analyses of individual years within each breedanggram.
T Analyses across all years for each breeding progr
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Table 2.9. Candidate SNP markers identified onmlasome 5HL using breeding lines from
eight US spring barley breeding programs from 20069 (cont.).
Separate analysist Combined
Breeding Program Marker cM Years ------ AA----- e BB------ analysist

North Dakota State

University (six-row) 12_31292 189.60 2 704 33.037.482 3479 * ns
12_10322 196.12 2 56.6 32.09 412 3522 * ns
12_30958 196.12 2 412 3522 574 3210 * ns
12_31123 196.85 2 57.7 3233 412 3522 * ns
University of Minnesota 12_11010 178.43 3 31.8 99.367.4 29.64 * ns
11_10401 191.97 3 16.2 13.25 83.6 36.02 * ok
12_30360 191.97 3 146 9.38 852 3578 * ns
12_31210 191.97 3 146 9.38 852 3578 * ns
12_10857 194.84 3 16.1 17.81 834 3590 * ko
Utah State University 1210857 194.84 3 544 172845 29.36 * ok
12_10322 196.12 3 40.3 28.08 585 16.71 * ok
12 31123 196.85 3 412 28.08 585 16.71 * ok
Washington State University 11 10869 173.08 3 6919.01 29.6 39.37 * ns
12_31292 189.60 2 66.6 20.34 32.40 31.60 * ok
11_10401 191.97 2 64.2 17.56 33.43 36.89 * ok
11 20402 195.42 4 324 3990 65.2 16.06 * ok
12_10322 196.12 4 30.5 41.20 67.1 16.65 * ok
12_30958 196.12 3 60.7 16.79 37.1 36.29 * ok
12 31123 196.85 3 32.6 40.82 66.6 16.53 * il

* ***% Significant SNP marker-trait associationsR0.05 and 0.001.

T Analyses of individual years within each breedmnggram.

¥ Analyses across all years for each breeding progr

non-dormant seeds are not significantly differegtileen genotype groups, and that is the reason
why they were not identified as significant in t@mbined analysis. For example, the presence
of the BB genotype in markers 12 31292, 12 1032R1&n 31123 was associated with 37% of
the lines having a mean of 35.0% non-dormant seduite for the AA genotype was associated
with 62% of the lines having a mean of 32.5% nonmydmt seeds. Based on these results we
cannot suggest the use of these markers for MAS.

Five candidate SNP markers were identified forllineversity of Minnesota breeding

program. Only 11_10401 and 12_10857 were detentdtkicombined analysis across years.
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Overall, the presence of the BB genotype in fouraddive SNP loci (11_10401 to 12_10857)
was associated with 84.3% more non-dormant sege36(0). Three candidate SNP markers
were identified for the Utah State University briegdorogram. All the three loci were identified
in the combined analysis across years as well AFhgenotype at loci 1210322 and 12_31123
was associated with 41% more non-dormant seedghieaBB genotype. The BB genotype at
the locus 12_10857 was associated with 45% moredoamant seeds than the AA. Finally,
seven candidate SNP markers were identified foMilashington State University breeding
program. Only marker 11 10869 was not detecteddgrcombined analysis across years. The
BB genotype at loci 1110869, 12 31292, 11 104@112n 30958 was associated with 33%
more non-dormant seed$<36.0). The genotype AA was found to be associaidu32%

more non-dormant seed$<40.6), than the BB genotyp&+£16.4) for the SNP loci 11_20402,
12 10322 and 12_31123.

Table 2.10. Candidate SNP markers identified adfesgenome using breeding lines from eight
US spring barley breeding programs from 2006-2009.

Separate analysist
Breeding program Marker Chr cM Years A B
% Mean % Mean

USDA-ARS-

Aberdeen, ID 12_31527 2H 151.37 2 251 35.07 741258 *
12_11154 3H 138.83 2 53.6 30.86 46.1 3557 *
11_20675 6H 50.07 2 52 4994 946 3152 *
11_20211 6H 123.84 2 742 33.88 245 3040 *
11_11012 7H 147.47 3 40.6 33.27 56.6 31.09 *

Bush Agricultural

Resources LLC 11 20371 1H 18.05 2 734 4084 26.6 3350 *
11 21126 1H 73.94 3 60.8 4282 389 3361 *
11_10722 1H 125.27 2 595 4159 405 36.81 *
1110782 1H 131.89 3 244 3508 75.0 4085 *
1111059 2H 7.14 2 541 4195 459 3566 *
1111302 2H 52.47 2 37.0 3759 63.0 4201 *
1210545 2H 69.13 2 224 3344 776 4082 *

11 21220 2H 120.02 3 343 3425 65.7 4157 *

* *** Significant SNP marker-trait associationsR0.05 and 0.001.
T Analyses of individual years within each breedmnggram.
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Table 2.10. Candidate SNP markers identified adfesgenome using breeding lines from eight
US spring barley breeding programs from 2006-2@09t).
Separate analysist

Breeding program Marker Chr cM Years A B

Bush Agricultural

Resources LLC 1230992 4H 38.63 2 20.2 3036 798 4128 *
12 10371 4H 40.36 2 79.2 4133 208 3042 *
11 10793 4H 44.94 1 80.3 41.63 19.7 3040 *
11 20670 4H 80.79 2 91.2 39.35 8.8 40.71 *
1230239 4H 119.84 2 75.3 4155 247 3262 *
1231055 unlinked 0.00 2 38.4 3464 611 4298 *
12 31054 unlinked 0.00 2 38.4 3464 611 4298 *
12 30351 unlinked 0.00 2 342 4653 658 3558 *

Montana State

University 12_30259 2H 54.95 2 50.4 35.83 49.0 34.24 *
11_10409 4H 3.74 2 132 3335 862 3413 *
11 11345 4H 5.55 2 72.8 3475 261 2856 *
12_30237 4H 61.04 2 69.3 33.07 30.7 3351 *

North Dakota State

University (two-row) 12 30554 4H 96.59 2 27.2 23.4870.2 30.04 *
11_20119 4H 99.28 2 28.8 2495 683 30.01 *
1230239 4H 119.84 2 38.3 2249 596 31.75 *
12_10575 6H 45.44 2 71.8 27.67 266 3090 *
11_20170 7H 161.54 2 77.6 2920 195 2595 *
1231128  unlinked  0.00 2 80.5 2820 19.0 33.44 *

North Dakota State 11 20371 1H 18.05 2 69.9 3334 298 32.88 *

University (six-row) 15 10166 1H 69.53 2 82.6 3473 161 2438 *

University of

Minnesota 1120943 2H 149.61 2 3.8 5247 962 3252
12_31239  unlinked  0.00 2 272 3879 722 30.87 *

Utah State University 12 10693 1H 128.14 2 13.9 034.86.1 21.90 *
11_10180 2H 21.61 2 97.4 2323 26 1661 *
12_30170 3H 80.89 3 27.9 2347 719 2387 *
12_30767 3H 162.15 3 32.1 2198 67.0 2255 *
11_10793 4H 44.94 2 89.2 2306 87 2803 *
1220143 4H 76.03 2 50.6 26.63 48.6 16.88 *
11_20725 6H 105.60 2 249 2943 746 2139 *
12_30836 7H 4.89 2 78.6 2188 21.4 3131 *
1230597  unlinked  0.00 2 91.3 2308 8.7 2456 *

Washington State

University 12_30953 3H 41.00 2 30.8 2289 67.4 95.F
11_10868 6H 24.36 2 81.9 26.18 17.9 16.30 *
12 31239  unlinked  0.00 2 38.2 30.38 602 1845 *

*, *** Significant SNP marker-trait associationsR¢0.05 and 0.001.
T Analyses of individual years within each breedanggram.
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Epistasis

Epistatic interactions are likely to play an im@ort role in the control of complex traits,
in which combinations of certain alleles and the@s of their interactions may result in
significant phenotypic differences (Romagosa ¢tl®99;Bonnardeaux et al., 2008u et al.,
2011). Seed dormancy has been a difficult tradtissect because of its polygenic nature and the
effect of environmental and gene-gene interacti@ierthur et al. (1995) identified two regions
on chromosome 5HL, one near RFLP marker PRS 12818M; Close et al., 2009) that
strongly and consistently affected seed dorman@doubled-haploid population from the cross
Steptoe/Morex; and a second one that had a leset en seed dormancy close to the telomere
of chromosome 5HL near marker ABG390 (269.63 cMysElet al., 2009). Two other QTL
regions were also identified in chromosome 7HL rieaAmy2locus (126.28 cM; Close et al.,
2009) and in chromosome 4HS near marker BCD402B{38M; Close et al., 2009). However,
these loci had a minor influence on seed dormandyappeared only under specific
growing/environmental conditions. The results fribra study of Oberthur et al. (1995) suggest
that the allelic state of the gene near locus PR$3HL) is epistatic to the genes near the
ABG390 (5HL) andAmy2(7HL) loci; while the expression of the gene nearker BCD402B
(4HS) appears to depend moderately upon the afidte of the gene near ABG390 (5HL).
Further studies from Han et al. (1996) using rempt crosses between doubled-haploid lines
from the cross of Steptoe (dormant parent) and kM@ren-dormant parent) were used to verify
interactions between loci present in chromosome 8tdk were previously detected by Oberthur
et al. (1995). The two regions were nangfilandSD2 TheSD1corresponds to the QTL
region at 80.61 cM near marker PRS128, while SDBspond to QTL region located at 269.63

cM near marker ABG390. Han et al. (1996) suggestatiseed dormancy could be modulated
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not only by gene-gene interactions among dormamaly but also might be the result from the
interaction between nuclear genes and cytoplasatofs. However, this last statement could
not be verified in this study because of the contrsof the mapping populations used.

Several QTL with large and small effects have hdentified across the length of the
barley genome, specifically on chromosomes 2H,44,5H, 6H, and 7H (Oberthur et al.,
1995; Han et al., 1996; Larson et al., 1996; Rorsagx al. 1999; Ullrich et al., 2008;
Bonnardeaux et al., 2008; Lohwasser et al., 20M8ny of these studies have confirmed the
existence of epistatic interactions between two @8D1andSD2 located in chromosome
5HL. Romagosa et al. (1999) stated tBBXL, which is close to thaleuronegene in SHL is “the
most important QTL in determining the time of domogrelease” and thaSDL1is epistatic to
SD2(telomere of 5HL) at early after ripening”. Bomdeaux et al. (2008) confirmed these
results and determined that the epistatic intayastbetween them had a negative effect on
germination, reducing it by 7.6%. Additional epist interactions were also documented to
occur between lesser effect QTL located in chrommeso2H, 3H, and 4H. A QTL located in the
long arm of chromosome 2H showed additive x additnteractions with a locus in the long arm
of chromosome 3H. Another interaction was fountiveen a QTL located in the short arm of
chromosome 4H and two QTL located in the long afth@® same chromosome (Bonnardeaux et
al. 2008).

All of the aforementioned studies suggest thattapesinteractions are an important
genetic factor controlling seed dormancy mainteeaar release, and therefore | wanted to test
for gene-gene interactions using the Barley CAPeneds. The information gathered from
significant markers identified in the analysesairfyears combined within each breeding

program was used to estimate epistatic interactetseen SNP loci. The significance threshold
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used to declare important epistatic interactions R0.001 (Table 2.11). Intra and inter-
chromosomal loci interactions were detected adiossvhole barley genome (Figures 3-4;
appendix Table A19) with marked differences beibgayved for each breeding program.

From the analysis of the USDA-ARS, Aberdeen breggiogram, | detected 21
significant pairwise interactions between loci mamosomes 2H, 3H, 5H, 6H, and the unlinked
group of markers (Figure 2.3; Table 2.11). Thetsamificant epistatic interactions (-Lag
(P)=8.53) were detected between loci 11 20402 (I&M) and 11 10901 (158.40 cM)
located in the long arm of chromosome 5H, follovegdhe epistatic interactions between the
loci 1120402 (195.40 cM) in chromosome 5HL and1B25 (54.95 cM) in chromosome 2HS.
Interactions between QTL regions in chromosome BH4$ been previously described by Han et
al. (1996) and confirmed by Bonnardeaux et al. 800 he loci 1120402 coincides with the
position of the QTL SD2, which has been identifiedhave a major effect on seed dormancy and
is partly epistatic to SD1, which is located in #ame chromosome. Other interactions between
loci at chromosomes 2HL and 3HS, and between 3HdSHL were detected. Similar
interactions were reported by Bonnardeaux et 8082 however, the genetic positions used in
this study differed from those reported by Bonnatoeet al. (2008), which could be the result of
the use of a high density map herein (~2,522 SNRensr908 non-cosegregating markers)
compared to the map built by Bonnardeaux et al. §-83Rs).

The results of the analysis for the Bush AgricudtiResources breeding program
revealed five significant pairwise interactionsvibe¢n loci located in chromosomes 1H, 2H, 4H,
7H, and the unlinked group of markers (Figure 2@ &able 2.11). Significant interactions
between the SNP loci 11_10756 (48.5 cM) in chromusdHS and 1121079 (83.44 cM)

located in chromosome coincide with the positiohthe QTL SD4 and SD3, respectively.
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Oberthur et al. (1995) identified SD3 and SD4 amyger specific environments, with each of
them explaining about 5% of the phenotypic variggbih seed dormancy.

The analyses of the Montana State University bregdrogram revealed the presence of
12 significant pairwise epistatic interactions bedw loci located in chromosomes 3H, 5H, and
the unlinked group of markers (Figure 2.4; TableL®. Interestingly, significant interactions
were detected between loci from the distal portbohromosome 5HL and the unlinked group
of markers. Several studies have reported impbeaistatic effects between the two SD QTL
regions in chromosome 5¢@berthur et al., 1995; Han et al., 1996; Larsoal t1996;
Romagosa et al. 1999; Bonnardeaux et al. 2008;hwguggests that some of the unlinked group
of markers may be in chromosome 5H. Additionalguwpcomes from the observation the same
epistatic interactions occur in nearly two-thirdste breeding programs (Table 2.11).

Six and two significant epistatic interactions witentified for the NDSU two-rowed
and six-rowed breeding programs, respectively (f@gu4; Table 2.11). Pairwise interactions
between loci located in chromosomes 3H, 4H, 5H,thedinlinked group of markers was
detected for the NDSU two-rowed breeding progr&rom these interactions, those occurring
between loci in chromosomes 3HL and 5HS, and 3HL5L have been previously described
by Bonnardeaux et al. (2008). The results folNBsSU six-rowed breeding program revealed
the interaction between loci in chromosome 5HS Wit and between 5HS and the unlinked
group of markers.

Twenty-seven significant intra- and inter-chromosbepistatic interactions were
identified across the whole genome in the UtaheSthtiversity breeding program (Figure 2.4;
Table 2.11). The most significant epistatic int&ien was observed between loci 11_11436

(155.85 cM) and 1120755 (15.93cM) located in chosomes 3HL and 7HS, respectively.
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However, the most interesting interactions ideatifivere those involving loci on chromosomes
4HL and 7HL, and 5HL and 7HL (appendix Table Alfiice they contain putative loci
associated with dormancy (e.g. hormonal regulaimh malting traits) and because dormancy
QTL have been highlighted in these chromosomabregyin other studies (Oberthur et al., 1995;
Han et al., 1996; Larson et al., 1996; Romagosa €1999; Li et al., 2003; Li et al., 2004;
Bonnardeaux et al., 2008; Lohwasser et al. 2013).

Only one significant pairwise epistatic interactiwwas detected in the Washington State
University breeding program. This included SNRuw@&2_ 31123 (196.9 cM) in chromosome
5HL and 11 10150 (unlinked). Both markers havenbdentified in the marker-trait association
analysis and their relevance to seed dormancy veasously discussed. Finally, the results from
the analysis of across all breeding programs aadsyevealed only three significant epistatic
interactions between four loci located in the tedoimregion of 5HL (Figure 2.3) and marker
11 10150 (unlinked).

Summary

Overall the analysis of 2,965 barley CAP lines gggenome-wide AM tools allowed me
to identify two main QTL regions in the long armabifromosome 5H that have been previously
detected thorough biparental QTL mapping. The sbast identification of these QTL regions
in different studies and the large variability eiped in seed dormancy using different
populations are indicative of their importancehe tegulation and maintenance of the
physiological and metabolic processes involvecerdsdormancy.

Several lesser effect QTL/marker-trait associationseed dormancy were identified
independently in some breeding programs, inclutiiege on chromosomes 2H, 4H, 6H and 7H

using the combined analysis across years for esgding program.
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Table 2.11. Significant epistatic interactions$eed dormancy detected in the spring barley CA#3lirom eight US spring barley
breeding programs from 2006-2009.

Epistatic
Interaction

USDA-ARS-
Aberdeen

Bush Agricultural
Resources LLC

Montana State
University

NDSU
two-rowed

NDSU six-
rowed

University of
Minnesota

Utah State
University

Washington State
University

1HS-2HS
1HS-3HL
1HS-5HL
1HS-6HS
1HL-2HS
1HL-4HS
1HL-6HS
1IHL-UG

2HS-3HL
2HS-5HL
2HS-6HS
2HS-6HL
2HS-3HL
2HS-7THS
2HL-3HS
2HL-3HL
2HL-UG

*kk

*kk

*kk

*k%

K%k

*kk

*kk

K%k

*kk

*kk

*kk

*kk

*kk

*kk

*kk

*kk

*kk

*** Significant SNP marker-trait associationsR¢0.001 identified from the analyses across all y&arsach breeding program.



8.

Table 2.11. Significant epistatic interactions$eed dormancy detected in the spring barley CA#3 lirom the eight US spring barley
breeding programs from 2006-2009 (cont.).
Epistatic USDA-ARS- Bush Agricultural Montana State NDSU NDSU six-  University of Utah State  Washington State
Interaction Aberdeen Resources LLC University two-rowed rowed Minnesota University University
3HS-UG Frk
3HS_5HL *k%k *k%
3HL-5HS ok
3HL_5HL *k%k *k%
3HL-UG ok
4HL-UG ok
4HL-6HS ek
4HL-7THL ek
5HS_UG *k% *%k%
5 H L_U G *%% *k% *%k% *%% *k%k
S5HL-7HL ek
6HS-7HS *kk
6HL-5HL ok
7HS-3HL ok
7HL-4HS Hork
*** Significant SNP marker-trait associationsR¢0.001 identified from the analyses across all y&arsach breeding program.
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Putative functions are described and some pairgpssatic interactions were discussed
(appendices Table A20-A27). Most of these QTL regibave been documented before giving
credence to the results obtained in the presedy ¢berthur et al., 1995; Han et al., 1996;
Larson et al., 1996; Romagosa et al. 1999; Ulletchl., 2008; Bonnardeaux et al., 2008;
Lohwasser et al., 2013). Even though a QTL retattivSD1 (76.6cM-83.2 cM) was not detected
across years within any breeding program, the QDtr@BCAP-5H.2, which is effectively
SD2 or QDrm.StMo-5H.2 (Figure 2.5) in the agrono®ItL consensus map from Rostoks et al.

(2005), was consistently identified across yeadskaeeding programs.
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Figure 2.5. Position of the QDrm.BCAP-5H.2 (SDZ3»rm.StMo-5H.2) in the Barley OPA
Consensus map (Close et al., 2009), agronomic @hkensus map, and the Steptoe/Morex
SNP map (Rostoks et al., 2005)
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This QTL was also found to be most important ontnerstudy by Bonnardeaux et al.
(2008). My results do not support the hypothesiRamagosa et al. (1999) about that SD1 is the
most important QTL in seed dormancy release basdberesults for the Steptoe/Morex
population; however, | cannot disproved them eitHeseems plausible that epistatic
interactions between these two QTL on 5HL, and betwthese two and other genomic regions
are responsible for most of the dormancy releasgoreses occurring at early-after-ripening.
Chromosome 5HL also harbors other QTL implicatetheregulation of several malting quality
and agronomic traits including: diastatic poweegti-amino acidg-amylase, heading date and
test weight (Mather et al., 1997; Marquez-Ceditlale 2001; Panozzo et al., 2007), which
complicates the ability of breeding for seed dorayasnd PHS tolerance since changes in
dormancy could cause changes in malt quality (lal€2003; Bonnardeaux et al., 2008). My
results highlight the importance of two major QTlLchromosome 5HL near the telomere
involved in the regulation of seed dormancy, ad a&bther minor ones located in
chromosomes 2H, 4H, 6H and 7H. The observatiaruoferous epistatic interactions between
loci in chromosome 5HL and other chromosomal regjisnndicative of its importance for the
control of this trait. Additionally, the observatiof positive correlations betweeramylase,
wort protein, and Kolbach Index with seed dormaimcyome of the years and two breeding
programs (e.g. University of Minnesota and Waslindstate University) suggest that further
studies should include the validation of the SNPkas identified herein, and the assessment of
correlations between malting/agronomic traits aeetisdormancy in order to determine if the
associations are due to linkage or pleiotropy (lale 2003; Lohwasser et al., 2013). Finally, it
has yet to be determined if the implementation BIAS breeding strategy combining the

selection of the appropriate dormancy levels withdesired malt quality attributes would highly
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benefit the selection of undesirable genotypesrbesunbmitting samples to malt quality
assessments that are costly, labor intensive ar@donsuming.
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CHAPTER I11. UNRAVELING THE GENETICS OF SEED DORMANCY IN SI X-
ROWED BARLEY USING A DOUBLE HAPLOID POPULATION DERIVED FROM A
NARROW CROSS
Abstract

The problem imposed by differential expressionaifaancy levels on barleyHprdeum
vulgarel.) seed is a key factor affecting malt qualityorBhant genotypes need a prolonged
storage time before malting, which increases tlobgility of seed decay if problems with
storage conditions appear. In contrast, low dotrganotypes are more prone to pre-harvest
sprouting (PHS), which affects seed viability anakes grains worthless for malting. Ap F
derived doubled-haploid (DH) population with 198liwiduals was developed by intercrossing
two closely related six-rowed malting cultivarsa&der and Robust, which fit the requirements
and preferences of the two major brewing compani#ise U.S., Anheuser-Bush InBev (ABI)
and MillerCoors Brewing Company (MillerCoors). Tpepulation was used to determine the
genetics of seed dormancy in a narrow genetic gesnpbase. The progeny and parents of this
population were grown in three greenhouse expetisngsing a simple partial lattice design.
Spikes were harvested at physiological maturity thiett grains were used to determine the
germination percentage after 72 h. Eighty-eighPSharkers and 191 individuals were used to
build a linkage map covering 206.7 cM, which repres six of the seven barley chromosomes,
except chromosome 7H. A single QTL was detectectdsvthe telomere of chromosome 5H
that accounts for 69.2% (LOD=48.87) of the pheniatyariation observed for seed dormancy,

where the allele coming from ‘Stander’ increasezldiierall phenotypic mean 17%.
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Introduction

Barley Hordeum vulgard..) has been one of the most important crops samogent
times based on archeological evidence and the stuggnes involved in the domestication
process (Pourkheirandish and Komatsuda, 2007)lepahigh adaptation to a wide range of
environments, including the equatorial to borealex) has allowed its dissemination and
expansion around the globe begining 8,000 yearg\aggoBothmer et al., 2003; Pedraza-Garcia,
2011). The introduction of barley cultivars intetnew world most likely occurred during the
second voyage of Christopher Columbus; howeverfitsiedocumented evidence about barley
crops being successfully grown in the U.S. tené®iof Martha’s Vineyard and Virginia date
back to 1630 (Wiebe, 1979). Due to the unbearebieate of the eastern seaboard, barley
production was limited until settlements penetratéd western New York. The crop’s
popularity for brewing purposes caused its proauncto spread through all the colonies and by
mid-1800 most growers incorporated the use of ewed barley cultivars. By 1873 the
University of Wisconsin introduced the cultivar Mdwuria, which became very popular amongst
farmers. Selected Manchuria seeds were distridot&disconsin farmers and after several
cycles of selection seed was send to state farfnnesota and North Dakota, starting the
wide-spread use of Manchuria barley in the Midwegiebe 1979Weaver, 1943).

U.S. barley production from 2003 to 2012 has avedlapout 4.8 million tones per year,
with an average annual value of $785 million aava commodity (USDA\NASS
<http://www.nass.usda.gov/> accessed: 2 May 2@a&)ey domestic use is mostly devoted to
the production of alcoholic beverages includingri{8.5%) and whiskey (1.7%), and is used in
lesser amount for livestock feed and food purp¢sé%.6%). The three states producing the

most barley in the country are North Dakota (68.hupfollowed by Idaho (48.7 m bu) and
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Montana (37.5 m bu) (Source: USDA\NA®S8p://quickstats.nass.usda.gov/, verified 10 June
2013 and cited by the American Malting Barley Asation: ‘Economic Significance of Barley’
<http://ambainc.org/media/AMBA_PDFs/NBIC/2013_Ecomcs.pdf> accessed: May 30
2013).

Since barley is the raw material required for thedpction of beer, the selection of
parents with optimal quality traits is critical five development of new cultivars that follow
industry quality guidelines (Horsley et al., 198gsmusson and Phillips, 1997). Most of these
parents are closely related elite cultivars bredde seed dormancy and adaptation to specific
production areas, which has the concomitant etieotducing the genetic diversity within the
crop (Horsley and Harvey, 2010; Mikel et al., 2Q08dditionally, the malt quality
specifications from the two major brewing companiethe U.S., ABI and MillerCoors has
been quite different since the year 2000 (Lewi4,220 MillerCoors use a blend of six and two-
rowed cultivars that have low dormancy (>98% nomumt seeds) and moderate protein
modification/enzymatic levels (Kay, 2005). On thikey hand, ABI prefers the use of barley
cultivars that have low dormancy as well, but #tibit higher levels of protein modification,
enzymatic activity, and higher soluble protein le@lertrich, 2005). These factors, coupled
with premiums paid to growers for producing the samalting cultivars each year, has
augmented the incidence of PHS and diseases ldgher Midwest (Rasmusson and Phillips,
1997;Schwarz el al., 2004).

Among modern cereals, barley has undergone strelegtion by plant breeders against
extended seed dormancy in order to promote uniforchquick germination during malting
(Oberthur, 1995). In malting, the ultimate goaldsnaximize endosperm modification of the

kernel by changing its friability and increasing #mnzymatic activity. However, a problem
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imposed by differential expression of seed dormdeags to reductions in grain and malt
guality, affecting the production of fermentablgats that are needed for the production of beer.

Seed dormancy is an adaptive trait characterizatidoynability of viable seeds to
germinate under favorable conditions (Foley, 2001 is a main factor contributing to PHS
tolerance (Mares, 1984; Rodriguez et al., 2001 pGial., 2010). It has been well documented
that there is a large amount of genetic variatiodeulying both traits in common wheat (
aestivumL.), rice Oryza sativaand barley, where expression is strongly cordcbbly
environmental factors and their genotype x envirenninteractions (Buraas and Skinnes, 1984;
Gu et al., 2005; Lin et al., 2009; Chao et al.,®01

Traditional genetic studies of seed dormancy ielydrave relied on the use of
biparental mapping in which at least one parenhedapted. While this strategy is effective in
identifying quantitative trait loci (QTL) controfig traits of interest, it may not be as effectve i
identifying QTL conferring differences in one’sgated germplasm. Burass and Skinnes (1984)
suggested that several recessive genes, with nplagmic effects, control seed dormancy in
barley; however, neither genes nor gene locatiare wdentified in the study. Additionally, no
associations with other agronomic traits and docyavere identified (Burass and Skinnes,
1984). In later studies, up to 26 QTL were ideatiffor seed dormancy across the entire barley
genome, with a large effect QTL reported in chroomes 5H proximal to the centromere (5HC)
and in the telomeric region in the long arm (SHIbe@ure et al., 1995; Lin et al., 2009; Ullrich
et al., 1993; Li et al., 2004).

For the purpose of this study, | used ard€rived doubled-haploid (DH) population
derived from the cross between two closely relafathg six-rowed malting cultivars (Stander

and Robust) for biparental mapping for seed dormanBoth parents differ greatly in
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agronomic, malting quality, and seed dormancy parémce, but also exhibit low levels of
genetic variability, which is the result of theesgtlon and intermating of a small number of
founder lines belonging to an elite gene pool. i&land Stander were developed by the
University of Minnesota and released by the Mint@gggricultural Experimental Station in
1983 and 1993, respectively. The cross ‘MankeéWarex’ gave origin to ‘Robust’, which is
present in the pedigree of ‘Stander’ four times
[Robust*2/3/‘Cree’/'Bonanza’//‘Manker’/4/'RobustBumper’] (Rasmusson et al., 1993;
Rasmusson and Phillips, 1997; Pedraza-Garcia, 2@&dis, 2011). The close kinship of both
cultivars results in most of the shared genomitregbeing monomorphic, which represents a
challenge for the identification of functional polprphisms associated with traits of interest
(Lin, 2007; Pedraza-Garcia, 2011).

Previous studies conducted by Lin (2007) and Ped@arcia (2011) using the Robust x
Stander DH population found that less than 10%ef3SR and DArT markers identified
polymorphism between ‘Stander’ and ‘Robust’, whitlgygests the presence of few genomic
regions that account for most of the phenotypitedéinces between the two parents. To
overcome some of the limitations associated wighidentification of functional polymorphisms
in this genetically narrowed cross, | utilized @M)-SNP iSelect lllumina platform to genotype
the DH population. This chip was developed by MaBanal (IPK, Gaterslaben, Germany) and
Robbie Waugh (James Hutton Institute, Dundee, &adjlin a collaborative effort to genotype
all barley present in the USDA-ARS National Smalai@ Collection, and to make the data
available for the barley scientific community (Te@ae Coordinated Agricultural Project
http://www.triticeaecap.org accessed: January @122 The premise of mapping in a very

narrow population is that even though are very fegions with polymorphisms, those areas
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containing them are more likely to be in regionsbbang genes important for Midwest U.S. six-
rowed malting barley.

The objective of this study was to determine tlwatmn and effect of QTL controlling
seed dormancy in the genetically narropwderived DH population from the cross Stander x
Robust. Information gathered in this study wilbyide clues on the genetics of seed dormancy
in barley with special attention on Midwest US sixved barley germplasm, which has a narrow
genetic base.

Materials and methods

Plant materials and genotyping approach

One-hundred and ninety-six DH lines from the cr&ander x Robust’ were generated
by The New Zealand Institute for Plant and Foodeaesh Limited (Lincoln, New Zealand)
using theHordeum bulbosurfbulbous barley grass) method (Houben et al., ROAlsubset of
54 lines from this population was used in previsuslies to identify QTL controlling malting
guality and agronomic traits (Lin, 2009; Pedrazaeiza 2011; Lewis, 2012). An additional set
of 142 DH lines was received from our collaboratarlew Zealand and increased in Fall 2010
greenhouse for the purpose of this study. Froninitial population, one line was lost during
the process of seed increase and two others wsearded due to heterozygosity, which was
unexpected. A total of 193 lines, two parents anel check (Tradition) were assigned to
experimental units using a simple 14 x 14 parsatilde. The experiment was repeated over three
consecutive greenhouse seasons. Randomizatioegpedormed using the software
AGROBASE Generation Il v. 18.18.2 (Mulitze, 199@1D Agronomix Software, Inc.).
Experimental units were 15.24-cm-diameter clay fGeramo, Jackson, Missouri) containing a

potting media of Sunshine LC 8 soil mix (Sun Gratitolture, Canada) and each pot contained
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three seeds from a single entry. All experimentsaveenducted under greenhouse conditions at
a photoperiod of 16 h day/8 h night and temperataf0 °C day/18 °C night, respectively.
Granular fertilizer Osmocote Plus (Scotts, MargsilDH) was applied at the two-leaf stage,
followed by weekly applications of a solution of-20-20 Jack’s Peat Lite (JR Peters, Inc,
Allentown, PA) at recommended rate. Spikes wergdsted at physiological maturity (PM),
described as the point at which 95 % maximum kednelveight is attained. Visual indicators
of PM included loss of green color from the gluraesd the peduncle (Copeland and Crookston,
1985). Harvested spikes were placed in Ziploc-fyfastic bags and stored at -20°C until
germination test (GT) were performed.

Additionally, the entire biparental population, Reband Stander were sown in fall 2011
greenhouse to obtain leaf tissue samples for DNiAaetion. One seed per genotype was sown
in 21-cm-tall Ray Leach UV stabilized cone-tain@tuewe & Sons, Inc., Tangent, OR) filled
with a potting media of Sunshine LC 8 soil mix (Saro Horticulture, Canada) and placed in
plastic trays that held up to 98 cone-tainers. Me¢hods for collection of leaf tissue and DNA
extraction are the same as those described by Bludta et al. (2008) in the laboratory of Dr.
Shiaoman Chao at USDA-ARS in Fargo, ND. The pamravas genotyped utilizing a
customized 9,000-Infinium iSelect HD Custum BeagQtanel and the Infinium HD assay
protocol developed by lllumina, Inc. (San Diego,)CAhis assay interrogates the genome
through a two-step process that includes the higatidn of 50-mer probes to the loci of
interest, followed by an enzymatic single baseresitan reaction that incorporates a fluorescent
labeled (i.e., Cy5=red or Cy3=green) nucleotidiae lllumina iScan imaging system was used
to detect specific alleles at a locus based orasigtensity and color, which is the basis for

genotype calling. A cutoff threshold ‘GenCall’ @f15, plus the use of a clustering algorithm
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and normalization of the data was possible thohghrmplementation of the software
GenomeStudio™ v. 1.0 (lllumina, Inc., San Diego,)CAeterozygous genotypes were rare
(1.04%) as expected from the process of produciddH lines by theH. bulbosunmethod.
These lines were discarded from the analysis @.dat

Germination test and statistical analysis

The percent of non-dormant seeds was determined tis¢ protocol Barley 3-C of the
American Society of Brewing Chemist (1999), witmmeomodifications. The method consists
germinating 100 kernels uniformly spread over tlveets of 90 mm Whatman® filter paper in
51 mm Petri dishes previously saturated with 4 rhtlistilled water. Petri dishes were sealed
with Parafilm M (Pechiney Plastic Packaging Compalyicago IL) to maintain stable moisture
conditions. Samples were incubated in the dark2on at 20 + 2°C and relative humidity of
98% in a growth chamber (Percival Scientific; PetA). The percent of non-dormant seeds
was determined at 72 h as described by Lin eR@DY). Data gathered from each test year were
analyzed separately using the MIXED procedure 08 $A9.3(SAS Institute, Inc. 2011yyhere
block was considered a random effect and genotypes a fixed effect.

Using SAS v. 9.3 (SAS Institute, Inc. 2011), geration data from each greenhouse run
were considered an environment and they were aedlyzparately using the PROC LATTICE
statement to calculate the individual error mearases (EMS) and the intrablock EMS.
Homogeneity of variances among experiments wasrdeted by the ratio of the largest to the
smallest intrablock EMS, or in other words, if 8IS did not differ by more than a factor of 10
then variances were considered homogeneous. Basiis premise a combined ANOVA
across experiments was done using the MIXED praegdvith experiments deemed random

and genotypes fixed--tests were considered significant at P<0.05.
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Heritability estimates for the combined environnsanere calculated for seed dormancy

from the components of variance using the folloneggation:

0%

h* =
= 5 >
O'% + O-GE/e + Ue/er

wereg4=genetic component of varianegg;=variance due to genotype*environment
interaction,o;=experimental error variancesnumber of environments, ametnumber of
replicates. The heritability of seed dormancy aséssociated standard error were estimated
using the method described by Holland et al. (2008)he analysis of random lines in an
incomplete block design, in this case a simple 14 fattice design conducted at three
environments. Both parental lines and check (Ti@wi were removed from the data set to
assess the variance and covariance componentg|lassvthe heritability on a plant and family
basis, respectively. The variance and covariaacanpeters were calculated using the
COVTEST and ASYCOV options of the MIXED proced{8AS Institute, Inc. 20)1with
environments and genotypes deemed random. Thalhéty estimates were calculated using
the multivariate restricted maximum likelihood (REMmethod implemented using PROC
MIXED (SAS Institute, Inc. 20)1and as described by Holland et al. (2003) andaudli(2006).
Approximate standard errors for heritability westimated using the delta method (Lynch and
Walsh, 1998). Matrix computations to estimatedtamdard errors were calculated using PROC

IML (SAS Institute, Inc. 201

Genotypic and phenotypic coefficients of variatiware calculated according to Singh

and Chaudhary (1977) as follow:
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GCV = x100
Vop
PCV = ——x100
X

where,GCV=genotypic coefficient of variation, PCV=phengity coefficient of variation,
o’c=genotypic variancey’p=phenotypic variance, adfi= general mean
Genetic data analysis and mapping approach

The 9,000-Infinium iSelect HD Custum BeadChip wasdifor genotyping the lines and
parents in the study. Cosegregating markers waraually removed and the number of linkage
groups was determined using the software MapDisfoA5 (Lorieux 2012
http://mapdisto.free.fr) with a minimal LOD score30 and maximum recombination of 0.30.
The order of the markers in each linkage group aesrmined using the Order, Ripple, and
Check inversions commands. The Seriation Il atboriand SARF (Sum of Adjacent
Recombination Frequencies) criteria were choseatetermine the best linkage order of each
sequence (Buetow and Chakravarti, 1987; Lorieux220Additionally, the stability and
robustness of each sequence was validated witl® b@6tstrappings, and the Kosambi function
was used to convert recombination fractions intttitdorgans (cM) (Kosambi 1944).
Segregation ratios of individual markers were ass@statistically at an individual marker locus
for deviations from the expected Mendelian ratid(by aX*test. If the marker deviated from
the expected 1:1 ratio, then the equation propbgethang et al. (2010) was used to explain the

effect of marker distortion over the estimation@FL detection power as follow:

_ g _p(A-p) 1-(1-2p)?
o2 fA-f) 1-(1-2f)?
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werek denotes the ratio of the variance under distottinotine variance of no distortiop,and 1-
p are the frequencies of two QTL types, &mahd 1f are the frequencies of two genotypes that
segregate according to the Mendelian ration 14d,.irSthe case of distortiol,will be smaller
than 1, and therefore the QTL detection power nglreduced.
QTL analyss

QTL analyses were performed using the phenotygicséetl means across all
experiments utilizing the software QGene v. 4.3M6Ison, 1997). The population distribution
for seed dormancy was plotted and tested for natynading the Kolmogorov-Smirnov test.
Data were considered normally distribute® Walue >0.05. Single Marker Regression (SMA)
Analysis was initially done to identify chromosomegions associated with dormancy using the
statistics —log (), R and additive effect. Markers were considerediigmtly associated at a
P value < 0.001. Next, simple interval mapping (SW§s done using the step-wise interval
analysis every 2 cM, and permutation tests witldQ j@erations were done to determine the
LOD scores for theg 01 andag psexperiment-wide errors needed to declare signifiozarker-
trait associations. Composite interval mapping{Clvas conducted as well using the default
parameters for cofactor selection suggested in @®enA.3.10 (Nelson, 1997), in which markers
outside an interval containing a QTL are selectedddactors. This method allowed the
positioning and estimation of the magnitude of @¥L. Again, to determine the LOD score for
the experiment-wide error rate, a permutationwgst 10,000 iterations was used. Graphic
representation of the linkage groups and QTL waaioed using the software MapChart v 2.2
(Voorrips, 2002 andmap locations for the identified QTL were estimabeded on the

published consensus maps by Close et al., (2009)
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Results and discussion
Phenotypic data
Robust, the dormant parent, and Stander, the nonadd, parent behaved as expected
for seed dormancy. Robust had germination pergesteanging from 0 to 31%, while Stander
had relatively higher levels of germination rangfrgm 32 to 74%. The phenotypic distribution
for the mapping population was continuous and skicaveimodal distribution with population
means intermediate to both parents, and rangesdRrtebeyond the parents. The minimum

value observed for germination was 4.1% and theimax 74.5% (Figure 3.1).

35.0 - Stander like
30%
30.0 -
G 250
er Robust like
mi 20.0 17%
na 150 -
tio
- 10.0 -
5.0 -
0.0 '

1-10.9 11-20.9 21-30.9 31-40.9 41-50.9 51-60.9 61-70.9 80.9-

Classes

Figure 3.1. Phenotypic distribution of the StanBeldust DH population means estimated based
on the LSD P=0.05) for percent of non-dormant seeds acrosg@mwients.

Approximately 17% of the progeny behaved similaRtibust, while 30% behaved
similar to Stander. Our results corroborate thafdan (2007) who conducted a similar study
with a smaller number of lines from the Robust arfsier DH population. Lin (2007) reported
mean germination values across environments fougpBtander and the DH population to be

23.3%, 65%, and 43.7%, which are similar to thei@alreported herein. Mean germination
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percentage values for the parents and progenyrasented for the individual analysis of
environments, as well as the means across expdsr(ieable 3.1). The relative efficiency of
the three greenhouse experiments analyzed, asial ganple Lattice design compared to
RCBD was 107.13%, 121.70% and 100.86%, correspgridithe 2011 spring greenhouse
(11sgh), 2011 fall greenhouse (11fgh), and 201igmreenhouse (12sgh) seasons,
respectively. Intrablock error mean squares froenibdividual environment analysis of
variance (ANOVAS) were homogeneous among experispastdetermined by the ratio of the
largest to the smallest intrablock EMS (Table 3. Phus,a combined analysis across
environments was performed based on the premiserabgeneity of variances (Table 3.1).
Table 3.1. Mean percent non-dormant seeds meaati@lh on caryopses harvested at

physiological maturity from parents and the StafiRl@ibust DH progeny, based on the
individual and combined analysis of the three expents.

Robust Stander Population
Season
Mean Mean LSD SD Range
11sgh% 5.2 at 58.2b 31.6 32,5 22.4 0-76.6
11fght 13.2a 61.2b 46.7 30.9 22.5 1.1-91.3
12sght 30.5a 48.5a 42.2 31.8 21.1 2.5-87.5
Combined 15.2a 54.3b 40.1 17.8 20.0 1.1-75.0

Tt The 2011 spring greenhouse (11sgh), 2011 fadirdreuse (11fgh), 2012 spring greenhouse
(12sgh).

¥ Means for parents between columns followed bystae letter are not significantly different
(P< 0.05) as determined by &ntest.

Table 3.2. Results from the analysis of varianecesé®d dormancy coming from three greenhouse
season experiments.

Source of Variation 11sgh 11fgh 12sgh
DF MS
Replications 1 1657 16316 54757
Blocks(rep) (Adj.) 26 530 785 337
Genotypes (Unadj.) 195 1039 1104 889
Intra Block Error 169 253 224 260
Total 391 667 742 718

T 11sgh=the 2011 spring greenhouse, 11fgh=201grMadnhouse, and 12sgh=2012 spring
greenhouse.
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The combined analysis revealed a non-significanbtyge-by-environment interaction,
and a highly significant (P<0.01) genotype maireefff Most of the variance observed for seed
dormancy was associated with the genotype mairtef@ %), and the variance associated with
the environment main effect was negligible as etqubdor the given greenhouse conditions
(Table 3.4). The estimates of heritability basediralividual environment analyses were high
and consistent, ranging from 0.71+0.04 to 0.77+0v3le the estimate of heritability for the
combined analysis was comparatively higher at 09k (Table 3.4).

Table 3.3. Results from the combined analysis eflslormancy from three greenhouse seasons.

Sources of Variation Degrees of freedom MS
Environment 2 22585
Rep(environment) 3 24243
Block(environment*rep) 78 550
Genotype 195 2129
Genotype*environment 390 225
Error 507 246

* **Significant at P<0.05 andP<0.01, respectively.

Table 3.4. Estimate of variance components, helittalplus the standard error, and genotypic
(GCV) and phenotypic coefficients of variation (PJ@r seed dormancy.

Covariance parameter 11sgh 11fgh 12sgh Combined
Environment - - - 0
Rep(environment) 2.72 76.05 267.95 115.37
Block(rep*environment) 51.31 87.16 24.34 50.61
Genotype 358.27 380.61 301.78 358.57
Genotypes*environment - - - 0
Error 251.24 226.62 252.51 234.50
Heritability 0.74+0.04 0.77+0.03 0.71+0.04 0.9+0.01
CVv 50.10 32.23 37.65 39.14
GCV 59.84 41.77 41.15 47.27
PCV 69.50 47.54 49.02 49.77

The estimates for the phenotypic and genotypicfooefits of variation for the individual

analyses of environments were very close to eabbrdffable 3.4), ranging from 41.2% to
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59.8% for the GCV and 47.5% to 69.5% for the PQWe GCV and PCV values were higher in
the 2011 spring greenhouse compared to the otleeséasons. The estimates of GCV and PCV
based on the combined analysis were very closeedls suggesting that phenotypic selection
based on the germination test is reliable for seleamf genotypes with desired levels of seed
dormancy.

Creation of a genetic linkage map and QTL analysis

From a total of 6,715 SNP markers used to screemtpping population, only 6.6%

(445 SNPs) were found to identify polymorphismsassEn Stander and Robust. The lack of
polymorphism detected between them can be explasdde result of their close kinship, which
results in most shared genomic regions being monammand only few being responsible for
most of the phenotypic differences observed betwleem (Pedraza-Garcia, 2011). The few
polymorphic regions identified may harbor good adateé genes for MAS for seed dormancy
and other important quality and agronomic traits.

After the removal of cosegregating markers, a wt&8 SNPs were used to build the
final map (Figure 3.2). Six out of seven barleyacthosomes are represented herein, with three
linkage groups representing chromosome 5H (5H-125&hd 5H-3). A representation for
chromosome 7H was not found in either this studyndedraza-Garcia (2011). This could be
the result of most chromatin regions in chromos@idéeing identical between Stander and
Robust. As reported by Pedraza-Garcia (2011)e thex linkage gaps in chromosome 5H, which
are represented herein by two small linkage grafigsl and 5.2 cM and a larger one of 80.6
cM distance (Figure 3.2). Linkage group 5H-1 cepends to a small section of the long arm of
chromosome 5H between the 159cM to 163.29 cM regiothe barley consensus map by Close

et al. (2009). The linkage group 5H-2 containskees near the telomere of the short arm of 5H
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corresponding to the region 5.38 cM to 10.58 cMogElet al., 2009). Finally, linkage group
5H-3 corresponds to the region near the telomemhoomosome 5HL. Some of the SNP
markers mapping within this linkage group havelme#n mapped before (e.g.

SCRI_RS 141226), but most of the BOPA SNPs hadsgCén al., 2009; Mufioz-Amatriain et al.
(2011), which allowed me to determine that 5H-3 pdee a region between distances173 cM
(1_0869; Close et al., 2009) to 194 cM (12_207716s€et al., 2009) and extending beyond that
in both directions (Figure 3.2). Again, a hypotldbat explains why we obtained several
linkage groups representing chromosome 5H is tietemce of complete homology in certain
chromosomal regions between both parents spannéshbyolymorphic regions. It is not
surprising that much of their genome would be fisette they were produced by intermating a
small number of founder lines belonging to an elg@e pool followed by selection of parents
that follow strict malt quality guidelines.

Interestingly, segregation distortion was obseme@ group of 10 SNP makers clustered
in chromosome 5H-3 and on those markers belongimtomosomes 1H and 2H, respectively.
We detected that segregation distortion for thds$E Sarkers located on 5H-3 was toward the
maternal allele (Stander), while the distortioncbnomosomes1H and 2H was towards the
paternal allele (Robust) (appendix Table A28). rRea-Garcia, (2011) documented the
existence of deviations from the expected 1:1 naftow about 12 SNP markers that detected
polymorphism between Stander and Robust.

This phenomenon of segregation distortion has beeorted for other DH populations
including Morex/'Barke’, ‘Oregon Wolfe’, Steptoe/Mex and ‘Haruna Nijo’/OHU602. Most of
the segregation distortion was observed in the M8arke population towards the pericentric

regions of chromosomes 1H, 2H, 5H, 7H and the bEmng of 7H (Close et al., 2009). Sayed et
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al. (2002) studied this phenomenon comparing 71libés from the cross ‘Tadmor’/'WI12291’
with the segregation of 92 knes coming from the same cross by using simgtgience repeat
(SSR) markers. Their results showed that lociated 44% more in the DH than in the F
population (16%). Even though, the production éf hes allows reaching homozygosity
faster than using other conventional breeding nathimcluding pedigree and backcrossing, it
seems to be less effective than recombinant inlomed (RILS) for mapping purposes (R.
Brueggemann, personnel communication, 2013).

Segregation distortion has been documented to acddid populations produced using
the anther culture arfdordeum bulbosurfH.b.) methods. While the anther culture method
targets male gametes, the Hiethod targets female gametes. The former usds tethe
male parent, from which microspores are takenHemregeneration of entire barley plantsroy
vitro tissue culture; while the latter involves the isfeecific hybridization of Findividuals
(used as females) with. bulbosumfollowed by embryo rescue, regeneration, unipalent
chromosome eliminatiorH( bulbosur and chromosome doubling of the vulgarechromatin
by colchicine (Cistué et al. 201Houben et al. 2011).

Cistué et al. (2011) reported that DH populatioesveétd by male gametes having
segregation distortion is the result of differehparformance of the parentsimvitro tissue
culture, while with the H.b. method segregationtatison is more likely the result of allelic
variation. The comparative mapping study by Cigtual. (2011) using two subpopulations of
the ‘Oregon Wolfe’ barley derived from the utiliat of both methods revealed there was a
greater amount of segregation distortion in théd@mntulture derived subpopulation than in the
H.b.-derived subpopulation, which could affect pgoever of QTL estimation. However, the

impact of segregation distortion on QTL analysif depend on the degree of dominance of the
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QTL, the level of linkage existing between distdrtearkers and the QTL, as well as the
population size (Zhang et al., 2010).Recent sinarattudies by Zhang et al. (2010)
documented the effect of segregation distortioQdh mapping detection using an F
population. Their results indicate that the effefctlistortion decreases rapidly if there is not a
tight linkage relationship between the distortedkaes with the QTL, and in some cases the
higher genetic variance resulted from the distartitay benefit the detection of linked QTL
(Zhang et al., 2010). For the particular case dffg@pulations only the additive effects can be
estimated due to the existence of only two distiygtotypic classes (e.g. AA or BB at a single
locus) compared to an population for which three distinct genotype ckssare detected (e.g.
AA, AB, and BB), making easier the estimation offbadditive and dominance effects.

The effect of marker distortion on the estimati®é!i@Qd L detection power was initially
assessed using the equation proposed by Zhang(2040) [eq.4] and through the
implementation of 10,000 permutations using the @ikction on QGene v. 4.3.10 (Nelson,
1997). Even though, we performed single markeresgion, SIM and CIM analyses, only the
results for the CIM will be presented and discudsa@in, since the final outcome for the three
analyses was nearly identical. Marker cofactorsevgelected using the default parameters of
QGene v. 4.3.10 (Nelson, 1997). TRfe the threshold of the odds (LOD), and the additive
effects were determined for each of the four QTalgses corresponding to the separate analysis
of each environment and the combined analysis a@agironments. Ten thousand
permutations were used to determine the LOD sdorgbleog01=3.39 andxg os=2.38
experiment-wide error needed to declare significaatker-trait associations. One QTL for seed
dormancy ¢o.0:=3.39) was identified in chromosome 5H-3. Marke@RI RS 141226 and

1 0869 flanked the QTL, and it spanned 32.8 cMyf&d.3; appendix Table A29). | named the
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QTL QDrm.SdRo-5H.2 had an LOD=48.87 and accoumnt$%2 % of the phenotypic variation

observed in seed dormancy for the ‘Stander/Rolpagiulation (Figure 3.3; appendix Table

A29).
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Figure 3.3. Genome-wide distribution of LOD val{¥saxis) for percent of non-dormant seeds
using composite interval mapping. Ten thousandti@ns were carried out to determine the
LOD scores for theg.o; andag os(@0.01=3.39 andxp 0s=2.38) needed to declare significant
marker-trait associations. a) Distribution of LOBlwes previous to cofactor selection; b)
Distribution of LOD values after cofactor selectian Additive effect.
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The alleles from ‘Stander’ were found in about 1@2the non-seed dormant phenotypes,
suggesting there may have been negative selegainst ‘Robust’ alleles, which are associated
with significantly higher levels of seed dormancihe position of QDrm.SdRo-5H.2
corresponds with the position of QDrm.BCAP-5H.2d€# et al., 2009), which is effectively
QTL SD2 (Han et al., 1996; Bonnardeaux et al., 2008wasser et al., 2013).

The segregation distortion of some of the markaeeated in 5H-3 (Figure 3.4) did not

affect the estimation of QTL detection power basedk value higher than k€1.2) (Zhang et

al., 2010).
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Figure 3.4. Position of QDrm.SdRo-5H.2 on linkageup 5H-3 and distribution of LOD values
associated with the percent of non-dormant sedusblue shadowed area on the chromosome
corresponds to region where markers showed signifisegregation distortion (P<0.0001) from
the Mendelian 1:1 ration. The green solid box repngs the interval where the QTL was
detected.
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For several years the effect of distorted marke@TL analysis was unknown, and for
that reason markers were discarded as a prevesgiveon. However, recent studies have
shown that distorted markers can be safely useth&purpose of QTL mapping with low or no
detrimental effect on the QTL detection power (Xale 2009; Zhang et al., 2010). This
phenomenon occurs as the result of gametic setea@ygotic selection, or both (Xu et al.,
2009). The SNP markers that showed significantegggion distortion on chromosome 5HL are
located in a region that also harbors other QTUiwaged in the regulation of several malting
quality and agronomic traits including: diastategr, freen-amino acidp-amylase, heading
date ant test weight (Mather et al., 1997; Marq@edillo et al., 2001Panozzo et al., 2007),
which complicates the ability to breed for seednamcy and PHS tolerance since direct changes
in dormancy could cause concomitant changes inmgadttributes (Li et al. 2003; Bonnardeaux
et al., 2008). It is not surprising that this ¢&rsof markers show significant segregation
distortion since this particular genomic region haen the target of strict selection for malt
quality.

The repeatable expression and importance of thisf@ifseed dormancy in both
association mapping and biparental mapping analgsgagported by the results of Bonnardeaux
et al. (2008) based on the analysis of the ‘SgtliRlarrington’ DH population. They confirmed
that the QTL 5Hqgb or SD2, which is located on #lermere of chromosome 5H had the largest
additive effect and accounted for most of the \alitg observed for seed dormancy in barley.
Even though, most biparental studies in seed dacynaave confirmed the existence of two
QTL regions on chromosome 5HL, SD1 located neacémromere and SD2 on the telomere
region, only one was detected herein and it coorgpto QTL SD2. Romagosa et al. (1999)

proposed that SD1 was the most important QTL il seemancy release, based on the high
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variability that this one explained (~50% of theepbtypic variance) across different
environments (Oberthur et al., 1995; Han et al96)9The QTL SD1 was never detected in this
study and should not be expected to be for differessons, including: i) use of a narrow based
population, which make it hard to find polymorphisiine to most shared genomic regions being
monomorphic between both parents; ii) the fact thiié¢rent markers have been used across
different mapping studies makes difficult to maledidh comparisons for QTL positions based on
different crosses; iii) marker order and map disg@vary among crosses depending on the
saturation of the maps; and iv) the statisticalmods and thresholds used to declare significance
vary among studies (Clancy et al., 2003). Anoflassibility is that the SD1 region in Robust
and Stander has been genotypically fixed. Eveaghanost biparental mapping studies have
relied on the use of populations derived from ptaréistantly related for the identification of
significant QTL, | believe that identifying thessgions using a narrow germplasm based
population will better represent the case of bableyeding programs that breed for malting
barley adapted to specific growing areas. Adddilly, identification of specific genes
conferring actual phenotypic differences in Rolarsi Stander should be easier.
Geneannotation for the SCRI_RS 141226

Pedraza-Garcia (2011) identified a DArT marker 8BB0O that explains 81% of the
phenotypic variation observed for percent of nomuint seeds using a subpopulation of the
‘Stander/Robust’ cross. This marker mapped to @dasimregion on chromosome 5HL
comparable to that identified by SCRI_RS 141226cdkding to Pedraza-Garcia this locus is
under selection pressure, and “only certain altel®mbinations increase the percentage of the
non-dormant seed” phenotype. | wanted to determioeb-9660 and SCRI_RS 141226 are

indeed detecting the same locus. To test thisthgses, | compared the nucleotide sequence
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from the DAIrT marker bPb-9660 with the completeamodequence (GenBank accession #:
AK363215.1) from which marker SCRI_RS 141226 wasioled (Matsumoto et al., 2011). To
do so, | utilized the software Clutal Omega v. A (EMBL-EBI <
http://www.ebi.ac.uk/Tools/msa/clustalo/> accessedune 3 2013). The results from the
alignment indicate there is a similarity of only.5%, which makes it hard to determine if both
markers map exactly to the same region. The alamietween the sequences is not shown
herein due to proprietary rights held by Tritic&rf¥arralumla, Australia) over all DArT
technology.

On the other hand, the results from searchingréorstated nucleotide databases using the
complete translated nucleotide query sequence K&68215.1 (Figure 3.5) indicates its
association with a large family of protein kinageks; E-value: 9.21e-52;
http://blast.ncbi.nim.nih.gov/ accessed: 3 Jun&320 Protein kinases (PKs) have been proposed
as candidate proteins involved in the signalindnwaly of the phytohormone abscisic acid
(ABA) based on the observation of increased mRN#&Iefor a serine/threonine kinase known
as PKABAL, which accumulates on wheat and barlegldping embryos as ABA levels rise
(Anderberg and Walker-Simmons, 199 mez-Cadenas et al., 1999). ABA is well known for
its important role in seed dormancy induction aradntenance, as well as in mediating plant
responses to environmental, biotic, and abiotessks, including drought, salinity, and cold
(Gomez-Cadenas et al., 1999; Finkelstein et ah820Gomez-Cadenas et al. (1999) using
particle bombardment transformation technigquesittmduce two types of genetic constructs in
the barley genome to determine the role of prdteiases in the signaling transduction pathway
mediating ABA expression. Their results indicdtattPKABA1 acts as an antagonist of GA-

inducible genes by mimicking ABA. The constitutieepression of the PKABAL construct
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resulted in the suppression of the expression loattand high Ph-amylase genes, as well

other protease genes that are induced by

Hordeum vulgare subsp. vulgare mRNA for predicted protein, complete cds, clone: NIASHv2013105
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Figure 3.5. Results from tEBLASTX search for the sequenc&363215.1 from which marke
SCRI_RS 141226 was obtaint
Based on the results obtained from the analysiseo§equencAK363215.. and its
predicted protein product (protein ID: BAJ94419¢ dentified that marker SCRI_RS 141:
is associated with a ptive protein kinase having 69% identity with a®mnerich receptor like
protein kinase 10-like froBrachypodium distachy( (L.) P.Beauv(Gene Bank accession
XP_003563975.1)and it is also 53.7% similar to PKABAL froSecale cerea L. (Gene Bank
accession #:0Q295068.4hd 55.0% similar to PK4 on wheat (Gene Bank acue:
#:AF519805.1 Tanaka et al., (2012) identified sti-inducible receptolike kinases encode
by the geneARCK1andCRK3E¢, to be involved in the control of ABA and stresssiling
transduction responses in Arabidopsis. The ideatibn of protein kinases indud by ABA
involved in the regulation of ABA provide a basis the study of the role of these type
proteins in seed dormancy and stress respoAnderberg and Walkesimmons, 1992Gomez-
Cadenas et al., 199%anaka et al., 201:
Summary

The AA gendype (A allele=A) was detected in 105 individualdile the BB genotype (|

allele=G) was detected in about 86 individualshef Stander/Robust’ DH population for marl

SCRI_RS 141226The QTL on chromosome 5HL associated with maSCRI_RS_1412Z
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accounts for 69.2% (LOD=48.87) of the phenotypigataon observed for seed dormancy, were
the A allele coming from ‘Stander’ increased them phenotypic mean by 17% for the non-
dormant phenotype. Further studies should inclbdadentification of markers on the interval
between markers SCRI_RS_141226 and 1_0869 in tockaturate the region with informative
markers that could be used for MAS of seed dormardaditionally, we suggest the validation
of marker SCRI_RS 141226 and those markers that feend to be in segregation distortion to
determine the relationships between malt qualaigrand dormancy. The validation of such
markers should be done using other narrow germpkssa populations (e.g. Barley CAP
breeding lines from the University of Minnesota dnel NDSU six-rowed program) in order to
determine their utility for MAS.
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CHAPTER IV. SUMMARY AND CONCLUSIONS

Historically, most U.S spring barley breeding paogs have bred cultivars with similar
malting and brewing attributes in order to satify preferences and demands of the malting and
brewing industries. This makes the developmentef aultivars a very difficult task, since
many quality traits need to be considered and duestn to determine which lines to advance
for further testing must to be made within a narpmtiod of time after the crop is harvested. A
major problem associated with this scheme is thadn be difficult to determine if poor
endosperm modification in a line during maltingliee to extended seed dormancy or inherently
poor malt quality. Thus, lines with extended sdednmancy are often culled in favor of those
with low seed dormancy and desirable levels of epdon modification. This can lead to lines
that may have acceptable malt quality, but areeqigae to pre-harvest sprouting (PHS).

Since differential expression of dormancy levelbanley seeds impacts malt quality,
there is a need to identify genomic regions thabant for most of the phenotypic variation in
order to design an optimal breeding strategy fers#lection of cultivars with acceptable malt
guality and seed dormancy. Marker-assisted sele¢iAS) has been proposed as a means of
identifying markers linked to important traits thallow a quantitative inheritance; however, its
utility will depend on how reliable marker-traitsaxiations are for predicting the phenotype
(e.g. seed dormancy) based on the genotype. Vialidstiudies and the development of strong
predictive methodologies are imperative for theadepment of molecular applications that take
advantage of the genotyping instead of phenotyghgs, benefiting the selection of barley
cultivars with low to intermediate dormancy levaled desirable malting attributes.

The objective of this study was to unravel the gerteasis underlying seed dormancy in

spring barley using genome-wide association map@h) and linkage mapping tools for the
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analysis of: i) a panel of 3,072 elite U.S. spiiagley breeding lines from eight breeding
programs participating in the USDA-NIFA Barley Cdorated Agricultural Project and ii) a
population of 193 Fderived doubled-haploid lines from the cross ‘8&mx ‘Robust’,
respectively. All these with the aim to:
1. ldentify marker-trait associations for seed dornyaihat are specific to each
breeding program that are candidates for use in MAS
2. ldentify polymorphic regions between Stander antdubthat can lead to the
identification of marker-trait associations for useMAS, with special attention
on Midwest U.S. six-rowed barley germplasm, whiels b narrow genetic base.
3. Propose a set of SNP markers for further validagtoilies to determine their
utility for MAS.
4. ldentify possible correlations between malt qualigits and seed dormancy
5. To identify pairwise epistatic interaction amongFSharkers
Some important results and conclusions drawn flusresearch are:
e Two main QTL regions were consistently detectedsxbreeding programs and years in
the long arm of chromosome 5H using 2,965 barley@Aes and genome-wide AM.
This is indicative of the importance of this chrasume region in the regulation and
maintenance of the physiological processes asgocvath seed dormancy in U. S.
spring barley germplasm.
e Smaller effect QTL were identified independentlysome breeding programs in
chromosomes 2H, 4H, 6H and 7H using combined aeslgsross years for each

breeding program.
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Even though a QTL relative ®D1(76.6cM-83.2 cM) was not detected across years
within any breeding program or in the combined gsialacross years within a program,
a QTL which is likelySD2and named in here as QDrm.BCAP-5H.2 was detented i
most breeding programs and years. Bonnardeaux @08I8) stated th&D2was the
most important QTL region accounting for most @ thariability observed for seed
dormancy in their study.

The annotation analyses for the genome-wide AMakagethat most of the genes
identified near the telomere in chromosome 5HLam®ociated with the metabolism of
hormones, as well as other mechanisms associatediefense, stress responses to
dehydration and ROS, and hormone sensitivity mediegsponses (i.e., jasmonate,
pectinesterases, gibberellins, protease compldicalinduced cell death proteins, LEA
proteins).

The observation of positive correlations betweeamylase, wort protein, and Kolbach
Index with seed dormancy in some of the years adoreeding programs (e.g.
University of Minnesota and Washington State Ursitg) suggest that further studies
should include the validation of the SNP markeenidied herein, and the assessment of
correlations between malting/agronomic traits aeeblsdormancy in order to determine if
the associations are due to linkage or pleiotropy.

The observation of numerous epistatic interactlmetsveen loci in 5SHL and other
chromosomal regions is indicative of the importadeemosome 5HL region for the
control of this trait.

The combined analysis on the ‘Stander/Robust’ Dpiutattion revealed a non-significant

genotype-by-environment interaction for seed dorgaand a highly significant
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(P<0.01) genotype main effect (47%). The heritab#isgimate based on this analysis
was very high(0.90+£0.01) compared to the separate analysis &f @adronment. The
estimated values for the genotypic and phenotypeétficients of variation (GCV and
PCV, respectively) were very close (GCV=47.27; P@YF7), which suggests that
phenotypic selection based on the use of germimagist is reliable for the identification
of genotypes with desired levels of seed dormandarley.
From a total of 6,715 SNP markers used to screzfStfander x Robust’ population,
only 6.6% (445 SNPs) were found to identify polypltisms between the parents. The
lack of polymorphisms can be explained by the clet#tionship of the two parents,
which results in most shared genomic regions beingomorphic and only a few regions
likely accounting for most observed of the phenmtyfifferences.
An 88-marker linkage map covering 206.7 cM was tgpedd and used to identify a
single QTL for seed dormancy in the long arm obohosome 5H that accounted for
nearly 69.2% of the phenotypic variation.

The SNP marker SCRI_RS_141226 within the QTL regsgoroposed for use in
MAS. The A allele coming from Stander (non-dormpatent) increased the overall
phenotypic mean of the non-dormant phenotype by.17%
The annotation analysis of the full coding sequdncenarker SCRI_RS_141226
indicates it is associated with a putative prol@mase. Protein kinases (PKs) have been
proposed as candidate proteins involved in theadiigm pathway of the phytohormone
abscisic acid (ABA), which is implicated in the dedormancy maintenance and the

activation of plant defense mechanisms.
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e A cluster of SNP markers that showed significagregation distortion on chromosome
5HL, approximately 32.8 cM from marker SCRI_RS_124 #vas identified. Results
suggest that the segregation distortion of thos&ens did not affect the estimation of
QTL detection power based ork &alue higher than k€1.2). This cluster of markers is
located in a region that also harbors other QTUiwaged in the regulation of several
malt quality and agronomic traits, including: d&t&t power, free.-amino acidp-
amylase, heading date, and test weight. ThelfattQTL for these traits and seed
dormancy reside in a similar region complicatesabidity of breeding for seed
dormancy and PHS tolerance because direct changiEsmancy could cause
concomitant changes in malt quality. It is nofsising that this cluster of markers show
significant segregation distortion since this mattr genomic region has been the target

of strict selection for malt quality.

124



APPENDI X

Table A1l. Polymorphic markers identified for eaéhhe forty AM analyses.

Breeding
Programt 2006 2007 2008 2009 Combined 4 years
AB 2334 2359 2370 2330 2556
BA 2320 2162 2266 2314 2428
MT 1544 1689 2204 1441 2302
ND2R 2278 2197 2050 1855 2481
ND6R 1335 1287 1736 1474 2055
UM 1295 1539 1304 1186 1853
uT 2502 2195 2144 2115 2608
WA 2343 2341 2067 1979 2532

T AB=USDA-ARS-Aberdeen, ID; BA= Bush AgriculturaleBources LLC..; MT= Montana
State University; ND2R= North Dakota State Univigré2-Rowed); ND6R= North Dakota State

University (6-Rowed); UM=University of MinnesotaTg Utah State; WA=Washington State
University.
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Table A2. SNP markers having a convergence witlb#st linear models.

Number of SNP Markers

Breeding Program Analysis Naivel P K P+K
USDA-ARS-Aberdeen, ID 4 years 2436 2446 2468 2468
2006 2257 2257 2257 2257
2007 2359 2344 2354 2345
2008 2362 2362 2355 2360
2009 2330 2330 2329 2329
Bush Agricultural Resources LLC 4 years 2395 2320 2303 2297
2006 2319 2319 2312 2319
2007 2159 2159 2153 2134
2008 2266 5207 2227 3993
o 2009 2314 2314 2312 2314
Montana State University 4 years 2164 2167 2302 2302
2006 1544 1544 1541 1544
2007 1689 1689 1686 1688
2008 2201 2202 2202 2202
2009 1441 1441 1415 1441
E\t‘;g?rfv\f‘)kma State University 4 years 2468 2461 2465 2429
2006 2277 2278 2278 2275
2007 2197 2197 2197 2195
2008 2050 2050 2050 2050
2009 1855 1855 16 1768
E\'S‘i’;f:‘o\?vg"k"ta State University 4 years 2029 2035 2046 2046
2006 1335 1335 1335 1335
2007 1283 1283 1283 1279
2008 1731 1732 1732 1732
2009 1460 1460 1456 1439
University of Minnesota 4 years 1809 1825 1852 1840
2006 1295 1295 1295 1295
2007 1539 1539 1420 1365
2008 1304 1304 1304 1304
2009 1102 1102 1102 1102
Utah State University 4 years 2537 2540 2607 2607
2006 2502 2479 2502 1806
2007 2161 2161 2153 2109
2008 2130 2130 2130 2130
2009 2115 2114 2112 2110
Washington State University 4 years 2515 2492 2476 2434
2006 2343 2343 2341 2343
2007 2341 2341 2011 78
2008 2067 2067 1419 2067
2009 1979 1979 1965 -

tSimple model=Naive; P=principal component analfBSA); K=kinship; P+K=PCA+Kinship
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Table A3. Significant marker-trait associatio®sQ.001) for percent of non-dormant seed
identified for the USDA-ARS-Aberdeen, ID breedinggram across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2006  5H 0.00 11_10593 5.44 15 81.60 78 51.12 0.13
173.08 11 10869 4.25 56 41.96 37 77.34 0.31
179.06 11 10254 4.37 42 74.40 51 40.91 0.29
179.64 11 21138 3.94 39 75.81 53 41.97 1 30.00 0.29
179.64 12_30656 3.94 39 75.81 53 41.97 1 30.00 0.29
194.64 12 30382 3.55 41 38.87 51 70.35 1 30.00 0.21
19542 11 20402 4.93 51 71.19 41 37.82 1 30.00 0.28x
196.12 12 10322 3.96 49 71.16 43 39.41 1 30.00 0.26
196.85 12 31123 3.35 51 69.56 42 39.61 0.23
2007 1H 36.95 11_21072 4.45 1 29.00 92 3.85 0.20
2H 54.95 11_21096 3.58 91 3.76 2 20.50 0.17
150.67 11 21436 381 52 3.49 39 4.92 2 5.00 0.01
3H 43.23 11_20647 4.45 1 29.00 92 3.85 0.20
4H 0.00 11_10846 3.56 86 3.36 6 15.00 1 4.00 0.14
65.05 12_30620 3.65 88 3.54 4 17.00 1 4.00 0.11
65.05 1111224 3.65 88 3.54 4 17.00 1 4.00 0.11
65.05 1111229 3.56 6 15.00 86 3.36 1 4.00 0.20
65.80 12_30455 3.65 4 17.00 88 3.54 1 4.00 0.17
5H 191.97 1231210 3.33 38 2.18 54 5.56 1 0.00 60.0
191.97 12 30360 3.30 40 2.15 52 5.72 1 0.00 0.07
194.84 12_10857 5.66 25 3.24 68 4.45 0.01
6H 311 12_31233 4.24 76 3.70 16 4.56 1 29.00 0.06
Unlinked 0.00 12_31128 3.53 48 3.78 45 4.49 0.00
2008 2H 11348 11 11118 3.17 53 15.85 33 42.33 1 .0068 0.30 X
4H 3.74 11_21228 3.35 5 221 81 27.48 1 68.00 0.08 x
12.02 12_31458 3.86 19 12.82 66 29.12 2 69.50 0.13
5H 182.88 12 31352 4.39 31 6.25 56 37.70 0.37
19197 12 31210 4.21 26 5.72 60 35.93 1 0.00 0.25
191.97 12 30360 6.60 29 5.42 57 37.68 1 0.00 0.30
191.97 11 10401 7.14 31 5.58 55 38.76 1 0.00 0.33
2009 1H 126.48 11 11481 3.16 6 70.55 90 41.75 0.08 x
3H 8.23 11_21190 3.91 49 50.39 43 38.40 4 151711 0. x
4H 77.31 11_11004 3.53 81 38.28 12 79.25 3 4311150
77.31 11_21353 3.02 82 38.37 14 73.90 0.26
77.31 12_31231 3.02 82 38.37 14 73.90 0.26
77.31 12_30136 3.02 82 38.37 14 73.90 0.26

x

x
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Table A4. Significant marker-trait associatioRs(.001) for percent of non-dormant seed
identified for the Bush Agricultural Resources Lb&eding program across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2006 2H 0.00 11_10017 4.10 13 50.64 82 82.58 0.18 X
27.29 11 20394 4.18 9 38.16 86 82.40 0.24 X
63.53 11_10909 4.03 41 73.92 54 81.46 0.02
71.12 12_10719 3.55 60 72.02 35 88.81 0.10
78.03 12_30696 3.65 42 65.04 53 88.64 0.20
78.03 11_10196 3.65 42 65.04 53 88.64 0.20
133.94 11 20715 3.45 41 67.45 54 86.37 0.13
5H 2.09 11_20894 3.46 76 75.05 19 90.83 0.06
6.40 11_20206 5.32 62 86.01 33 63.55 0.17 X
47.39 11_11432 3.10 88 81.08 7 42.11 0.15
47.39  12_30105 3.95 6 32.97 89 81.26 0.20
51.00 11_20129 3.08 37 76.05 58 79.58 0.00
51.00 11_20958 3.08 37 76.05 58 79.58 0.00
51.30 12_30728 3.08 37 76.05 58 79.58 0.00
51.30 12_30575 3.08 37 76.05 58 79.58 0.00
51.60 11_10661 3.08 58 79.58 37 76.05 0.00
65.49 11_20713 3.67 78 84.45 17 49.56 0.26
69.90 12_30080 4.50 51 71.00 44 86.57 0.09
87.35 11_21445 3.40 5 34.00 90 80.66 0.16
143.27 11 20551 3.68 26 54.49 69 87.15 0.31
175.90 11 10778 3.94 70 84.91 25 59.45 0.18
176.62 11 21012 3.94 25 59.45 70 84.91 0.18
176.62 11 10600 4.17 65 87.21 30 58.70 0.26
177.07 11 21141 3.00 23 64.52 72 82.58 0.09 X
177.65 11 20536 3.86 72 84.37 23 58.91 0.17
179.06 11 10254 4.02 63 86.64 32 61.60 0.20
179.64 12_30656 3.63 61 87.65 34 61.27 0.23
179.64 11 21138 4.02 62 87.72 33 60.34 0.25
181.43 11 20022 3.87 15 46.89 80 84.08 0.27
189.60 11 20786 4.58 17 45.78 78 85.27 0.33
190.23 11 21108 3.02 51 88.92 43 66.46 1 36.96 0.21
19197 12 31210 6.32 17 45.01 78 85.44 0.35
191.97 11 10401 7.54 20 46.73 75 86.60 0.38
191.97 12 30360 7.86 19 45.19 76 86.46 0.40
19542 11 20402 7.94 76 86.46 19 45.18 0.40 X
196.12 11 20132 6.19 17 45.00 78 85.44 0.35 X
196.12 1210322 7.41 75 86.60 20 46.72 0.38
196.12 1230958 7.41 20 46.72 75 86.60 0.38
196.85 12 31123 7.41 75 86.60 20 46.72 0.38
6H 34.40 11_10427 4.99 18 63.09 77 81.74 0.08 X
35.07 12_30358 3.91 13 64.14 82 80.44 0.05
7H 140.21 11 10454 3.42 27 61.54 68 84.83 0.16 X
14445 11 20452 3.06 45 81.85 50 74.93 0.02
14445 12 30593 3.06 50 74.93 45 81.85 0.02
14445 12 31166 4.27 67 83.68 28 65.10 0.10
159.27 11 21086 3.29 2 12.50 93 79.62 0.14
166.56 11 20365 3.19 34 78.90 61 77.82 0.00
166.56 11 10174 3.19 34 78.90 61 77.82 0.00
Unlinked  0.00 1230685 3.58 12 66.12 83 79.95 0.03
0.00 12_31521 3.10 7 42.11 88 81.08 0.15
0.00 12_20985 3.87 4 25.50 91 80.52 0.18
0.00 12_31240 4.39 8 31.11 87 82.54 0.30 X
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Table A4. Significant marker-trait associatio®s0.001) for percent of non-dormant seed
identified for the Bush Agricultural Resources Lb&eding program across years (cont.)

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2007 1H 127.38 1231387 4.42 29 21.26 63 6.98 0.29
128.14 11 11038 5.14 28 21.95 64 6.91 0.31 X
2H 119.05 11 10780 3.03 7 29.14 85 10.03 0.17
3H 14154 11 20851 3.22 59 7.44 32 17.73 1 50.00 0.23
142.32 1230137 3.22 59 7.44 32 17.73 1 50.00 0.23
14464 11 10631 3.28 60 7.57 31 17.82 1 50.00 0.23
155.09 11 20155 3.12 36 17.10 55 7.11 1 50.00 0.08
155.85 1230921 3.52 18 7.78 73 11.87 1 50.00 0.05 x
4H 0.00 11_10379 3.39 27 20.98 65 7.54 0.24
40.36 12_20240 3.18 86 10.13 6 30.83 0.17
47.60 11_11405 4.02 23 9.09 69 12.28 0.01
51.30 12_11063 3.48 21 9.14 71 12.18 0.01
5425 11 11114 3.39 27 20.98 65 7.54 0.24
61.04 12 30054 3.33 22 9.55 70 12.09 0.01
65.05 12_31515 4.47 6 33.77 86 9.93 0.23
65.05 12_30620 4.47 86 9.93 6 33.77 0.23
65.05 11_11229 4.47 6 33.77 86 9.93 0.23 X
65.05 11_20906 4.47 86 9.93 6 33.77 0.23
65.05 11 11224 4.47 86 9.93 6 33.77 0.23
65.05 11 20924 3.61 23 22.15 69 7.93 0.25
65.05 11_10639 3.61 69 7.93 23 22.15 0.25
65.05 11_11431 3.61 23 22.15 69 7.93 0.25
65.05 11_10052 3.61 69 7.93 23 22.15 0.25
65.80 12_30455 4.47 6 33.77 86 9.93 0.23
67.46 11_10606 4.47 6 33.77 86 9.93 0.23
5H 94.43  12_21497 3.13 78 9.14 14 24.54 0.20
94.43 12_11106 3.13 14 24.54 78 9.14 0.20
94.43 12_10930 3.13 14 24.54 78 9.14 0.20
95.08 11_10578 3.13 14 24.54 78 9.14 0.20 X
180.71 1230494 3.00 9 11.89 73 12.31 10 5.10 0.02
182.88 12 31352 5.66 31 9.52 61 12.48 0.01
182.88 11 20897 3.06 9 4.56 83 12.24 0.03
189.60 11 20786 3.29 10 4.80 82 12.30 0.04 X
189.60 11 11364 3.97 11 4.36 81 12.45 0.04 X
191.97 11 10401 3.35 15 6.47 77 12.46 0.03 X
19197 12 31210 421 10 3.30 82 12.48 0.05
191.97 12 30360 421 10 3.30 82 12.48 0.05
194.84 12 10857 421 10 3.30 82 12.48 0.05
7H 91.79 12_30026 3.37 20 8.25 69 12.82 3 242 0.01
Unlinked 0.00 12 30597 3.48 71 12.18 21 9.14 0.01
0.00 12_31414 4.02 69 12.28 23 9.09 0.01
2008 4H 78.77 11_10523 3.54 54 17.20 39 29.25 2 0.50 0.04 X
85.04 12_10670 8.86 94 21.23 1 75.00 0.08
6H 51.41 12_30569 6.19 35 8.49 60 29.56 0.26 X
54.60 12_31007 8.86 94 21.23 1 75.00 0.08
58.55 1210803 8.86 94 21.23 1 75.00 0.08
60.23  12_30804 8.86 1 75.00 94 21.23 0.08 X
83.89 11_11147 5.49 6 27.06 89 21.44 0.00
Unlinked  0.00 1230655 3.03 41 8.73 54 31.72 0.33 X
2009 4H 62.83 11_20453 3.35 64 52.33 31 33.23 0.21 X
62.83 11_21296 3.35 31 33.23 64 52.33 0.21
5H 182.88 11 20897 3.27 13 26.20 82 49.25 0.16 X
191.97 12 30360 3.15 12 25.39 83 49.09 0.16 X
Unlinked  0.00 12 20295 3.07 93 45.95 1 100.00 1 6.00 00.0
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Table A5. Significant marker-trait associatio®s0.001) for percent of non-dormant seed

identified for the Montana State University bregfdprogram across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2006 5H 190.23 11_21108 4.83 19 92.79 66 51.45 11 95.36 1 0.0
195.42 11 20402 11.84 41 92.56 54 43.72 1 52.00 7 0.5 x
196.12 12_10322 11.84 41 92.56 54 43.72 1 52.00 7 0.5
196.85 12 31123 10.57 42 91.60 54 43.72 0.58
Unlinked 0.00 12_31267 3.28 39 44,72 56 78.79 1 52.00 0.25
2007 2H 31.72 11_20864 3.67 35 7.60 56 2.67 1 18.00 0.11
57.12 11_20444 3.29 8 16.88 83 3.45 1 12.00 0.31
3H 59.89 11 10653 3.60 17 10.29 74 3.33 1 12.00 0.16
168.40 11_20057 4.08 83 3.38 9 17.00 0.49
4H 0.74  12_30764 4.37 9 16.56 83 3.43 0.45 X
3.74 11_21056 5.59 7 18.43 84 3.44 1 16.00 0.31
7H 161.54 11 20170 3.84 87 3.94 5 18.20 0.31
2008 7H 28.27 12_30329 3.29 39 22.56 42 34.74 0.08
2009 6H 22.35 1230843 3.17 88 33.05 5 57.20 0.05
22.35 11 10023 3.17 88 33.05 5 57.20 0.05
Unlinked 0.00 12_30050 3.17 88 33.05 5 57.20 0.05
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Table A6. Significant marker-trait associatio®s0.001) for percent of non-dormant seed
identified for the North Dakota State Universitw@rowed) breeding program across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2006 1H 451 12 10636  3.62 6  76.00 88  47.70 006  x
93.95 11 10433  3.20 86  52.59 8  16.38 012  x
4H 26.19 11 20302  3.40 90  48.07 4 8175 005  x
119.84 12 30239  4.23 35  32.66 58  59.68 1 49.00 0.18
5H 190.23 11 21108  3.25 12 8175 82  44.78 018  x
194.64 1230382  3.93 25  28.40 35  50.94 34 63542 02 X
19542 1120402  3.78 71 56.38 23 28.26 0.17
196.12 12 10322  3.54 68  57.02 26 29.85 0.17
196.85 12 31123 354 68  57.02 26 29.85 0.17
Unlinked 999 12 11368  3.05 5  20.00 88  50.63 1 9800 0.08
000 12 30793  3.46 6 8550 88  47.05 0.10
000 12 31267  3.90 45 3651 49 61.44 0.18
2007 1H 57.77 1210198  3.80 4 2859 91  9.49 0.14
2H 54.95 11 21388  3.21 93 978 2 3418 0.12
10577 1110630  3.21 24 16.31 71 826 0.12
12221 1230152  3.09 43 946 51  10.27 1 4737 002
149.36 11 21299  4.16 91 956 3 3446 1 400 005
149.61 1120943  8.40 92 948 2 5068 1 400 008
150.67 1121436  9.26 93 942 2 5068 0.34
4H 28.40 11 21374  4.89 9 926 5 2887 0.19
36.37 11 20411  5.70 4 3284 91 930 0.22
96.50 12 30554  4.46 22 880 72 10.14 1 5400 0.03
5H 107.59 1110024 893 32 10.59 58  7.94 5 3562 0.05
108.18 11 21321  4.98 51 9.92 39 822 5 3022 004
108.18 12 10844  4.33 40 650 52 12.07 3 3006 0.16x
109.56 11 21168  9.33 44 10.66 46 7.9 5 3562 0.04x
11026 1230705  5.56 53  9.94 39 865 3 3779 004 X
11311 11 10477 454 34 10.90 60 922 1 5400 0.00
122.38 11 20629  4.30 4 2984 91 943 0.16
12308 11 20637  9.26 2 5068 93 942 034  x
151.36 12 30062  3.67 5 2627 90  9.40 0.14
151.36 12 30183  5.45 91 932 4 3234 0.21
17843 1211010  5.65 6 1850 88 9.4 1 5400 000  x
179.64 12 30656  5.03 7 1557 87 936 1 5400 0.0
181.43 11 20189  6.21 26 14.19 68 816 1 5400 002
181.43 11 10236  3.19 52 7.2 43 14.13 012  «x
6H 38.42 1230521  4.41 25  10.32 69  9.65 1 5400 001
67.70 11 21469  5.02 76 9.04 18 13.16 1 5400 011
™ 161.54 1120170  3.04 77 850 13 19.26 5 1455 0.9
Unlinked 599 12 30827  3.04 13 19.26 77 850 5 1455 0.05
000 12 31128  4.30 91 943 4 2984 0.16
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Table A6. Significant marker-trait associatio®s0.001) for percent of non-dormant seed
identified for the North Dakota State Universitw@rowed) breeding program across years
(cont.)

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2008 1H 131.15 11_20383 3.48 14 27.36 81 10.80 0.20 X
137.83 11 20840 3.76 9 27.78 85 11.59 1 23.00 0.09
138.92 11_20509 3.66 8 31.13 86 11.47 1 23.00 0.13
4 48.50 11 10261 3.11 3 3.33 90 12.68 2 53.50 0.15
48.50 1110942 3.53 4 2.75 89 12.81 2 53.50 0.15 X
50.40 12 30605 3.11 90 12.68 3 3.33 2 53.50 0.10
51.30 11_20496 3.11 90 12.68 3 3.33 2 53.50 0.10
53.50 12 30427 3.11 3 3.33 90 12.68 2 53.50 0.15
SH 178.43 12_11010 4.18 7 36.00 87 11.07 1 43.00 0.13
178.43 1211450 3.33 88 11.43 7 36.00 0.23
182.88 11_20897 3.04 66 8.82 26 23.66 3 20.33 0.22
182.88 12_30769 3.92 24 25.40 71 9.13 0.28 X
187.96 11_10310 4.20 81 10.82 14 27.25 0.19 X
189.60 11 21052 4.47 79 10.70 16 25.78 0.18
6H 31.73 11_10994 3.07 91 12.97 4 19.50 0.01
H 61.32 11 10346 3.89 7 35.60 88 11.46 0.23 X
62.88 11_10721 3.06 9 29.02 86 11.59 0.15
Unlinked 6 50 12 10257 447 79 10.70 16  25.78 0.18
2009 SH 94.43 12_11106 3.62 2 1.00 90 42.11 3 29.33 0.02 X
94.43 12 10930 3.62 2 1.00 90 42.11 3 29.33 0.02
95.08 11_10578 3.15 5 18.00 90 42.11 0.13 X
6H 0.00 11 11329 3.27 87 42.66 7 21.09 1 20.00 0.15
67.70 11_20468 3.27 87 42.66 7 21.09 1 20.00 0.15
67.70 11 20636 3.27 87 42.66 7 21.09 1 20.00 0.15
69.38 12_31289 3.27 7 21.09 87 42.66 1 20.00 0.08
70.04 11 20673 4.28 89 42.44 6 17.00 0.17 X
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Table A7. Significant marker-trait associatio®s0.001) for percent of non-dormant seed
identified for the North Dakota State Universitix¢(sowed) breeding program across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2007 1H 12112 1221172 3.98 17 33.00 77 15.37 0.29 X
128.14 11 20133 3.55 18 32.11 76 15.35 0.27
128.14 12_30649 3.98 77 15.37 17 33.00 0.29
2008 5H 135.72 12 30883 3.19 9 27.24 81 8.76 0.26
14220 1111532 3.19 81 8.76 9 27.24 0.26
142.20 12 31366 3.19 9 27.24 81 8.76 0.26
14220 11.10845 3.19 81 8.76 9 27.24 0.26
142.20 11 21289 3.19 81 8.76 9 27.24 0.26
14392 1120375 3.19 81 8.76 9 27.24 0.26
143.92 12 30556 3.19 9 27.24 81 8.76 0.26
143.92 1110819 3.19 9 27.24 81 8.76 0.26 X
187.38 11 21155 3.02 27 7.44 63 11.96 0.04
196.12 12_30958 4.06 26 16.71 63 7.86 1 25.00 0.10
196.12 12 10322 4.06 63 7.86 26 16.71 1 25.00 0.15 X
196.85 12_31123 4.25 64 8.13 26 16.71 0.13
Unlinked  0.00 12_30502 4.06 26 16.71 63 7.86 1 25.00 0.10
2009 3H 162.15 12_30767 3.06 49 40.64 36 40.74 2 7150 0.01
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Table A8. Significant marker-trait associatioRs(.001) for percent of non-dormant seed
identified for the University of Minnesota breedipgpgram across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2006 5H 191.97 12_31210 3.58 4 8.75 91 70.65 1 50.00 0.11
191.97 12 30360 3.58 4 8.75 91 70.65 1 50.00 0.11
191.97 11_10401 3.09 7 23.57 88 71.58 1 50.00 0.13x
194.84 12 10857 3.33 10 42.50 85 71.05 1 50.00 0.06
2007 5H 25.23 11_10695 341 2 27.50 90 5.25 0.13
6H 105.60 11 20036 3.62 89 5.11 3 24.00 0.14
110.32 11_20355 3.62 3 24.00 89 5.11 0.14
110.32 12 30734 3.62 3 24.00 89 5.11 0.14 X
7H 36.77 12_30242 4.48 1 44.00 89 5.42 2 0.50 0.11
86.44 1230199 5.11 1 44.00 91 531 0.20
87.97 12_10089 5.11 1 44.00 91 5.31 0.20
91.79 12 30996 5.11 1 44.00 91 531 0.20
99.67 12_30806 5.11 91 5.31 1 44.00 0.20 X
166.56 12 10378 4.35 89 5.26 2 7.50 1 44.00 0.15
166.56 12_30826 4.35 89 5.26 2 7.50 1 44.00 0.15
166.56 11 20365 5.11 91 5.31 1 44.00 0.20
166.56 11_10174 5.11 91 5.31 1 44.00 0.20
2008 7H 133.79 11 10861 4.36 5 61.00 90 22.76 0.10 X
2009 4H 39.76  11_20012 3.01 68 35.72 20 29.53 0.02
40.96 12_30328 3.43 10 21.70 78 35.93 0.05
42.45 1110048 3.43 78 35.93 10 21.70 0.05 X
7H 148.25 11_10896 3.20 78 37.64 10 8.40 0.21 X
16154 11 20170 3.04 78 37.64 9 5.33 1 36.00 0.16 X
166.56 12_10378 3.04 78 37.64 9 5.33 1 36.00 0.16
166.56 12 30826 3.04 78 37.64 9 5.33 1 36.00 0.16
Unlinked  0.00 12 30827 3.04 9 5.33 78 37.64 1 36.00 0.21
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Table A9. Significant marker-trait associatio®s0.001) for percent of non-dormant seed
identified for the Utah State University breedirrggram across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count  Mean Count Mean R? model
2006 4H 26.19 11_20109 3.15 22 26.97 71 25.96 3 71.00 0.02
40.36 12_10063 3.46 8 58.47 88 24.79 0.15 X
55.63 12_31462 3.35 77 29.73 19 18.96 0.03 X
55.63 12_30995 3.35 77 29.73 19 18.96 0.03
5H 187.96 11 10310 4.14 73 21.39 22 48.41 1 23.00 0.18x
189.60 12 31292 4.28 92 25.52 4 75.43 0.17 X
194.84 1210857 5.20 66 22.27 30 39.33 0.11
2007 1H 136.31 11 20594 4.23 39 1.61 48 4.75 3 29.52 0.13 X
4H 116.85 11 21130 3.77 5 23.80 85 3.06 0.24 X
120.58 12 31422 3.02 6 19.83 84 3.10 0.18
6H 71.87 12_31101 3.48 75 2.09 13 13.27 2 25.00 0.26 X
72.54 12_30940 5.77 27 451 62 3.34 1 50.00 0.01 X
7254 11_20488 6.08 22 2.50 67 4.09 1 50.00 0.04
72.54 11_10469 5.78 56 2.46 33 5.80 1 50.00 0.10 X
76.55 12_30573 6.08 67 4.09 22 2.50 1 50.00 0.02
77.89 11 21224 6.07 35 1.63 54 5.04 1 50.00 0.09
7H 46.19 11_21528 3.60 4 24.25 86 3.28 0.20 X
Unlinked  0.00 1230939 5.68 65 3.44 24 4.41 1 50.00 0.05 X
0.00 12_30908 5.68 65 344 24 4.41 1 50.00 0.05
0.00 12_31200 3.77 85 3.06 5 23.80 0.24
2008 1H 13556 1211496 421 25 5.12 58 28.58 0.23
3H 80.89 11_20115 3.57 24 4.50 59 28.44 0.23 X
80.89 12_30170 3.57 24 4.50 59 28.44 0.23
81.66 12_31262 3.57 24 4.50 59 28.44 0.23
162.15 12 30767 3.01 20 12.43 61 22.51 2 82.08 0.12
5H 196.85 12 31123 3.42 19 28.35 64 19.49 0.03 X
2009 2H 9.28 11_20563 4.12 10 10.60 84 41.03 2 22.83 0.12 X
3H 120.59 11_11330 3.29 43 31.90 53 42.01 0.06
120.59 12_31220 3.38 53 42.43 43 31.39 0.07
123.68 11_21405 3.57 37 28.85 59 42.89 0.11
123.68 1110918 3.39 60 42.94 36 28.39 0.11 X
173.17 12_20345 3.04 89 35.93 6 59.17 1 45.66  0.05x
4H 50.40 11_20289 3.30 49 42.90 43 28.24 4 70.42 0.01
5H 161.58 11_20646 3.40 8 40.88 87 36.57 1 90.00 0.00x
161.58 12_30642 3.40 87 36.57 8 40.88 1 90.00 0.04x
182.88 12_31352 4.77 19 19.88 74 41.71 3 44.67 0.16
191.97 12_30360 5.37 31 20.90 63 45.53 2 41.00 0.27x
194.84 12_10857 5.73 49 29.07 45 46.49 2 41.@015 X
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Table A10. Significant marker-trait associatioRs(§.001) for percent of non-dormant seed
identified for the Washington State University lilieg program across years.

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count Mean Count Mean R? model
2006 3H 37.17 11_10672 3.24 57 43.16 35 41.17 2 79.00 0.00x
4H 66.00 12 30904 3.15 21 69.52 72 34.72 1 99.00 0.13
66.00 12 30755 3.15 21 69.52 72 34.72 1 99.00 0.13
66.00 11 10010 3.15 21 69.52 72 34.72 1 99.00 0.13
66.00 12 31385 3.15 72 34.72 21 69.52 1 99.00 0.22x
66.00 12_30905 3.15 72 34.72 21 69.52 1 99.00 0.22
5H 178.43 12_11010 3.16 10 85.67 82 37.15 2 78.00 0.11
178.43 12 11450 3.39 84 38.12 10 85.67 0.19 X
179.06 11 10254 3.43 22 78.51 71 31.97 1 62.00 0.30
179.64 11 21138 4.95 20 84.37 73 31.64 1 62.00 0.36
179.64 12_30656 4.95 20 84.37 73 31.64 1 62.00 0.36
180.71 11 10736 3.15 15 83.11 77 34.50 2 78.00 0.17
191.97 11 10401 4.13 65 31.59 26 68.21 3 77.33 0.26x
195.42 11 20402 5.52 32 71.96 60 26.97 2 69.00 0.29
196.12 12 30958 4.01 58 29.34 34 65.27 2 69.00 0.26
196.12 12 10322 6.63 26 77.01 66 29.07 2 69.00 0.30
196.85 12 31123 6.92 28 76.44 66 29.07 0.42 X
2007 1H 69.53 12 10166 4.03 85 231 10 8.80 1 22.00 0.17
69.53 12_30298 6.43 4 24.75 92 2.25 0.48 X
72.43 12_11267 5.49 4 24.75 88 2.25 4 225 0.25
75.45 11 20121 4.28 88 2.26 8 13.38 0.22 X
77.29 11_20657 4.28 88 2.26 8 13.38 0.22
2H 17.85 11_20107 3.40 88 1.67 7 19.57 1 22.00 0.56 X
69.13 12 10545 4.03 8 13.63 87 1.94 1 28.00 0.10
71.12 12_31020 3.43 8 17.75 87 1.56 1 28.00 0.24
7156 12_10717 3.43 87 1.56 8 17.75 1 28.00 0.62
73.04 11 20528 3.43 87 1.56 8 17.75 1 28.00 0.62
133.94 12 30106 3.50 10 18.00 86 1.47 0.60
133.94 12 30396 10.27 10 20.00 86 1.23 0.78 X
139.65 11 10625 331 85 1.25 11 18.18 0.69
14712 12 10181 331 11 18.18 85 1.25 0.69
4H 26.19 11 21418 4.38 10 11.30 85 1.88 1 33.00 0.06 X
26.19 11 20109 4.39 86 1.86 9 12.56 1 33.00 044 X
111.68 11 11299 4.83 4 24.00 91 2.13 1 16.00 0.25
5H 26.28 11 20873 3.10 59 3.03 34 244 3 14.67 0.02
27.00 11 10974 3.27 33 2.52 59 3.03 4 11.00 0.03
94.43 12_10930 3.04 6 20.50 90 2.03 0.47
100.28 11 10771 3.04 6 20.50 90 2.03 0.47 X
108.18 11 21321 331 85 1.25 11 18.18 0.69
108.18 1230852 3.31 85 1.25 11 18.18 0.69
110.26 12_10507 331 11 18.18 85 1.25 0.69
110.26 12_30705 331 85 1.25 11 18.18 0.69
149.64 11 20791 6.80 91 2.68 4 8.50 1 28.00 0.16
149.64 11 21297 6.80 91 2.68 4 8.50 1 28.00 0.16
151.36 12 10333 6.61 92 2.96 4 8.50 0.03
151.36 11 20100 3.10 91 2.53 4 12.00 1 28.00 0.23
161.58 12 30162 4.53 83 181 12 10.25 1 33.00 0.37
7H 112.46 12 10241 4.86 87 1.47 9 19.78 0.67
166.56 12 10378 331 11 18.18 85 1.25 0.69
166.56 12 30826 331 11 18.18 85 1.25 0.69
Unlinked  0.00 12_30602 6.61 4 8.50 92 2.96 0.03
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Table A10. Significant marker-trait associatioRs(@.001) for percent of non-dormant seed
identified for the Washington State University luieg program across years (cont.)

Allele A Allele B Heterozygote In
Year Chr cM Marker -log10(p) Count Mean Count  Mean model Mean R? model
2008 1H 0.00 11_10501 4.28 44 28.52 45 6.54 0.35 X
2H 41.66 12_30432 3.14 75 12.88 13 42.76 1 27.00 0.27x
3H 57.12 11 20444 3.66 6 54.53 83 14.72 0.29 X
5H 178.43 1211010 3.60 35 30.03 53 9.23 1 9.00 0.28
179.64 1121138 3.60 35 30.03 53 9.23 1 9.00 0.28
181.43 11_10236 4.00 44 6.12 45 28.44 0.36 X
189.60 12_31292 4.85 52 8.52 37 29.89 0.32 X
191.97 11_10401 3.62 51 8.69 36 29.06 2 30.00 0.27
195.42 11_20402 4.41 33 30.91 54 8.69 2 30.00 0.24
196.12 12_10322 4.35 32 31.03 54 8.69 3 29.00 0.20x
196.12 12_30958 3.15 51 9.02 36 28.59 2 30.00 0.25
196.85 12_31123 4.48 33 30.39 54 8.69 2 38.50 0.20
7H 86.44 12 31199 3.21 68 13.08 21 31.42 0.17 X
2009 S5H 196.12 12_10322 3.03 26 48.22 70 28.11 0.16
196.85 12 31123 3.50 27 48.80 69 27.59
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Table A11l. SNP markers significantly associatedd(05) with percent of non-dormant seeds for the B&IRS-Aberdeen, ID
breeding program across years, and located on dsame 5HL.

8ET

2006 2007
AA BB AB AA BB AB
Marker cM Pvalue % Mean % Mean % Mean Pvalue % Mean % Mean %%lean

11 20546 172.38 0.004 74.2 63.5 25.8 34.6 1.000 8 82. 46 17.2 1.6

11 10869 173.08 0.000 60.2 42.0 39.8 77.3 0.807 5 64. 4.6 35.5 3.3

12 11010 178.43 0.003 72.0 50.0 28.0 71.7 0.490 3 32. 4.2 67.7 4.1

12 11450 178.43 0.003 72.0 50.0 28.0 71.7 0.490 681.10 32 4.17

12 30504 182.16 0.300 15.1 37.3 82.8 60.0 2.2 36.5 0.045 20.4 1.3 79.6 4.9

12 31352 182.88 0.032 355 51.6 64.5 58.5 0.311 7 38. 5.6 61.3 3.2

11 21155 187.38 0.741 3.2 79.0 96.8 55.3 0.010 8.625 91.4 4.3

11 20786 189.6 0.002 31.2 445 66.7 62.0 2.2 36.5 .3330 24.7 3.7 75.3 4.3

12 31292 189.6 0.281 48.4 57.5 48.4 55.1 3.2 48.0 .2650 57 5.75 42 2.01 1 0.0
11 10401 191.97 0.002 34.4 44.6 63.4 62.2 2.2 57.0 0.008 46.2 3.0 51.6 5.2 2.2 25
12 31210 191.97 0.001 32.3 44.0 65.6 61.9 2.2 57.0 0.000 40.9 2.2 58.1 5.6 1.1 0.0
12 30360 191.97 0.001 33.3 43.7 64.5 62.4 2.2 57.0 0.000 43.0 2.2 55.9 5.7 1.1 0.0
12 30382 194.64 0.000 44.1 38.9 54.8 70.3 1.1 30.0 0.852 33 2.0 66.0 5.20 1.0 4.0
12 10857 194.84 0.138 31.2 51.9 67.7 58.2 1.1 43.0 0.000 26.9 3.2 73.1 4.4 0.0

11 20402 195.42 0.000 54.8 71.2 44.1 37.8 1.1 30.0 0.149 67.7 5.8 31.2 0.5 1.1 4.0
11 20132 196.12 0.030 12.9 42.4 84.9 58.6 2.2 36.5 0.764 15.1 0.4 83.9 4.9 1.1 0.0
12 10322 196.12 0.000 52.7 71.2 46.2 394 1.1 30.0 0.699 62.4 5.4 36.6 1.9 1.1 4.0
12 30958 196.12 0.110 16.1 457 81.7 58.6 2.2 36.5 0.942 26 2.83 73 4.64 1 0.0
12 31123 196.85 0.000 54.8 69.6 45.2 39.6 0.405 462. 54 37.6 2.0 0.0
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Table A11l. SNP markers significantly associatedd(05) with percent of non-dormant seeds for the B&IRS-Aberdeen, ID
breeding program across years, and located on dsmme 5HL (cont.)

2008 2009
AA BB AB AA BB AB
Marker pvalue % Mean % Mean % Mean pvalue %  Mean % Mean Pean

11_20546 0.009 92.0 23.9 8.0 55.8 0.044 53.1 53.7 584 3138 1.0 45.7
1110869 0.921 41.4 20.1 58.6 31.0 0.018 57.3 341 427 56.3

12_11010 0.133 54.0 34.9 46.0 16.6 0.808 41.7 545 58.3 35.7

1211450 0.133 46  16.56 54  34.95 0.808 58.3 35.7 .7 41545

12_30504 0.010 5.7 9.2 93.1 27.9 11 0.0 0.757 17.87.9 79.2 45.1 3.1 371
12_31352 0.000 35.6 6.2 64.4 37.7 0.502 4.2 25.3 .8 95 44.3

11_21155 0.027 8.0 2.9 92.0 28.6 0.779 1.0 45.7 0 99.43.5

11_20786 0.003 23.0 55 77.0 32.7 0.502 4.2 25.3 .8 95 44.3

1231292 0.844 43 15.62 56 35.24 1 0.0 0.853 36.55.2 3 61.5 48.4 2.1 45.7
11_10401 0.000 35.6 5.6 63.2 38.8 1.1 0.0 0.516 7 41.33.7 57.3 50.7 1.0 45.7
12_31210 0.000 29.9 5.7 69.0 35.9 1.1 0.0 0.727 2 30.35.1 68.8 47.6 1.0 20.0
12_30360 0.000 33.3 5.4 65.5 37.7 1.1 0.0 0.516 7 41.33.7 57.3 50.7 1.0 45.7
1230382 0.142 8 1351 92 27.63 0.525 31.3 34.1 7 66.48.3 2.1 32.8
1210857 0.001 26.4 3.8 72.4 35.2 1.1 0.0 0.923 331.36.4 67.7 47.2 1.0 20.0
11_20402 0.006 89.7 28.2 10.3 11.4 0.144 56.3 52.0 43.8 32.6

11_20132 0.048 4.6 14.6 95.4 27.1 . : 100.0 43.6

1210322 0.003 86.2 29.0 13.8 10.9 0.144 56.3 52.0 43.8 32.6

1230958 0.003 14 10.91 86 28.98 0.811 32.3 35.1 .7 66 47.6 1.0 45.7
1231123 0.003 86.2 29.0 13.8 10.9 0.742 55.2 52.2 43.8 33.2 1.0 20.0
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Table A12. SNP markers significantly associatedd(05) with percent of non-dormant seeds for thenBAgricultural Resources
LLC breeding program across years, and locatechomnmosome 5HL.

2006 2007

AA BB AB AA BB AB
Marker cM pvalue % Mean % Mean % Mean pvalue % Mean % Mean %lean
12 30162 161.58 0.006 78.9 80.2 21.1 70.7 0.039 366.7.9 32.6 18.0 11 346
11 11216 171.66 0.006 84.2 83.3 15.8 51.3 0.842 7 96.11.7 3.3 5.8 0.0
12 11010 178.43 0.039 52.6 84.7 47.4 71.0 0.106 556. 7.4 435 16.8
12 11450 178.43 0.039 48.4 69.9 51.6 86.0 0.106 5 43.16.8 56.5 7.4
11 21138 179.64 0.000 65.3 87.7 34.7 60.3 0.245 581.11.2 185 126
12 30656 179.64 0.000 64.2 87.6 35.8 61.3 0.192 4 80.11.4 19.6 119
12 30494 180.71 0.174 12.6 67.8 82.1 80.0 5.3 75.0 0.001 9.8 119 79.3 123 10.9 5.1
11 20897 182.88 0.037 12.6 60.8 87.4 80.7 0.001 9.84.6 90.2 122
11 10310 187.96 0.034 11.6 61.9 88.4 80.3 0.002 2 15. 6.9 84.8 123 0.0
11 11364 189.6 0.203 3.2 65.7 96.8 78.6 0.000 12.04.4 88.0 125 0.0
11 20786 189.6 0.000 17.9 45.8 82.1 85.3 0.001 10.94.8 89.1 123
12 31292 189.6 0.013 43.2 68.8 56.8 85.3 0.567 44.85.3 55.4 8.5
11 21108 190.23 0.001 53.7 88.9 45.3 66.5 11 37.0 0.870 37.0 7.1 39.1 157 239 113
11 10401 191.97 0.000 21.1 46.7 78.9 86.6 0.000 3 16. 6.5 83.7 125 0.0
12 30360 191.97 0.000 20.0 45.2 80.0 86.5 0.000 9 10. 3.3 89.1 125
12 31210 191.97 0.000 17.9 45.0 82.1 85.4 0.000 9 10. 3.3 89.1 125
12 30382 194.64 0.001 24.2 57.1 75.8 84.9 0.611 5.43.4 946 114
1210857 194.84 0.039 2.1 49.5 97.9 78.8 0.000 10.93.3 89.1 125
11 20402 195.42 0.000 80.0 86.5 20.0 45.2 100.01.5 1 0.0
12 30958 196.12 0.000 21.1 46.7 78.9 86.6 0.842 4.34.5 95.7 11.3
1210322 196.12 0.000 78.9 86.6 21.1 46.7 0.842 7 95.11.3 43 145
12 31123 196.85 0.000 78.9 86.6 211 46.7 0.842 95.7 113 43 145
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Table A12. SNP markers significantly associatedd(05) with percent of non-dormant seeds for thenBAgricultural Resources
LLC breeding program across years, and locatechmmwmsome 5HL (cont.)

2008 2009
AA BB AB AA BB AB
Marker pvalue % Mean % Mean % Mean pvalue % Mean % Mean %lean
12_30162 . 83.2 24.4 16.8 9.1 0.011 87.4 48.9 12.26.8
11_11216 0.014 81.1 24.8 18.9 9.1 0.665 87.4 457 1.6 1 488 11 46.0
12_11010 0.700 64.2 26.7 35.8 13.0 0.029 65.3 50.734.7 374
1211450 0.619 36.8 12.8 63.2 27.1 0.029 34.7 37.465.3 50.7
11 21138 0.171 67.4 271 32.6 10.9 0.027 74.7 49.225.3 36.9
12_30656 0.171 67.4 271 32.6 10.9 0.035 72.6 49.327.4 37.6
1230494 0.032 18.9 4.1 74.7 28.0 6.3 1.3 0.093 7 14.42.8 78.9 48.9 6.3 18.6
11_20897 0.709 17.9 10.6 82.1 24.2 0.001 13.7 26.286.3 49.3
11_10310 0.612 10.5 8.4 89.5 23.4 0.169 11.6 30.9 848 48.1
11 11364 0.197 8.4 15 91.6 23.7 0.005 5.3 13.2 7 94.47.9
11_20786 0.036 16.8 3.3 83.2 25.6 0.079 9.5 27.6 .5 90 48.0
1231292 0.545 30.5 11.2 69.5 26.5 0.039 35.8 34.964.2 52.3
11 21108 0.672 29.5 39.2 54.7 11.5 15.8 25.0 0.35520.0 50.8 57.9 425 22.1 51.3
11_10401 . 16.8 25 83.2 25.7 0.006 15.8 29.4 84.29.2
12_30360 . 16.8 25 83.2 25.7 0.001 12.6 25.4 87.49.1
12_31210 . 16.8 25 83.2 25.7 0.003 10.5 25.1 89.88.6
1230382 0.022 12.6 3.4 87.4 24.5 0.045 11.6 30.1 848 48.2
12_10857 . 8.4 11 91.6 23.7 0.005 5.3 13.2 94.7 .9 47
11_20402 . 89.5 24.0 10.5 2.9 0.072 92.6 47.1 74413
1230958 0.018 10.5 2.9 89.5 24.0 0.446 12.6 389 748 47.1
1210322 . 89.5 24.0 10.5 2.9 0.446 87.4 47.1 12.38.9

12_31123 . 89.5 24.0 10.5 2.9 0.446 7.48 47.1 12.6 38.9
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Table A13. SNP markers significantly associatedd(05) with percent of non-dormant seeds for Montatade University breeding

program across years, and located on chromosome 5HL

2006 2007

AA BB AB AA BB AB
Marker cM pvalue % Mean % Mean % Mean pvalue %  Mean % Mean Pdean
11 20546 172.38 0.048 27.1 86.0 72.9 56.7 0.340 3 66. 55 32.6 3.3 11 1.0
12 11450 178.43 0.146 76.0 56.8 22.9 90.4 1.0 72.0 0.487 33.7 2.9 66.3 5.6
12 11010 178.43 0.146 22.9 90.4 76.0 56.8 1.0 72.0 0.713 66.3 5.6 32.6 3.0 11 1.0
12 31292 189.6 0.021 17.7 448 82.3 68.9 0.0 0.46923.9 6.3 76.1 4.2
11 10401 191.97 0.025 16.7 44.6 83.3 68.7 0.0 0.92121.7 6.6 78.3 4.2
12 30360 191.97 0.025 16.7 44.6 83.3 68.7 0.921 7 21. 6.6 78.3 4.2
12 31210 191.97 0.139 1.0 98.0 99.0 64.3 0.0 0.92121.7 6.6 78.3 4.2
12 30382 194.64 0.001 40.6 4438 58.3 78.8 1.0 52.0 0.151 38.0 6.1 59.8 3.9 2.2 3.0
12 10857 194.84 . 100.0 647 0.719 14.1 2.6 859 1 5.
11 20402 195.42 0.000 42.7 92.6 56.3 437 1.0 52.0 0.369 40.2 5.0 57.6 4.5 2.2 5.0
12 10322 196.12 0.000 42.7 92.6 56.3 437 1.0 52.0 0.369 40.2 5.0 57.6 4.5 2.2 5.0
12 30958 196.12 0.025 16.7 44.6 83.3 68.7 0.316 4 42. 44 54.3 5.0 3.3 3.7
12 31123 196.85 0.000 43.8 91.6 56.3 437 0.510 4 42. 5.0 55.4 4.4 2.2 6.5
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Table A13. SNP markers significantly associatedd(05) with percent of non-dormant seeds for Montatade University breeding

program across years, and located on chromosomeéitit.)

2008 2009
AA BB AA BB AB
Marker pvalue % Mean % Mean pvalue % Mean % Mean dean
11_20546 0.792 54.3 31.9 45.7 25.3 0.005 53.8 35.3 46.2 33.3
1211450 0.265 64.2 28.7 35.8 29.3 0.921 53.8 30.1 46.2 39.3
12_11010 0.265 35.8 29.3 64.2 28.7 0.921 46.2 39.3 53.8 30.1
1231292 0.742 33.3 27.0 66.7 29.8 0.359 11 540 899 341
11_10401 0.157 25.9 21.3 74.1 315 100.0 34.3
12_30360 0.157 25.9 21.3 74.1 315 100.0 34.3
12_31210 0.296 23.5 22.8 76.5 30.7 . 100.0 34.3
1230382 0.046 45.7 26.1 54.3 31.2 0.783 53.8 29.6 46.2 39.9
1210857 0.510 12.3 25.6 87.7 29.3 . 100.0 34.3
11_20402 0.004 39.5 34.6 60.5 25.2 0.783 46.2 39.9 53.8 29.6
1210322 0.020 34.6 325 65.4 26.9 0.783 46.2 39.9 53.8 29.6
1230958 0.568 30.9 25.7 69.1 30.3 . 100.0 34.3
12_31123 0.020 34.6 325 65.4 26.9 0.783 46.2 39.9 53.8 29.6




144"

Table A14. SNP markers significantly associatedd(05) with percent of non-dormant seeds for thetiNDakota State University
(two-rowed) breeding program across years, anddédaan chromosome 5HL.

2006 2007

AA BB AB AA BB AB
Marker cM pvalue % Mean % Mean % Mean pvalue % Mean % Mean %lean
12 30162 161.58 0.692 37.23 45.86 60.64 52.29 23800 0.036 30.53 7.03 66.32 12.14 3.16 3.00
12 11010 178.43 0.051 8.51 76.88 90.43 46.83 1.08.005 0.000 6.32 18.50 92.63 9.24 1.05 54.00
12 11450 178.43 0.013 91.49 46.96 8.51 76.88 0.01794.74 9.71 5.26 20.80
12 30656 179.64 0.181 13.83 64.00 85.11 47.04 156.00 0.000 7.37 15.57 9158 9.36 1.05 54.00
11 10736 180.71  0.053 57.45 58.64 41.49 37.10 1408.00 0.002 40.00 14.63 57.89 7.32 2.11  9.50
11 10236 181.43 0.042 39.36 37.22 60.64 57.48 0.00154.74 7.12 45.26 14.13
11 20022 181.43 0.088 43 285 95.7 504 0.490 5.37.2 94.7 105
12 30577 182.88 0.006 479 38.0 52.1  60.0 0.008 6 51.7.4 474 13.6 11 2.0
12 31292 189.6 0.185 42.6 54.0 574 46.2 0.025 35R1.8 62.1 8.9 21 270
11 10401 191.97 0.149 21 29.0 97.9 499 0.435 5.3%.8 93.7 10.6 11 0.0
12 31210 191.97 0.633 1.1 36.0 98.9 49.6 0.435 5.3%.8 93.7 10.6 11 0.0
12 30360 191.97 1.000 43 440 95.7 49.7 0.504 11.8.7 87.4 10.6 11 0.0
12 31481 191.97 0.013 37.2 615 62.8 424 0.007 3 2513.6 72.6 8.7 21 270
12 30382 194.64 0.000 26.6 284 37.2 50.9 36.2 63.5 0.090 221 6.6 37.9 10.0 40.0 126
1210857 194.84 0.545 3.2 413 96.8 49.8 0.602 810.1 90.5 104 11 0.0
11 20402 195.42 0.000 755 56.4 245 283 0.086 5 6911.8 26.3 6.7 4.2 7.6
12 10322 196.12 0.000 72.3 57.0 27.7 29.8 0.107 5 7011.7 26.3 6.7 3.2 8.8
12 30958 196.12 0.682 6.4 417 93.6 50.0 0.608 8.47.0 89.5 105 21 131
12 31123 196.85 0.000 72.3 57.0 27.7 29.8 0.039 73.7 116 26.3 6.7
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Table A14. SNP markers significantly associatedd(05) with percent of non-dormant seeds for Nordkd@a State University (two-

rowed) breeding program across years, and locatethmmosome 5HL (cont.)

2008 2009

AA BB AB AA BB AB
Marker  pvalue % Mean % Mean % Mean pvalue % Mean % Mean %lean
12_30162 0.150 48.42 12.08 47.37 13.23 421 26.75 .0390 49.47 37.66 47.37 43.84 3.16 45.66
12_11010 0.000 7.37 36.00 91.58 11.07 1.05 43.00 3680. 421 44.25 95.79 40.69
1211450 0.000 92.63 11.43 7.37 36.00 0.368 95.79.6%4 421 44.25
12_30656 0.010 11.58 26.22 87.37 11.16 1.05 43.00 .3470 11.58 41.70 86.32 41.11 2.11 25.00
11_10736 0.026 41.05 19.26 55.79 841 3.16 20.33 2400. 43.16 43.35 53.68 38.60 3.16 44.55
11_10236 0.032 57.89 9.05 41.05 19.26 1.05 9.00 420.8 30.53 41.01 69.47 40.76
11_20022 0.031 21 155 95.8 134 2.1 4.0 0.018 4 27.35.2 72.6 429
12_30577 0.042 60.0 9.9 379 188 2.1 9.0 0.787 24341.0 53.7 404 32 464
1231292 0.678 284 10.7 69.5 14.2 21 16.3 0.540 6.81 451 82.1 39.9 1.1 457
11_10401 0.240 11 1.0 98.9 134 0.807 11 457 9 98.40.8
12_31210 100.0 13.2 0.951 11 457 97.9 40.7 1.1 457
12_30360 . . . 100.0 13.2 0.951 1.1 457 97.9 40.7 1.1 457
1231481 0.827 211 126 76.8 13.7 2.1 15 0.358 .8 1545.1 811 39.8 3.2 457
1230382 0.047 9.5 4.4 65.3 14.8 253 126 0.341 .2 4338.9 41.1 415 158 444
1210857 0.240 11 1.0 98.9 134 0.325 274 374 569419 32 464
11_20402 0.017 89.5 143 10.5 4.0 0.457 56.8 423 1.14 385 21 457
1210322 0.026 874 143 12.6 6.0 0.448 547 422 324 38.9 21 457
12_30958 0.071 3.2 107 96.8 133 0.303 295 380 7.46 418 32 464
12_31123 0.026 874 143 12.6 6.0 0.448 54.7 42.2 43.2  38.9 21 457
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Table A15. SNP markers significantly associatedd(05) with percent of non-dormant seeds for Nordkd@a State University (Six-

rowed) breeding program across years, and locatethmmosome 5HL.

2006 2007

AA BB AA BB AB
Marker cM pvalue % Mean % Mean pvalue % Mean % Mean Sean
12 11450 178.43  0.921 50.4 65.1 40.6  60.3 0.951 2 5316.3 43.6 21.3 32 19.0
12 11010 178.43  0.921 40.6  60.3 594 65.1 0.870 6 4321.3 52.1 16.0 43 220
12 31292 189.6 0.792 82.3 623 177 67.1 0.266 50.06.9 43.6 195 6.4 25.2
11 10401 191.97 0.524 51.0 65.9 49.0 60.2 0.420 4 39.16.8 574 19.1 3.2 313
12 31210 191.97 0.320 104  62.0 89.6 63.2 .0L00 18.6
12 30360 191.97 0.320 104  62.0 89.6 63.2 .0L00 18.6
12 30382 194.64 . . . 100.0 63.1 100.0 18.6
1210857 194.84  0.320 104  62.0 89.6 63.2 . . .0L00 18.6
11 20402 195.42 100.0 63.1 . . . 100.0 18.6 .
12 10322 196.12 0.027 427  59.9 57.3 655 0.458 4 56.18.4 37.2 176 6.4 252
12 30958 196.12 0.027 57.3 65.5 42.7  59.9 0.449 2 3717.6 59.6 18.5 3.2 313
12 31123 196.85 0.027 42.7  59.9 57.3 65.5 0.951 6 59.19.1 37.2 176 3.2 19.0
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Table A15. SNP markers significantly associatedd(05) with percent of non-dormant seeds for Nordkd@a State University (Six-

rowed) breeding program across years, and locatethmmosome 5HL (cont.)

2008 2009
AA BB AB AA BB AB
Marker pvalue % Mean % Mean % Mean pvalue % Mean % Mean ddean

1211450 0.407 54.4 12.9 45.6 7.9 0.046 540 435 484 399 11 0.0
12_11010 0.407 45.6 7.9 54.4 12.9 0.046 448 399 405 435 11 0.0
1231292 0.001 67.8 11.7 311 7.6 11 25.0 0.042 .6 8141.2 17.2  45.0 11 0.0
11_10401 1.000 23.3 8.3 76.7 11.3 1.000 51.7 428 8.34 399

12_31210 0.208 6.7 2.7 93.3 11.2 1.000 149  48.2 .1 8540.2

12_30360 0.208 6.7 2.7 93.3 11.2 1.000 149  48.2 .1 8540.2

1230382 0.199 3.3 2.0 95.6 10.7 11 25.0 . . . .QL00 41.4

1210857 0.208 6.7 2.7 93.3 11.2 1.000 149  48.2 .1 8540.2

11_20402 . 100.0 10.6 . . . 100.0 414 . .

1210322 0.000 70.0 7.9 28.9 16.7 11 25.0 0.288 557422 414 411 11 12.0
1230958 0.000 28.9 16.7 70.0 7.9 11 25.0 0.288 441411 575 422 11 12.0
1231123 0.000 71.1 8.1 28.9 16.7 0.288 575 422 144 411 11 120
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Table A16. SNP markers significantly associatedd(05) with percent of non-dormant seeds for thevehsity of Minnesota
breeding program across years, and located on dsame 5HL.

2006 2007

AA BB AB AA BB AB
Marker cM pvalue % Mean % Mean % Mean pvalue % Mean % Mean Pdean
12 11010 178.43 0.009 21.9 72.7 77.1 67.1 1.0 19.0 0.018 30.4 9.7 68.5 4.0 11 2.0
12 11450 178.43 0.149 78.1 66.5 21.9 72.7 0.018 5 68. 4.0 30.4 9.7 11 2.0
12 31292 189.6 0.007 39.6 81.3 60.4 59.1 0.573 31.57.1 67.4 5.1 11 2.0
11 10401 191.97 0.001 7.3 23.6 91.7 71.6 1.0 50.0 .0770 20.7 25 79.3 6.6
12 30360 191.97 0.000 4.2 8.8 94.8 70.6 1.0 50.0 05590. 17.4 1.8 82.6 6.6
12 31210 191.97 0.000 4.2 8.8 94.8 70.6 1.0 50.0 05590. 17.4 1.8 82.6 6.6
12 30382 194.64 0.025 6.3 32.2 93.8 70.2 0.640 6.57.4 93.5 5.6
1210857 194.84 0.000 10.4 42.5 88.5 71.0 1.0 50.0 0.140 17.4 1.8 81.5 6.6 11 2.0
11 20402 195.42 0.193 93.8 68.0 6.3 65.0 0.640 93.55.6 6.5 7.4
12 10322 196.12 0.150 90.6 68.7 9.4 59.4 0.672 90.25.6 9.8 6.9
12 30958 196.12 0.150 9.4 59.4 90.6 68.7 1.000 3.36.0 96.7 5.7
12 31123 196.85 0.484 96.9 68.5 3.1 48.3 0.672 90.2 5.6 9.8 6.9
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Table A16. SNP markers significantly associatedd(05) with percent of non-dormant seeds for thevehsity of Minnesota
breeding program across years, and located on dsmme 5HL (cont.)

2008 2009
AA BB AB AA BB AB
Marker  pvalue % Mean % Mean % Mean pvalue % Mean % Mean 9dean

12_11010 0.004 43.2 38.4 56.8 14.4 0.932 31.8 36.8 67.0 329 11 457
1211450 0.004 56.8 14.4 43.2 38.4 0.932 67.0 329 31.8 36.8 11 457
1231292 0.053 22.1 33.0 77.9 22.4 0.085 284 379 716 329

11_10401 0.046 10.5 5.6 89.5 27.0 0.004 2611 21.3 397 389

12_30360 0.046 10.5 5.6 89.5 27.0 0.004 2611 21.3 397 389

12_31210 0.046 10.5 5.6 89.5 27.0 0.004 2611 21.3 397 389

1230382 0.154 5.3 0.6 94.7 26.1 . 100.0 34.3

1210857 0.046 10.5 5.6 89.5 27.0 0.004 2611 21.3 397 389

11_20402 100.0 24.8 . 100.0 34.3 . .

1210322 100.0 24.8 . . 0.534 90.9 344 9.1 3338

12_30958 100.0 24.8 0.534 9.1 3338 90.9 344

1231123 100.0 24.8 0.534 90.84.4 9.1 3338
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Table A17. SNP markers significantly associated)(05) with percent of non-dormant seeds for thén8tate University breeding

program across years, and located on chromosome 5HL

2006 2007
AA BB AB AA BB AB

Marker cM pvalue %  Mean % Mean % Mean pvalue % Mean % Mean ean
11 20646 161.58 0.807 18.8 33.6 81.3 26.2 0.001 212. 64 87.8 3.9

12 30642 161.58 . 76.0 25.6 240 339 0.001 87.8 9 3. 12.2 6.4

12 11450 178.43 0.710 93.8 26.4 6.3 45.2 0.099 94.44.4 5.6 1.6

12 11010 178.43 0.500 56.3 26.3 43.8 29.3 0.199 454. 38 43.3 4.0 2.2 18.5
12 31292 189.6 0.000 95.8 25.5 4.2 75.4 0.216 94.43.8 5.6 10.4

11 10401 191.97 0.138 66.7 214 25.0 4109 8.3 345 0.757 85.6 3.9 12.2 7.1 2.2 0.8
12 31210 191.97 0.470 22.9 23.0 77.1 29.0 0.820 0 30. 4.9 68.9 4.0 11 0.0
12 30360 191.97 0.196 59.4 23.1 40.6 34.1 0.757 6 85. 3.9 12.2 7.1 2.2 0.8
12 30382 194.64 0.673 59.4 28.9 40.6 25.7 0.417 4 24. 31 75.6 4.6

1210857 194.84 0.000 68.8 22.3 313 39.3 0.686 4 54. 4.3 44.4 4.2 11 2.0
12 10322 196.12 0.004 33.3 36.3 66.7 23.2 0.436 8 17. 8.9 78.9 3.3 3.3 0.5
12 30958 196.12 0.002 36.5 21.8 63.5 30.9 0.836 6 55. 3.2 41.1 5.8 3.3 1.2
11 20402 195.42 0.278 22.9 37.9 61.5 26.0 15.6 18.8 0.420 17.8 8.9 80.0 3.3 2.2 0.8
12 31123 196.85 0.004 33.3 36.3 66.7 23.2 0.382 0 20. 8.0 78.9 3.3 1.1 0.0
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Table A17. SNP markers significantly associated)(05) with percent of non-dormant seeds for thén8tate University breeding
program across years, and located on chromosomeéitit.)

2008 2009
AA BB AB AA BB AB
Marker pvalue % Mean % Mean % Mean pvalue % Mean % Mean Ylean
11_20646 0.328 20.5 29.1 78.3 19.9 1.2 0.0 0.000 3 8.40.9 90.6 36.6 1.0 90.0
1230642 0.328 78.3 19.9 20.5 29.1 1.2 0.0 0.000 .6 90 36.6 8.3 40.9 1.0 90.0
1211450 0.012 65.1 29.3 34.9 7.0 0.844 72.9 385 402 36.9 3.1 18.6
12_11010 0.449 81.9 19.4 18.1 31.2 0.780 31.3 34.167.7 38.9 1.0 45.7
1231292 0.238 63.9 24.7 36.1 16.0 0.951 72.9 36.226.0 42.2 1.0 10.0
11_10401 0.155 54.2 20.3 44.6 22.4 1.2 44.4 0.087 402 285 76.0 40.3
12_31210 0.921 9.6 21.8 90.4 21.5 0.092 22.9 27.7 717 404
12_30360 0.133 51.8 19.3 44.6 23.7 3.6 25.8 0.000 2.3 3 20.9 65.6 45.5 2.1 41.0
1230382 0.300 34.9 20.4 65.1 22.1 0.018 11.5 20.888.5 39.6
1210857 0.014 43.4 13.3 55.4 275 1.2 44.4 0.000 1.05 29.1 46.9 46.5 2.1 41.0
1210322 0.002 21.7 27.5 77.1 19.5 1.2 44.4 0.018 858 39.6 11.5 20.8
1230958 0.765 20.5 28.7 79.5 19.7 0.018 11.5 20.888.5 39.6
11_20402 0.002 21.7 27.5 77.1 19.5 1.2 44.4 0.064 758 39.6 11.5 20.8 1.0 45.7

12_31123 0.000 22.9 28.3 77.1 19.5 0.018 88.5 39.611.5 20.8
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Table A18. SNP markers significantly associatedd(05) with percent of non-dormant seeds for the Wagon State University
breeding program across years, and located on dsame 5HL.

2006 2007

AA BB AB AA BB AB
Marker cM pvalue % Mean % Mean % Mean pvalue % Mean % Mean Pdean
11 11216 171.66 0.002 29.8 71.3 70.2 31.2 0.887 434. 7.2 62.5 11 3.1 0.3
11 10869 173.08 0.004 85.1 36.4 13.8 84.2 11 52.0 0.011 79.2 24 18.8 4.9 2.1 17.0
11 21141 177.07 0.017 63.8 31.0 35.1 64.7 11 62.0 0.942 74.0 14 25.0 8.5 1.0 1.0
12 11010 178.43 0.001 10.6 85.7 87.2 37.1 2.1 78.0 0.749 11.5 2.2 87.5 3.3 1.0 1.0
12 11450 178.43 0.000 89.4 38.1 10.6 85.7 0.567 7 91. 3.2 8.3 2.6
11 21138 179.64 0.000 21.3 84.4 77.7 31.6 11 62.0 0.980 21.9 9.7 77.1 14 1.0 1.0
11 10736 180.71 0.001 16.0 83.1 81.9 34.5 2.1 78.0 0.090 17.7 12.8 80.2 11 2.1 0.5
11 10236 181.43 0.017 67.0 31.6 33.0 66.7 0556 178. 1.1 21.9 10.7
11 20022 181.43 0.027 72.3 34.2 255 65.6 2.1 78.0 0.504 67.7 11 32.3 7.6
12 31292 189.6 0.041 73.4 39.7 25.5 52.5 11 62.0 .4140 67.7 3.7 29.2 2.3 3.1 0.3
11 10401 191.97 0.000 69.1 31.6 27.7 68.2 3.2 77.3 0.089 63.5 11 33.3 7.4 3.1 0.3
12 31210 191.97 0.423 21.3 35.4 76.6 44.2 2.1 85.0 0.551 11.5 3.3 87.5 3.2 1.0 0.0
12 30360 191.97 0.001 62.8 29.7 33.0 66.8 4.3 59.0 0.089 63.5 11 33.3 7.4 3.1 0.3
12 30382 194.64 0.289 23.4 29.7 75.5 46.9 11 76.0 0.337 13.5 1.2 85.4 35 1.0 0.0
1210857 194.84 0.238 8.5 26.5 91.5 44.7 0.104 4.22.8 95.8 3.2
11 20402 195.42 0.000 34.0 72.0 63.8 27.0 2.1 69.0 0.036 31.3 8.5 64.6 0.7 4.2 1.0
12 10322 196.12 0.000 27.7 77.0 70.2 29.1 2.1 69.0 0.036 31.3 8.5 64.6 0.7 4.2 1.0
12 30958 196.12 0.000 61.7 29.3 36.2 65.3 2.1 69.0 0.083 58.3 0.7 375 7.3 4.2 1.0
12 31123 196.85 0.000 29.8 76.4 70.2 29.1 0.057 35.4 7.6 63.5 0.8 1.0 0.0
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Table A18. SNP markers significantly associatedd(05) with percent of non-dormant seeds for the MWagon State University
breeding program across years, and located on dsmme 5HL (cont.)

2008 2009
AA BB AB AA BB AB
Marker pvalue % Mean % Mean % Mean pvalue % Mean % Mean Ylean
11_11216 0.034 46.1 25.7 52.8 9.5 11 50.0 0.087 .9 46 40.2 53.1 27.7
1110869 0.001 53.9 7.3 46.1 29.2 0.484 60.4 299 9.6 3 39.2
11 21141 0.004 58.4 10.1 41.6 27.7 0.921 69.8 32.230.2 36.6
12_11010 0.000 39.3 30.0 59.6 9.2 11 9.0 0.914 2 29.37.6 69.8 317 1.0 45.7
1211450 . 59.6 9.2 39.3 30.0 11 9.0 0.795 70.8 231 28.1 39.0 1.0 45.7
11 21138 0.000 39.3 30.0 59.6 9.2 11 9.0 0.914 2 29.37.6 69.8 317 1.0 45.7
11_10736 0.002 52.8 27.7 46.1 5.8 11 9.0 43.8 241 56.3 27.6
11_10236 0.000 49.4 6.1 50.6 28.4 54.2 27.8 45.810.4
11_20022 0.003 44.9 5.9 55.1 26.8 . 49.0 26.9 51.310.0
1231292 0.000 58.4 8.5 41.6 29.9 0.082 66.7 295 333 417
11_10401 0.000 57.3 8.7 40.4 29.1 2.2 30.0 0.089 .7 66 28.9 32.3 42.9 1.0 45.7
12_31210 0.029 12.4 15.0 85.4 17.2 2.2 38.5 0.618 981 34.1 80.2 334
12_30360 56.2 8.9 41.6 28.3 2.2 30.0 0.089 66.78.92 323 42.9 1.0 45.7
1230382 15.7 12.4 83.1 17.9 11 50.0 0.286 27.B1.9 72.9 34.2
1210857 . . . 100.0 17.4 0.486 2.1 22.8 97.9 33.8
11_20402 0.000 37.1 30.9 60.7 8.7 2.2 30.0 0.003 .1 27 48.2 71.9 27.9 1.0 45.7
1210322 0.000 36.0 31.0 60.7 8.7 3.4 29.0 0.001 .1 27 48.2 72.9 28.1
1230958 0.001 57.3 9.0 40.4 28.6 2.2 30.0 0.008 .6 65 28.1 34.4 44.0
12_31123 0.000 37.1 30.4 60.7 8.7 2.2 38.5 0.000 28.1 48.8 71.9 27.6




Table A19. Epistatic interactions among SNP markagsificantly associated with dormancy
using the results from the analysis of four yearslgined for each breeding program.

Breeding
Program Marker Chr cM Marker Chr cM P-value -Lod2D(

AB 11_11435 2H 78.03 11_20193 3H 42.06 3.5223E-06 334837
11 11435 2H 78.03 11 10325 2H 54.95 0.00041022 696
11_11435 2H 78.03 11_21358 3H 81.66 0.00065059 689@37
11 10325 2H 54.95 11 11458 6H 81.17 0.00072198 137=4
12_31356 3H 73.53 12_11010 5H 178.4 0.00082652 234089
12 31428 3H 0 12 31323 3H 70.71 0.00091815 3.03®85
11_20402 5H 195.4 11_10901 5H 158.4 2.9332E-09 2866302
11 20402 5H 1954 11 10325 2H 54.95 2.8657E-07 26533
11_10901 5H 158.4 12_11010 5H 178.4 3.2662E-06 5598@&11
11 20402 5H 1954 11 21358 3H 81.66 1.4975E-05 4638139
11_10869 5H 173.1 11_10736 5H 180.7 2.5883E-05 698864
11 10901 5H 158.4 11 10736 5H 180.7 6.4919E-05 162668
11_20402 5H 195.4 11_20193 3H 42.06 0.00036619 6289
11 10869 5H 173.1 11 10236 5H 181.4 0.0004571 9B
11_10869 5H 173.1 12_11010 5H 178.4 0.00072531 9371338
12_31352 5H 182.9 12_11010 5H 178.4 0.00075225 38320
11_11458 6H 81.17 12_11010 5H 178.4 0.00047397 423354
11 10150 unlinked 0 12_31346 3H 76.98 9.9365E-05 00276445
11_10150 unlinked 0 1111435 2H 78.03 0.00018494 73287096
11 10150 unlinked 0 11 21358 3H 81.66 0.00029036 53786852
11_10150 unlinked 0 11_10869 5H 173.1 0.00058299 23433691

BA 11 10830 1H 88.23 11 10756 4H 48.5 0.000519 3. 24583
11_10342 2H 44.13 11_10830 1H 88.23 0.00028386 69(52B8
11 21079 7H 83.44 11 10756 4H 48.5 0.00013709 8BED
11_10150 unlinked 0 11_10830 1H 88.23 3.2777E-05 48413687
11 10150 unlinked 0 1230169 5H 129.4 0.00085547 06739716

MT 12_31123 5H 196.9 12_31041 unlinked 0 1.5897E-07 79859312
12_10322 5H 196.1 1231041 unlinked 0 3.0984E-07 50885697
11_20402 5H 195.4 12_31041 unlinked 0 8.8592E-07 05260561
11 11456 5H 128 12 31123 5H 196.9 1.3374E-06 5 &7
11_20402 5H 195.4 11_11456 5H 128 2.0777E-06 5582
11_11456 5H 128 1210322 5H 196.1 2.5968E-06 55855
12_30214 5H 53.9 11 20529 3H 8.23 0.00014986 33B
12_30214 5H 53.9 12_31123 5H 196.9 0.00038073 38021
11 10150 unlinked 0 12 31123 5H 196.9 5.7236E-14 .24v327
11_10150 unlinked 0 1210322 5H 196.1 3.3202E-13 .47BB325
11 10150 unlinked 0 1120402 5H 195.4 1.7725E-12 75111136
11_10150 unlinked 0 11_20529 3H 8.23 0.00047033 27538703

ND2R 11 20402 5H 195.4 11 21008 3H 162.2 0.00019098 9B
11_20761 5H 27.72 11_21008 3H 162.2 0.00038615 3341123
11 20402 5H 195.4 11 20761 5H 27.72 0.00042614 0387P8
11_20922 unlinked 0 11_21151 4H 85.04 1.016E-11 993121
11 10150 unlinked 0 1120402 5H 195.4 7.7216E-06 11229384
11_20922 unlinked 0 11_20402 5H 195.4 7.5246E-05 12361497

ND6R 11 11200 5H 1175 11 10695 5H 25.23 2.0922E-05 A BI34
11_10150 unlinked 0 12_10530 5H 33.09 2.7858E-05 55505575

t AB=USDA-ARS-Aberdeen, ID; BA= Bush AgriculturaleBources LLC..; MT= Montana

State University; ND2R= North Dakota State Univgré2-Rowed); ND6R= North Dakota State
University (6-Rowed); UM=University of MinnesotaTg Utah State; WA=Washington State
University.

¥ Marker 1and 2 indicate interacting markers amir tthromosomal positions.
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Table A19. Epistatic interactions among SNP markggnificantly associated with dormancy
using the results from the analysis of four yeamlgined for each breeding program (cont.)

Breeding
Program t Marker 1% Chr cM Marker 2% Chr cM P-value -Log10(P)
uT 11_10722 1H 125.3 11_10994 6H 31.73 1.8273E-08 7.74
11 10722 1H 125.3 12_30358 6H 35.07 5.9396E-06 5.23
12_30672 1H 54.73 11_11436 3H 155.9 9.5119E-06 5.02
12_30672 1H 54.73 11 10994 6H 31.73 4.5083E-05 4.35
11_20929 2H 52.47 11_20710 7H 3.34 3.1412E-06 5.50
11 20929 2H 52.47 11 11436 3H 155.9 9.3265E-05 4.03
11_20929 2H 52.47 12_30672 1H 54.73 0.00016505 3.78
11_10214 2H 93.5 11 11436 3H 155.9 0.00017086 3.77
11_20929 2H 52.47 11_20755 7H 15.93 0.0002414 3.62
11 20929 2H 52.47 11 10994 6H 31.73 0.00029699 3.53
11 11436 3H 155.9 11_20755 7H 15.93 2.4712E-09 8.61
1220143 4H 76.03 12_30358 6H 35.07 5.7663E-07 6.24
12_20143 4H 76.03 11_10534 7H 80.94 1.4864E-05 4.83
1220143 4H 76.03 11 10994 6H 31.73 5.9477E-05 4.23
1210322 5H 196.1 12_30164 7H 119.5 0.00018604 3.73
1210322 5H 196.1 12_30672 1H 54.73 0.00060233 3.22
12_30358 6H 35.07 12_30672 1H 54.73 1.4026E-08 7.85
1230358 6H 35.07 11 20929 2H 52.47 5.0706E-05 4.29
12_30358 6H 35.07 11_10576 7H 41.85 0.00013843 3.86
1230358 6H 35.07 11_20710 7H 3.34 0.00026467 3.58
11_20710 H 3.34 1111436 3H 155.9 3.766E-08 7.42
11_20710 7H 3.34 11 10994 6H 31.73 7.638E-07 6.12
11_10534 H 80.94 11_10994 6H 31.73 8.8547E-05 4.05
11 10534 7H 80.94 11_20755 7H 15.93 0.00030217 3.52
11_10534 H 80.94 12_30358 6H 35.07 0.00037656 3.42
11 10534 7H 80.94 11_20710 7H 3.34 0.00047422 3.32
12_30164 H 119.5 12_30360 5H 192 0.00059707 3.22
WA 11 10150 unlinked 0 1231123 5H 196.9 1.2555E-08 90 7.

T AB=USDA-ARS-Aberdeen, ID; BA= Bush AgriculturaleBources LLC..; MT= Montana

State University; ND2R= North Dakota State Univigré2-Rowed); ND6R= North Dakota State
University (6-Rowed); UM=University of MinnesotaTg Utah State; WA=Washington State
University.

¥ Marker 1and 2 indicate interacting markers ami tthromosomal positions.
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Table A20. SNP annotation summary for marker-ttagociations identified on chromosome 1H
based on the analysis of four years combined bgdang program.

cM Marker U35 Rice(v5) Description
0 11 20149 protein soluble inorganic pyrophospleatastative, expressed
0 11 10501 protein metallothionein-like proteindyd, putative, expressed

0.95 11 10460 protein keratin-associated proteln futative, expressed

11.42 12 30952 protein NAD-dependent epimerasefitatgse, putative, expressed
36.95 12 31177  protein floral homeotic protein ARER2, putative, expressed
43.28 11 21134  protein myb-like DNA-binding domaantaining protein, expressed
54.73 12 30672 protein peptide transporter PTR&tpe, expressed

62.78 11 10302 protein endo-1,3;1,4-beta-D-glucapascursor, putative, expressed
75.45 11 20121  protein oxidoreductase, putativpressed

83.3 12 30072 protein tyrosine aminotransferasetiye, expressed

87.62 12 11144  protein FK506-binding protein 4 agive, expressed

88.23 11 10830 protein bHLH transcription factargtive, expressed

88.23 12 31160 protein yipl domain family, membgp&ative, expressed

90.97 11 11189 protein pleckstrin homology domaintaining protein 1, putative, expressed
92.04 11 21446  protein expressed protein
92.04 12 10535 protein ferredoxin-6, chloroplasicprsor, putative, expressed
93.95 12 31163 protein isoflavone reductase homiithg putative, expressed
96.92 11 20769 protein GTPase, putative, expressed
97.68 11 11277  protein heat shock 70 kDa proteitgamondrial precursor, putative
121.12 12 21172  protein OsIAAL9 - Auxin-responshe/IAA gene family member
121.77 12_31105 protein expressed protein
125.27 11 10722 protein fasciclin-like arabinogtagrotein 7 precursor, putative, expressed
126.01 11 21140 protein 40S ribosomal protein SRutative, expressed
137.83 11 20840 protein endopeptidase Clp, putadimgressed
139.79 11 20772 protein spliceosome RNA helicas& BAutative, expressed
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Table A21. SNP annotation summary for marker-ttagociations identified on chromosome 2H
based on the analysis of four years combined bgdang program.

cM Marker U35 Rice(v5) Description
0 11 20631 protein glycosyl transferase, groupniilfeprotein, putative, expressed
0 11 10017 protein DNA-binding protein, putativepeessed
0 11 10996 protein elongation factor 1-delta lapwé, expressed
10.06 11 21416 protein cyclopropane-fatty-acyl-piadipid synthase/ oxidoreductase, putative
10.06 12 10502 protein phosphoglycerate mutaseplititein, putative, expressed
15.15 11 20112  protein expressed protein
17.85 11 20107 protein nucleus protein, putatixpressed
31.72 11 20864 protein 2-dehydro-3-deoxyphosphoatéoaldolase, putative, expressed
37.32 11 20173 protein peroxidase precursor, patatixpressed
44.13 11 10342 protein nucleolar protein NOP5, tugaexpressed
50.49 11 21005 protein novel plant SNARE 11, putatexpressed
51.75 11 10234 protein hydrophobic protein LTI6Atgiive, expressed
51.75 12 30691 protein ubiquitin-protein ligasetapive, expressed
51.75 12 30604 protein h/ACA ribonucleoprotein ctarpsubunit 4, putative, expressed
52.47 11 20929 protein transmembrane emp24 doneaitaining protein 10 precursor, putative
53.53 12 31474 protein cyclin delta-2, putativegressed
53.53 11 11522 protein fasciclin-like arabinogadagbrotein 8 precursor, putative, expressed
54.95 11 10325 protein phospho-2-dehydro-3-deoxgimepe aldolase 1, chloroplast precursor, putative
54.95 11 10733 protein copper-transporting ATPas&1P putative, expressed
54.95 11 21096 protein glucan endo-1,3-beta-gldess 4 precursor, putative, expressed
54.95 1230259 protein hydrolase, putative, expkss
55.67 12 11272 protein strictosidine synthase tyys®r, putative, expressed
58.24 11 20500 protein insulin-degrading enzyméatpue, expressed
58.24 11 10602 protein chlorophyll a-b binding piatof LHCII type 1ll, chloroplast precursor, putat
58.24 11 12133 protein polygalacturonase inhititprecursor, putative, expressed
58.24 12 10485 protein ribosome recycling factblpplast precursor, putative, expressed
58.24 12_30634 protein myosin-5C, putative, exmess
58.9 11 20417 protein autophagy-related proteire8yrsor, putative, expressed
58.9 11 11354 protein ATP-dependent RNA helicageldputative, expressed
58.9 11 10012 protein 60S ribosomal protein L38aine, expressed
58.9 11 20039 protein pre-rRNA processing proteésfrE, putative, expressed
58.9 11 21286 protein uncharacterized Cys-rich dionpatative, expressed
58.9 11 11046  protein cytochrome b6-f complex isoifur subunit, chloroplast precursor, putative
58.9 11 10070 protein expressed protein
58.9 11 20458 protein succinate dehydrogenase guputative, expressed
58.9 12_10099 protein ATP synthase gamma chainrablast precursor, putative, expressed
58.9 12 31175 protein casein kinase Il subunit-Befautative, expressed
58.9 12 30828 protein 60S ribosomal protein L38atne, expressed
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Table A21. SNP annotation summary for marker-ttagociations identified on chromosome 2H
based on the analysis of four years combined bgding program (cont.)

cM Marker U35 Rice(v5) Description

58.9 12 30582 protein rho-GTPase-activating prdiejputative, expressed

58.9 12 30179 protein protein binding protein, puéa expressed

58.9 11 20160 protein mitochondrial protein, pugtexpressed

59.21 11 10624 protein xylanase inhibitor proteprdcursor, putative, expressed
59.21 12 10474 protein UL36 very large tegumentging putative, expressed
59.21 12 30853 unknown

59.9 11 11178 protein prolyl-tRNA synthetase, putatexpressed

59.9 11 10317 protein ubiquitin carboxyl-termingdlfolase 7, putative, expressed

59.9 11 20032 protein oxygen-evolving enhancergim@®, chloroplast precursor, putative, expressed
59.9 11 20251 protein peptidyl-prolyl isomerasdapive, expressed

59.9 11 10358 protein chloroplastic quinone-oxidortase, putative, expressed

59.9 11 20669 protein aldo-keto reductase/ oxidaresse, putative, expressed

59.9 12 30561 protein vegetative cell wall protgird precursor, putative, expressed

59.9 12 30514 protein glycine-rich protein, putatigxpressed

60.68 11 11384 protein expressed protein

62.82 12 10035 protein cysteine proteinase 1 psecuputative, expressed

63.53 11 20438 protein extensin precursor, putagixpressed

63.53 11 21399 protein protein phosphatase typeegalator/ signal transducer, putative, expressed
63.53 11 20532 protein expressed protein

63.53 11 10191 protein 2-cys peroxiredoxin BAS1gmplast precursor, putative, expressed

63.53 11 10685 protein expressed protein

63.53 11 20585 protein 2-oxoglutarate dehydrogeBdssomponent, mitochondrial precursor, putative
63.53 11 20390 protein 1,4-alpha-glucan branchimayme 1B, chloroplast precursor, putative, expeess
63.53 11 20887 protein alkaline/neutral invertaseative, expressed

63.53 12 11504 protein protein kinase KIPK, pugtexpressed

63.53 12 11324 protein CPL3, putative, expressed

63.53 12 30323 protein AHKS5, putative, expressed

63.53 12 30275 protein expressed protein

63.53 12 30265 protein carbonic anhydrase precupstative, expressed

65.67 11 21094 protein calmodulin binding proteintative, expressed

66.12 11 11072 protein zeaxanthin epoxidase, cplasb precursor, putative, expressed

67.54 12 11121 protein cryptochrome 1 apoproteaitatpve, expressed

71.12 11 20833 protein brain protein 44-like protgiutative, expressed

71.12 11 10407 protein endochitinase A precursdative, expressed

71.12 12 31021 protein endochitinase A precursgaative, expressed

71.12 12 31020 protein endochitinase A precursggtive, expressed

71.56 12 10717 protein glycoside transferase, aigpn, subgroup, putative, expressed

75.89 12 30178 protein ammonium transporter 1, neerdpbputative, expressed
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Table A21. SNP annotation summary for marker-ttagociations identified on chromosome 2H
based on the analysis of four years combined bgding program (cont.)

cM Marker U35 Rice(v5) Description
78.03 11 10818 protein expressed protein
78.03 11 10196 protein beta-mannosidase 4, putaiyessed
78.03 11 11435 protein NB-ARC domain containingi@irg expressed
78.03 12 31398 protein NB-ARC domain containingi@irg expressed
78.03 12 30696 protein zinc finger, C3HC4 type famirotein, expressed
79.19 12 31445 protein expressed protein
79.19 12 20489 protein phenylalanine ammonia-lyagtive, expressed
81.33 12 10859 protein flavonol sulfotransferake;lputative, expressed
85.92 11 20340 protein vacuolar processing enzpeta;isozyme precursor, putative, expressed
86.63 11 10213 protein endothelial differentiatietated factor 1, putative, expressed
86.63 12 30900 protein DNA binding protein, putatiexpressed
88.74 11 21037 protein deoxyribonuclease ycfH, tiugaexpressed
90.1 11 21351 protein mechanosensitive ion chaiangly protein, expressed
93.5 11 10214 protein HMG1/2-like protein, putatiegpressed
96.82 11 10138 protein phospholipid hydroperoxillgaghione peroxidase, putative, expressed
113.92 12 21396 protein SET domain containing [mpxpressed
115.08 11 10429 protein calcium-dependent proteiade, isoform AK1, putative, expressed
116.49 11 10707 protein expressed protein
116.49 12 31095 protein lipid binding protein, pivia
120.02 11 21220 protein expressed protein
121.5 11 10092 protein nonspecific lipid-transfeatpin 4 precursor, putative, expressed
126.03 11 20480 protein beta-fructofuranosidasmlitle isoenzyme 7 precursor, putative, expressed
126.03 11 21440 protein expressed protein
131.77 11 20895 protein sulfate transporter 3.8tue, expressed
133.22 11 11227 protein vacuolar cation/proton erger 3, putative, expressed
133.94 12 30396 protein cysteine proteinase RDPdeupsor, putative, expressed
133.94 12_30106 protein transposon protein, patinclassified, expressed
137.51 11 21274 protein expressed protein
149.36 11 21299 protein ubiquinone biosynthesisemaCOQ4, putative, expressed
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Table A22. SNP annotation summary for marker-txagociations identified on chromosome 3H
based on the analysis of four years combined bgdang program .

cM Marker U35 Rice(v5) Description
0 11 20952 protein gamma-secretase subunit APHaBfive, expressed
0 12 31428 protein expressed protein
0 11 11411 unknown
8.23 11 20529 protein fructose-bisphosphate aldotadoroplast precursor, putative, expressed
8.23 12 30297 protein glycosyltransferase, putatxpressed
16.33 11 20172  protein eukaryotic translationdidin factor 3 subunit 10, putative, expressed
22.68 11 20982 protein nonspecific lipid-transfeatein 1 precursor, putative, expressed
24.99 11 10559 protein metalloendopeptidase, petagixpressed
32.83 11 20607 protein IWS1 C-terminus family piatexpressed
32.83 12 30571 protein zinc finger in N-recognimily protein, putative, expressed
37.17 11 10672 protein ubiquitin family proteinpeassed
39.45 11 20410 protein NADP-dependent oxidoreded®ds putative, expressed
39.45 11 10825 protein cysteine synthase, mitoatalinalecursor, putative, expressed
39.45 11 10081 protein 40S ribosomal protein Statue, expressed
39.45 11 10710 protein sphingosine-1-phosphate Jyadative, expressed
41 12 30953 protein cysteine synthase, mitochohgiréecursor, putative, expressed
42.06 11 20193 protein senescence-associatedridkeip, putative, expressed
42.06 12_10114 protein senescence-associatedtlkeim, putative, expressed
42.47 11 21145 protein CENP-E like kinetochore gimtputative, expressed
43.23 11 20647 protein integral membrane proté&i putative, expressed
44.76 11 21259 protein NADPH quinone oxidoreducfiggautative, expressed
47.09 11 20356 protein mitochondrial-processingigdape alpha subunit, mitochondrial precursor
51.73 11 10380 protein expressed protein
51.73 11 11313 protein ATP binding protein, putiexpressed
51.73 12 30680 protein heme-binding protein 2, tugaexpressed
54.4 11 11099 protein argonaute-like protein, puaexpressed
54.4 12_21475 protein expressed protein
54.4 12 20574 protein monoglyceride lipase, putatdxpressed
55.57 12 30809 protein ATP binding protein, puitiexpressed
70.71 11 20877 protein ATP binding protein, putiexpressed
70.71 12 31323 protein oligosaccharyl transferaSE3Subunit, putative, expressed
72.26 11 20694 protein early nodulin-like proteiprdcursor, putative, expressed
73.53 11 10350 protein ras-related protein Rabfative, expressed
73.53 12 31356 protein 50S ribosomal protein LEBroplast precursor, putative, expressed
74.15 11 20521 protein expressed protein
74.78 1230399 protein ATP synthase epsilon cmaitwchondrial, putative, expressed
76.98 12 31346 protein DNA polymerase eta, putagxpressed
78.53 12 11454 protein alpha-1,4-glucan-proteiritase, putative, expressed
80.89 11 20115 protein expressed protein
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Table A22. SNP annotation summary for marker-txagociations identified on chromosome 3H
based on the analysis of four years combined bgdang program (cont.)

cM Marker U35 Rice(v5) Description
80.89 12 30170 protein expressed protein

81.66 11 21358 protein plus-3 domain containingging expressed

87.24 11 21348 protein calmodulin, putative, expeds

87.24 11 10444 protein expressed protein

87.24 12 31299 protein apurinic endonuclease-redatein, putative, expressed
88.82 11 21294 protein lipid-transfer protein, piveg expressed
89.31 12 31018 protein transcription factor GAMBitative, expressed
93.43 11 10747 protein ATP binding protein, puitiexpressed
107.63 11 20009 protein homeodomain protein JUBBUPative, expressed
109.14 11 21513 protein laccase, putative

114 11 10753 protein protein GPR108 precursor tipateexpressed

117.1 11 10584 protein vignain precursor, putaié@ressed
141.54 11 21427 protein NB-ARC domain containingt@in, expressed
147.43 12 11297 protein leucoanthocyanidin dioxggenputative, expressed
155.85 11 11436 protein ran GTPase binding profritative, expressed
160.08 11 10935 protein expressed protein
162.15 11 21008 protein cell division protein ftpyitative, expressed
167.77 11 10893 protein membrane protein, putagixpressed
168.4 11 10694 protein ubiquitin-fold modifier Jepursor, putative, expressed
168.4 12 10014 protein 60S ribosomal protein L3Bative, expressed
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Table A23. SNP annotation summary for marker-txagociations identified on chromosome 4H
based on the analysis of four years combined bgdang program.

cM Marker U35 Rice(v5) Description

0 11 10379 protein 30S ribosomal protein S1, clplast precursor, putative, expressed
26.19 11 20109 protein DNA-directed RNA polymerbsabunit 12, putative, expressed
26.19 11 20680 protein expressed protein
26.19 11 20302 protein DELLA protein SLR1, putatiegpressed
26.19 11 21418 protein 14-3-3-like protein S94afive, expressed
26.19 11 20606 protein phytanoyl-CoA dioxygenas#atp/e, expressed

28.4 11 10031 protein phosphoglucomutase, cytopta@nputative, expressed
36.37 11 21389 protein monoglyceride lipase, pugagxpressed
37.12 12 31524 protein peptidase, M50 family, putatexpressed
38.63 12 30992 protein sugar transporter familyging putative, expressed
40.36 11 20180 protein expressed protein
40.36 11 20114 protein serine hydroxymethyltrarsfer mitochondrial precursor, putative, expressed
40.36 12 10371 protein endo-1,4-beta-glucanase, Petative, expressed
40.36 12 10063 protein serine hydroxymethyltram@sfer mitochondrial precursor, putative, expressed
44.94 11 10793 protein gibberellin-regulated profeprecursor, putative, expressed
46.41 11 21490 protein YKL151C, putative, expressed

47.6 11 11405 protein selenium-binding protein;lixetative, expressed

48.5 11 21073 protein DNA-directed RNA polymeralsasd Ill 14 kDa polypeptide, putative, expressed
48.5 11 20853 protein digalactosyldiacylglyceraitbyase 1, putative, expressed

48.5 11 10756 protein protein kinase domain comtgiprotein, expressed

48.5 11 10577 protein protein transport protein?8dike CEF, putative, expressed

48.5 12 31382 protein non-imprinted in Prader-Willigelman syndrome region protein 1, putative
48.5 12 30331 protein transcriptional corepres&lySS, putative, expressed

49.5 12_30777 protein structural constituent odsitime, putative, expressed

50.4 11 20289 protein 26S protease regulatory subuputative, expressed

50.4 12 11190 protein cupin family protein, expegkss

51.3 11 11332 protein NAC domain transcriptiondacputative, expressed

51.3 12 11063 protein gamma-interferon-inducib&fomal thiol reductase precursor, putative
61.04 12 30054 protein phosphoenolpyruvate carboagk, putative, expressed
76.03 12 20143 protein chitin-inducible gibberel@sponsive protein 2, putative, expressed
78.77 12 31148 protein phosphoserine aminotrarsfechloroplast precursor, putative, expressed
85.04 11 21151 protein ufml-conjugating enzymeulatpve, expressed
90.29 12 30138 protein homeodomain-leucine zipgstription factor TaHDZipl-1, putative, expressed
96.59 11 20838 protein 24-methylenesterol C-methytiferase 2, putative, expressed
97.06 11 21243 protein glutathione S-transferasetipe, expressed
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Table A23. SNP annotation summary for marker-txagociations identified on chromosome 4H
based on the analysis of four years combined bgding program (cont.)

cM Marker U35 Rice(v5) Description
101.62 11 20515 protein NADH-ubiquinone oxidoredsetB18 subunit, putative, expressed
101.62 11 20454 protein glyceraldehyde-3-phospihelgdrogenase B, chloroplast precursor, putative
103.11 11 21111  protein GMFPS5, putative, expressed
103.11 11 10334 protein CIPK-like protein 1, pwatiexpressed
106.03 11 20974 protein 50S ribosomal protein lpltative, expressed
116.85 11 21130 protein major pollen allergen Otypsecursor, putative, expressed
119.84 12 30239 protein ZAC, putative, expressed
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Table A24. SNP annotation summary for marker-txagociations identified on chromosome 5H
based on the analysis of four years combined bgdang program.

cM Marker U35 Rice(v5) Description
0 11 10405 protein salt tolerance protein, putaté@ressed
0 11 10593 protein 50S ribosomal protein L18, adast precursor, putative, expressed
2.81 12 30543 protein ATP binding protein, putgteepressed
18.72 11 20010 protein GTPase family protein, prgaexpressed
25.23 11 10695 protein inositolphosphorylceramidé-B6 hydroxylase, putative, expressed
27 11 10974 protein cysteine synthase, putatiyeressed
27.72 11 20761 protein glutathione S-transferaseitative, expressed
33.09 12 10530 protein serine/threonine-proteirsphatase BSL2, putative, expressed
48.83 11 11198 protein serine/threonine-proteias@enSAPK9, putative, expressed
48.83 11 21401 protein disease resistance prqtefative, expressed
50.27 11 20841 protein UNC93 homolog A, putativgaressed
50.27 11 21447 protein nucleotide pyrophosphathesfihodiesterase, putative, expressed
50.27 12 30729 protein PAPA-1-like conserved redgonily protein, expressed
51.3 12 30728 protein fiber protein Fb19, putatesgressed
51.6 11 11506 protein surfactant protein B contejrprotein, expressed
53.9 12 30214 protein indole-3-acetate beta-glut@s\sferase, putative, expressed
57.36 11 20239 protein asparagine synthetase jymjtakpressed
57.98 11 21148 protein sucrose responsive elenmeadinly protein, putative, expressed
57.98 11 20105 protein monoglyceride lipase, pegati
57.98 12 10079 protein 60S ribosomal protein L1Bative, expressed
59.4 12_11512  protein 4-nitrophenylphosphatasativet expressed
59.4 12 10034 protein 60S ribosomal protein L1Tatne, expressed
60.74 12 31033 protein alcohol dehydrogenase 2tipat expressed
62.15 11 20265 protein expressed protein
63.31 11 21344 protein serine/threonine-proteimas@nl6, putative, expressed
90.84 12 31427 protein NOL1/NOP2/sun family prateixpressed
100.28 12_30533 protein 3-hydroxy-3-methylglutartgenzyme A reductase 3, putative, expressed
108.01 11 20549 protein glutathione S-transfenas&tive, expressed
108.18 12 10844 protein expressed protein
108.18 12_30854 protein dehydration-responsive efhinding protein 1B, putative, expressed
110.26 11 20805 protein NC domain containing pmtexpressed
117.47 11 11200 protein phospholipase D deltatipatexpressed
123.08 11 20637 protein transmembrane 9 superfgroligin member 4, putative, expressed
127.96 11 11456 protein glutamyl-tRNA, putativepmssed
129.41 12 30169 protein nuclear transcription fa¥tsubunit A-10, putative, expressed
132.48 12_11472  protein expressed protein
149.1 12 30580 protein 25.3 kDa vesicle transpartgin, putative, expressed
151.36 11 20100 protein hydroxyacid oxidase 1,tuetaexpressed
151.36 11 21360 protein 40S ribosomal protein pustive, expressed
151.36 12 31050 protein dehydrin Rab16C, putatixpressed
153.51 12 10016 protein 40S ribosomal protein plfgtive, expressed
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Table A24. SNP annotation summary for marker-txagociations identified on chromosome 5H
based on the analysis of four years combined bgding program (cont.)

cM Marker U35 Rice(v5) Description
158.37 11 10901 protein lipid binding protein, piviea
159.79 11 10536 protein carboxyl-terminal peptidaseative, expressed
161.58 12_30162 protein acid phosphatase, putatimgessed
173.08 11 10869 protein expressed protein
177.65 11 20536 protein cytidine/deoxycytidylatam@ase family protein, putative, expressed
177.65 12 21009 protein polygalacturonase, putagixpressed
178.43 12 20816 protein electron transfer flavogroalpha-subunit, mitochondrial precursor, putativ
178.43 12 11010 protein actin-3, putative, expresse
178.43 12_11450 protein ferredoxin-3, chloroplastprsor, putative, expressed
179.06 11 10254 protein CESA3 - cellulose synthaggressed
179.64 11 21138 protein transport protein parscleunit trs31, putative, expressed
179.64 12_30656 protein expressed protein
180.71 11 10736 protein phytosulfokine receptocyrsor, putative, expressed
181.43 11 20022 protein protein kinase Ptil, putagxpressed
181.43 11 10236 protein mitochondrial prohibitinmgaex protein 2, putative, expressed
182.16 12 30504 protein RNA-binding protein Ludl2, putative, expressed
182.88 12 31352 protein regulatory protein, putatexpressed
182.88 12_30577 protein mitochondrial carrier C12B9, putative, expressed
187.96 11 10310 protein transcription factor BTp®ative, expressed
189.6 11 20786 protein 26S proteasome non-ATPas#atery subunit 12, putative, expressed
189.6 12 31292 protein nucleotide binding protpirtative, expressed
189.6 11 11364 protein pantoate--beta-alaninedigastative, expressed
190.23 11 21108 protein derlin-2, putative, expdss
191.97 12_31210 protein DANAZ2, putative, expressed
191.97 11 10401 protein RCD1, putative, expressed
191.97 12 30360 protein jasmonate O-methyltranséenautative, expressed
194.64 12 30382 protein OsMKK3 - putative MAPKK ed®n amino acid sequence homology, expressed
194.84 12 10857 protein RNA polymerase sigma fagtoD1, putative, expressed
195.42 11 20402 protein ubiquitin-conjugating eneyB2-21 kDa 1, putative, expressed
196.12 12_30958 protein expressed protein
196.12 12 10322 protein plasma membrane asso@abéein, putative, expressed
196.85 12 31123 protein pectinesterase inhibitonalp containing protein, expressed
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Table A25. SNP annotation summary for marker-ttagociations identified on chromosome 6H
based on the analysis of four years combined bgdang program.

cM Marker U35 Rice(v5) Description
0 11 10496 protein allene oxide cyclase 4, chlastgbrecursor, putative, expressed
30.06 12 31485 protein rhodanese like protein,tmetaexpressed
31.73 11 10994 protein peptidyl-prolyl cis-transnerase, putative, expressed
35.07 12 30358 protein GDSL-like Lipase/Acylhydss#damily protein, expressed
42.36 11 10494 protein expressed protein
42.36 1211455 protein tetratricopeptide repeatemmdIAA0103, putative, expressed
48.74 11 10461 protein AP-4 complex subunit sigmputative, expressed
52.75 11 10003 protein tubulin beta-3 chain, pueatexpressed
58.01 11 11067 protein inner envelope membraneiorathloroplast precursor, putative
60.23 12 30804 protein zinc finger, C3HC4 type famirotein, expressed
64.36 11 10455 protein monodehydroascorbate reskjatgtoplasmic isoform 2, putative, expressed
65.03 11 11261 protein catalytic/ hydrolase, putatéxpressed
65.03 11 10040 protein omega-6 fatty acid desauersdoplasmic reticulum isozyme 2, putative
72.54 12 31111 protein expressed protein
81.17 11 11458 protein PDE317, putative, expressed
85.16 11 10815 protein expressed protein
90.15 11 10202 protein phosphate carrier proteitgamondrial precursor, putative, expressed
91.79 12 31235 protein expressed protein
93.66 11 20728 protein subtilisin-like proteasecprsor, putative, expressed
94.73 11 10595 protein dnad protein, putative, esged
112.32 11 20558 protein electron transporter/ Hislilfide exchange intermediate, putative, exprdss
112.32 11 20733 protein mMRNA decapping enzyme ttipe, expressed
112.32 11 11534 protein PAP-specific phosphatagatipe, expressed
119.02 11 10107 protein MTNS3, putative, expressed
121.22 11 11187 protein ABC-1, putative, expressed
129.38 12 30627 protein zinc finger C-x8-C-x5-Cht3ype family protein, expressed
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Table A26. SNP annotation summary for marker-txagociations identified on chromosome 7H
based on the analysis of four years combined bgdang program.

cM Marker U35 Rice(v5) Description
0.62 11 11132 protein expressed protein
3.34 11 20710 unknown
4.12 11 11179  protein MTA/SAH nucleosidase, puttexpressed
6.78 12 11433 protein serine/threonine-proteindensl AK, putative, expressed
9.84 11 20307 protein ATOZI1, putative, expressed
15.93 11 20755 protein expressed protein
19.11 12 30723 protein spastin, putative, expressed
25.7 11 20495 protein ATP-dependent Clp proteasplytic subunit 2, putative, expressed
25.93 12 30530 protein GDP-mannose 4,6 dehydratgsatative, expressed
39.04 12 10218 protein alpha-L-fucosidase 2 precumitative, expressed
41.85 11 10576 protein caffeoyl-CoA O-methyltrana$e 1, putative, expressed
58.57 12 10959 protein expressed protein
61.32 12 30880 protein sucrose synthase 1, putatipeessed
61.32 12 30879 protein sucrose synthase 1, putatipeessed
64.8 12_10605 protein gibberellin receptor GID1p@tative, expressed
68.46 11 11098 protein nuclear migration proteid@uputative, expressed
68.46 12 10267 protein annexin-like protein RJ4afnve, expressed
73.75 12 30496 protein ribonucleoside-diphosphedeictase small chain, putative, expressed
74.52 11 10983 protein transmembrane 9 superfgmitigin member 2 precursor, putative, expressed
76.08 12 30344 protein multiple stress-responsive-finger protein ISAP1, putative, expressed
76.17 12_10655 protein lipid transfer protein, fiueg expressed
76.17 12 30595 protein signal recognition partieleeptor beta subunit, putative, expressed
77.85 11 10924 protein protein ariadne-1, putatwxpressed
77.85 11 20879 protein NAC domain-containing pro&8, putative, expressed
77.85 12 10698 protein glycyl-tRNA synthetase Xpotiondrial precursor, putative, expressed
77.85 12 30794 protein protein ariadne-1, putatxpressed
77.85 12 30760 protein VIP2 protein, putative, esged
77.85 11 10256 protein nuclear transport factqnuative, expressed
79.6 11 20460 protein APOBEC1 complementation fagtatative, expressed
79.6 12_11146  protein topoisomerase-like protaiutatve, expressed
79.6 12 10581 protein fructokinase-2, putative regged
79.6 12 30589 protein expressed protein
80.94 11 10534 protein far upstream element-bingdhogein 1, putative, expressed
83.44 11 21079 protein peptide methionine sulfoxathictase msrB, putative, expressed
83.44 12 10369 protein expressed protein
83.44 12 30213 protein vacuolar protein sortinggino72, putative, expressed
84.07 12 30645 protein nicalin precursor, putatesg@ressed
84.92 12 11499 protein histone-like transcriptiactér and archaeal histone family protein, expisse
86.44 11 20896 protein OsPP2Ac-1 - Phosphatassd@#Arim 1 belonging to family 1, expressed
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Table A26. SNP annotation summary for marker-txagociations identified on chromosome 7H
based on the analysis of four years combined bgdang program (cont.)

cM Marker U35 Rice(v5) Description
86.44 12 31199 protein xyloglucan endotransglu@sg/hydrolase protein 32 precursor
86.44 12 31137 protein expressed protein
86.44 12 30199 protein cyclopropane-fatty-acyl-pinadipid synthase, putative
86.44 11 21330 protein FK506 binding protein, puéatexpressed
87.21 11 20771 protein expressed protein
87.97 1210089 protein elongation factor 1-gamnmauBtive, expressed
91.79 12 30026 protein expressed protein
107.11 12 31261 protein expressed protein
114.78 12 30362 protein DNA polymerase alpha sulijmputative, expressed
119.54 12 30164 protein nuclear transcription fa¥tsubunit B-3, putative, expressed
140.21 12 31241 unknown
144.45 11 11440 protein transcriptional corepreS&SS, putative, expressed
144.45 11 10843 protein expressed protein
144.45 11 21363 protein structural constituentlmisome, putative, expressed
144.45 11 20452 protein proteasome subunit be@ma3yputative, expressed
144.45 12 30593 protein phosphopantothenate--oystigiase, putative, expressed
149.8 11 20962 protein expressed protein
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Table A27. SNP annotation summary for marker-taagtociations identified on the unlinked
group of markers based on the analysis of foursyeambined by breeding program.

Marker U35 Rice(v5) Description
11 20922 protein DNA-directed RNA polymerases IIkBa polypeptide, putative, expressed
11 20131 protein 40S ribosomal protein SA, putattxressed
11 20639 protein expressed protein
12 11408 protein peptidyl-prolyl isomerase, putiexpressed
12 10915 protein pathogenesis-related 10 protetOPR putative
12 21157 protein polyubiquitin 2, putative, expegks
12 10752 protein transcription initiation factoB)lputative, expressed
12 20632 protein profilin A, putative, expressed
1210313 protein coatomer subunit delta, putaéxpressed
12 20323 protein 60S acidic ribosomal protein RARative, expressed
12 31414 protein expressed protein
12_31267 protein expressed protein
12 31239 protein cysteine-type peptidase, putativpressed
12 31230 protein ATP binding protein, putative, mxgsed
1231229 protein hypothetical protein
12 31200 protein expressed protein
12 31041 protein water stress-inducible proteinRalputative, expressed
1230982 protein prolamin PPROL 17 precursor, pugaéxpressed
12 30939 protein OsPDIL2-3 - Oryza sativa protégulfide isomerase, expressed
12 30908 protein glutamine synthetase root isozZynpautative, expressed
1230845 protein dehydration-responsive elemerdibgnprotein 1D, putative, expressed
12 30822 protein alpha-glucosidase precursor, ipataxpressed
12 30646 protein signal recognition particle 9 kidatein, putative, expressed
12_30603 protein serine/threonine-protein kinas82Cxhloroplast precursor, putative, expressed
12 30597 protein dehydrogenase/reductase SDR famaitpber 7 precursor, putative, expressed
12 30503 protein cytochrome P450 51, putative, esqad
12_30502 protein expressed protein
12 30224 protein cytokinin-O-glucosyltransferasp@ative
11 21213 protein retrotransposon protein, putatinelassified, expressed
11 10150 protein ubiquitin-conjugating enzyme Efutative, expressed
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Table A28. SNP markers detecting polymorphisms betwStander and Robust were used to
build a linkage genetic map with a minimal LOD szof 3.0 and maximum recombination
fraction of 0.30. Chi-square tests were used terdehed segregation distortion from the 1:1
Mendelian ration for all the loci.

Allele
Marker Name Chr cM A B Par

2 0959 1H 0.00 39 152 66.85 Fkkkx
SCRI_RS_168172 1H 050 40 151 64.51 wonns
1 0905 1H 8.90 56 135 32.68 Fkkdk
SCRI_RS_173813 1H 19.00 61 130 24.93 wrwes
2 0711 2H 0.00 77 114 7.17 hid
2 1220 2H 2.60 76 115 7.96 hid
1 0780 2H 3.10 75 116 8.80 *x

3 1095 2H 4.70 76 115 7.96 *x
SCRI_RS_202154 3H 000 94 97 0.05 ns

1 1516 3H 3.10 94 97 0.05 ns
SCRI_RS_237894 3H 360 95 96 0.01 ns
SCRI_RS 128254 3H 4.70 95 96 0.01 ns
1 0014 3H 5.20 94 97 0.05 ns

2 0605 3H 7.30 92 99 0.26 ns

2 1523 3H 7.80 93 98 0.13 ns
3 0992 4H 0.00 86 105 1.89 ns

1 0371 4H 1.00 86 105 1.89 ns

2 0114 4H 1.50 87 104 1.51 ns
SCRI_RS_167844 4H 360 85 106 2.31 ns
12 31414 4H 410 86 105 1.89 ns
SCRI_RS 9618 4H 4,70 87 104 1.51 ns
30605 4H 5.20 88 103 1.18 ns

1 0639 4H 6.20 86 105 1.89 ns
SCRI_RS_194525 4H 680 85 106 2.31 ns

1 0010 4H 7.30 86 105 1.89 ns
SCRI_RS 137903 4H 8.30 86 105 1.89 ns
1 0627 4H 8.90 87 104 1.51 ns
SCRI_RS_89959 4H 9.40 86 105 1.89 ns
31148 4H 18.90 92 99 0.26 ns
SCRI_RS_200957 4H 2050 o1 100 0.42 ns
SCRI_RS 13460 4H 22.60 89 102 0.88 ns
SCRI_RS_144204 4H 2310 88 103 1.18 ns

2 0197 4H 23.60 87 104 1.51 ns

ns,*** s+ non-significant and significant SNP marker-trag@sations aP< 0.001 and

0.00001.
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Table A28. SNP markers detecting polymorphisms betwStander and Robust were used to
build a linkage genetic map with a minimal LOD szof 3.0 and maximum recombination
fraction of 0.30. Chi-square tests were used terdened segregation distortion from the 1:1
Mendelian ration for all the loci (cont.)

Allele

Marker Name Chr cM A B 7 %14
2 0134 5H-1 0.00 93 98 0.13 ns
SCRI_RS 218201 5H-1 2.60 90 101 0.63 ns
SCRI_RS_80595 5H-1 3.10 89 102 0.88 ns
1 0414 5H-1 4.10 91 100 0.42 ns
31023 5H-2 0.00 20 101 0.63 ns
SCRI_RS 236068 5H-2 0.50 89 102 0.88 ns
3 0591 5H-2 1.00 88 103 1.18 ns
SCRI_RS 168359 5H-2 1.50 89 102 0.88 ns
2 1202 5H-2 3.60 91 100 0.42 ns
SCRI_RS 228061 5H-2 5.20 94 97 0.05 ns
SCRI_RS 141226 5H-3 0.00 105 86 1.89 ns
1 0869 5H-3 32.80 140 51 41.47 Fkkkk
SCRI_RS 169845 5H-3 43.90 159 32 84.45 Fkkkk
12 31239 5H-3 44 .50 160 31 87.13 Fkkkk
3 0494 5H-3 45.00 159 32 84.45 Fkkkx
3 0769 5H-3 46.00 157 34 79.21 Fkkkx
3 1352 5H-3 46.60 158 33 81.81 Fkkkx
2 1155 5H-3 47.60 160 31 87.13 Fkkkk
2 1162 5H-3 48.70 160 31 87.13 Fkkkk
SCRI_RS 167850 5H-3 49.70 158 33 81.81 Fkkkk
2 1108 5H-3 50.20 157 34 79.21 Fkkkx
12 20775 5H-3 68.80 165 26 101.16 Fhkxk
SCRI_RS 159536 5H-3 80.60 143 48 47.25 ko
SCRI_RS 237782 6H 0.00 103 88 1.18 ns
2 1521 6H 1.00 103 88 1.18 ns
2 0315 6H 24.00 102 89 0.88 ns
1 0136 6H 24.50 101 90 0.63 ns
SCRI_RS 231372 6H 25.00 100 91 0.42 ns
2 0745 6H 30.30 100 91 0.42 ns
3 1308 6H 30.80 99 92 0.26 ns
31485 6H 31.80 99 92 0.26 ns
3 0358 6H 37.60 104 87 1.51 ns
3 0521 6H 38.10 103 88 1.18 ns
3 0361 6H 39.20 101 90 0.63 ns
2 1030 6H 39.70 100 91 0.42 ns
1 0244 6H 41.80 98 93 0.13 ns
3 0317 6H 42.90 98 93 0.13 ns
3 0316 6H 43.40 97 94 0.05 ns

ns,*** wx non-significant and significant SNP marker-trag@sations aP< 0.001 and

0.00001.
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Table A28. SNP markers detecting polymorphisms betwStander and Robust were used to
build a linkage genetic map with a minimal LOD szof 3.0 and maximum recombination
fraction of 0.30. Chi-square tests were used terdened segregation distortion from the 1:1
Mendelian ration for all the loci (cont.)

Allele
Marker Name Chr cM A B 7 %14

1 0910 6H 44.40 97 94 0.05 ns
2_0675 6H 45.50 95 96 0.01 ns

3 0857 6H 46.50 93 08 0.13 ns
SCRI_RS 187343 6H 47.60 91 100 0.42 ns
1 1253 6H 48.10 90 101 0.63 ns
30804 6H 48.60 89 102 0.88 ns
SCRI_RS 175000 6H 49.10 a0 101 0.63 ns
2 0904 6H 51.80 89 102 0.88 ns
12 10348 6H 53.30 92 99 0.26 ns

1 0040 6H 53.80 93 98 0.13 ns
2 0744 6H 54.40 94 97 0.05 ns
2 0682 6H 56.50 94 97 0.05 ns

2 0969 6H 57.00 95 96 0.01 ns
2 0746 6H 58.00 05 96 0.01 ns
10220 6H 59.60 94 97 0.05 ns
SCRI_RS 165945 6H 61.20 97 94 0.05 ns
SCRI_RS_102418 6H 61.70 96 95 0.01 ns

ns,*** s+ non-significant and significant SNP marker-trag@sations aP< 0.001 and
0.00001.
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Table A29. Statistics from the composite intervalpming analysis based on the separate means toeagazonment and overall
means from the Stander x Robust DH population.

11FGH 11SGH 12SGH Combined

Chr Marker cM Interval Additve LOD R Additve LOD R Additve LOD R Additve LOD R

1H 20959 0 -1.956 0.485 0.012 -2.779 1.025 0.024  .324 0.014 0 -1.989 0.855 0.02
1H 2  -1.456 0.267 0.006 -2.13 0.596 0.014 0.55 0.0001 -1.558 0.519 0.012
1H 4  -1.122 0.16 0.004 -1.788 0.425 0.01 0.576 9.00.001 -1.324 0.38 0.009
1H 6 -0.757 0.078 0.002 -1.38  0.27 0.006 0.57 0.0872001 -1.041 0.251 0.006
1H 8  -0.417 0.027 0.001 -0.976 0.151 0.004 0.53D4D. 0.001 -0.757 0.148 0.004
1H 10  -0.309 0.015 0 -0.813 0.106 0.003 0.559 0.06D01 -0.657 0.113 0.003
1H 12 -0.351 0.018 0 -0.794 0.096 0.002 0.618 0.0801 -0.673 0.112 0.003
1H 14 -0.38 0.021 0.001 -0.738 0.082 0.002 0.6596®. 0.002 -0.66 0.107 0.003
1H 16  -0.393 0.023 0.001 -0.653 0.066 0.002 0.664.07 0 0.002 -0.62 0.097 0.002
1H 18 -0.39 0.024 0.001 -0.55 0.05 0.001 0.646 1.00.002 -0.559 0.085 0.002
2H 2 0711 0 0.221 0.001 0 -2.424 0.146 0.004 0.2aD01 0 -0.797 0.026 0.001
2H 2 1.049 0.006 0 -3.892 0.081 0.002 4.629 0.11003 -0.218 0 0
2H 4  -3.102 1.74 0.041 -1.591 0.484 0.012 -3.763702. 0.063 -2.873 2,51 0.059
3H SCRI_RS_ 202154 0 0.517 0.053 0.001 -0.134 0.004 0 -1.598 0.54 0.013 -0.264 0.023 0.001
3H 2 0.721 0.099 0.002 0.276 0.015 0 -1.296  0.34008 0.029 0 0
3H 4 0.842 0.138 0.003 0.493 0.049 0.001 -1.051 30.2.006 0.18 0.011 0
3H 6 1.121 0.241 0.006 0.726 0.105 0.003 -0.817 3710.10.003 0.428 0.06 0.001
4H 30992 0 0.635 0.078 0.002 1.072 0.232 0.006 821.20.341 0.008 0.908 0.272 0.007
4H 2 0.627 0.075 0.002 0.953 0.182 0.004 0.908 9.16.004 0.724 0.171 0.004
4H 4 0.729 0.103 0.002 1.006 0.205 0.005 1.027 9.20.005 0.815 0.219 0.005
4H 6 0.848 0.139 0.003 1.123 0.255 0.006 1.085 40.28.006 0.917 0.277 0.007
4H 8 0.756 0.111 0.003 0.996 0.2 0.005 0.558 0.06402 0.669 0.147 0.004
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Table A29. Statistics from the composite intervalpming analysis based on the separate means toeagazonment and overall
means from the Stander x Robust DH population (font

11FGH 11SGH 12SGH Combined

Chr Marker cM Interval Additve LOD R Additve LOD R Additve LOD R Additve LOD R
4H 10 0.826  0.13 0.003 1.369 0.372 0.009 0.621 8.00.002 0.863 0.241 0.006
4H 12 0.922 0.152 0.004 1.404 0.369 0.009 0.562 6 0.0.001 0.864 0.227 0.005
4H 14 0.991 0.172 0.004 1.39 0.353 0.008 0.477 2.08.001 0.831 0.206 0.005
4H 16 1.024 0.187 0.004 1.324 0.325 0.008 0.373 260.00.001 0.768 0.178 0.004
4H 18 1.019 0.195 0.005 1.215 0.289 0.007 0.264 10.0 0 0.682 0.148 0.004
4H 20 1.188 0.269 0.006 1.013 0.203 0.005 0.16 5.00 0 0.625 0.126 0.003
4H 22 1541 0.451 0.011 15 0.445 0.011 0.431 0.08D01 1.051 0.355 0.009
5H-1 2 0134 0 0.213  0.009 0 0.966 0.191 0.005 €.940.189 0.005 0.31 0.032 0.001
5H-1 2 0.241 0.011 0 0.664 0.088 0.002 -1.049  0.20005 0.119 0.005 0
5H-1 4  -0.259 0.013 0 -0.126  0.003 0 -0.812  0.13800® -0.265 0.023 0.001
5H-2 31023 0 -0.318 0.019 0 -1.26  0.319 0.008 74.6 0.583 0.014 -1.019 0.341 0.008
5H-2 2  -0.183 0.006 0 -1.366  0.368 0.009 -1.968 8D.70.019 -1.152  0.427 0.01
5H-2 4  -0.138 0.004 0 -1.35 0.362 0.009 -2.096 9.90.022 -1.196  0.464 0.011
5H-3 SCRI_RS 141226 0 16.925 35367 0.574 16.8641386 0.582 15.399 32.494 0.543 16.793  48.87 0.692
5H-3 2 17.609 34.554 0.565 17596 35.62 0.576 B.082.025 0.538 17.495 47.765 0.684
5H-3 4 18.22 33.412 0.553 18.266 34.775 0.568 16.6631.27 0.529 18.13 46.14 0.671
5H-3 6 18.722 31.906 0.537 18.836 33.548 0.555 8B7.130.185 0.517 18.661 43.951 0.653
5H-3 8 19.067 30.022 0.515 19.261 31.909 0.537 647.528.739 0.5 19.042 41.195 0.63
5H-3 10 19.21 27.774 0.488 19.493 29.855 0.513 6I7.726.927 0.478 19.225 37.92 0.599
5H-3 12 19.103 25.212 0.455 19.483 27.423 0.484 751724.777 0.45 19.165 34.228 0.562
5H-3 14 18.71 22.419 0.418 19.194 24.692 0.449 767.422.352 0.417 18.823 30.265 0.518
5H-3 16  18.015 19.504 0.375 18.602 21.772 0.408 9216. 19.745 0.379 18.181  26.2 0.468

5H-3 18 17.022 16.589 0.33 17.709 18.79 0.364 $65.1007.07 0.337 17.241 22.202 0.415
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Table A29. Statistics from the composite intervalpming analysis based on the separate means toeagzonment and overall
means from the Stander x Robust DH population (font

11FGH 11SGH 12SGH Combined

Chr Marker cM Interval Additve LOD R Additve LOD R Additve LOD R Additve LOD R

5H-3 20 15.765 13.788 0.283 16.544 15.874 0.318 0315. 14.441 0.294 16.036 18.421 0.359
5H-3 22 14.303 11.197 0.237 15.161 13.133 0.271 7623. 11.958  0.25 14.62 14.969 0.303
5H-3 24 12.71 8.884 0.193 13.632 10.648 0.226 12.36698 0.209 13.066 11.917 0.25
5H-3 26 11.064 6.884 0.153 12.032 8.466 0.185 5.897.708 0.17 11.452 9.297 0.201
5H-3 28 9.438 5.205 0.118 10.435 6.604 0.147 9.435.005 0.135 9.85 7.105 0.157
5H-3 30 7.889 3.833 0.088 89 5.053 0.115 8.032 8%.50.105 8.317 5.314 0.12
5H-3 32 6.459 2.742 0.064 7.47 3.791 0.087 6.72742%. 0.079 6.896 3.882 0.089
5H-3 34  -2.897 0.974 0.023 -1.619 0.314 0.008 B.570.305 0.007 -2.279 1.024 0.024
5H-3 36  -3.094 0.974 0.023 -1.851  0.36 0.009 -1.748.329 0.008 -2.497 1.078 0.026
5H-3 38  -3.167 0.931 0.022 -2.038 0.398 0.01 -1.860.341 0.008 -2.629  1.09 0.026
5H-3 40  -3.068 0.838 0.02 -2.134 0419 0.01 -1.89.33D 0.008 -2.629 1.046 0.025
5H-3 42 2794 0.706 0.017 -2.112 0.418 0.01 -1.80.315 0.008 -2.48 0.947 0.023
5H-3 44 2442 0569 0.014 -2.083 0.43 0.01 -1.658.279 0.007 -2.266 0.834 0.02
5H-3 30769 46  -2506 0.61 0.015 -3.219 1.052 0.025 -1.868 0.361 0.009 -2.736  1.243 0.03
5H-3 48  -2.217 0.404 0.01 -3.245 0.904 0.022 -1.378.165 0.004 -2.657  0.99 0.024
5H-3 50 -2.346 0.459 0.011 -2.603 0.589 0.014 $.660.039 0.001 -2.307 0.757 0.018
5H-3 52 -2.139 0.343 0.008 -2.523 0.498 0.012 $.690.039 0.001 -2.234  0.638 0.015
5H-3 54  -2.134 0.305 0.007 -2.481 0.429 0.01 -0.948.063 0.002 -2.315 0.611 0.015
5H-3 56  -2.037 0.255 0.006 -2.323  0.346 0.008 34.200.095 0.002 -2.314 0561 0.013
5H-3 58  -1.837 0.198 0.005 -2.042 0.255 0.006 2.440.131 0.003 -2.21  0.489 0.012
5H-3 60 -1.547 0.141 0.003 -1.657 0.168 0.004 2.630.168 0.004 -2.005 0.402 0.01
5H-3 62  -1.204 0.089 0.002 -1.22  0.095 0.002 -1.750.201  0.005 -1.724 0.311 0.007
5H-3 64  -0.856 0.049 0.001 -0.788  0.043 0.001 2.780.227 0.005 -1.411  0.226 0.005
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Table A29. Statistics from the composite intervalpming analysis based on the separate means toeagazonment and overall
means from the Stander x Robust DH population (font

11FGH 11SGH 12SGH Combined

Chr Marker cM Interval Additve LOD R Additve LOD R Additve LOD R Additve LOD R

5H-3 66  -0.541 0.022 0.001 -0.407 0.013 0 -1.748440. 0.006 -1.104 0.155 0.004
5H-3 68  -0.279 0.007 0 -0.097 0.001 0 -1.663 0.254006 -0.831 0.101 0.002
5H-3 70 0.202 0.004 0 0.413 0.016 0 -1.19 0.13403.0 -0.341 0.017 0
5H-3 72 0.868 0.066 0.002 1.096 0.11 0.003 -0.39019 0 0.35 0.018 0
5H-3 74 1.461 0.198 0.005 1.694 0.277 0.007 0.39140. 0 0.994 0.155 0.004
5H-3 76 1.909 0.372 0.009 2.136 0.485 0.012 1.032170 0.003 1.506 0.393 0.009
5H-3 78 2.19 0.558 0.013 2.404 0.701 0.017 1.52 8).20.007 1.855 0.681 0.016
5H-3 80 2.326 0.734 0.018 2.522 0.899 0.021 1.83284) 0.012 2.054 0.974 0.023
6H  SCRI_RS 237782 0 0.529 0.055 0.001 1.266 0.326080 0.909 0.172 0.004 0.958 0.305 0.007
6H 2 0.452 0.038 0.001 0.919 0.164 0.004 0.4 0.08201 0.692 0.152 0.004
6H 4 0.383 0.025 0.001 0.965 0.167 0.004 0.272 001 O 0.653 0.125 0.003
6H 6 0.296 0.014 0 1 0.168 0.004 0.119 0.002 0 70.59.097 0.002

6H 8 0.192 0.006 0 1.022 0.166 0.004 -0.057 0.001 0 0.523 0.071 0.002
6H 10 0.075 0.001 0 1.027 0.162 0.004 -0.247 0.01 0 0.431 0.046 0.001
6H 12 -0.05 0 0 1.013 0.155 0.004 -0.443 0.03 0.001 0.327 0.026 0.001
6H 14  -0.175 0.004 0 0.98 0.145 0.003 -0.633 0.062D01 0.215 0.011 0
6H 16  -0.294 0.013 0 0.929 0.134 0.003 -0.806 0.10302 0.103 0.003 0
6H 18  -0.399 0.025 0.001 0.866 0.121 0.003 -0.95350 0.004 -0.004 0 0
6H 20  -0.488 0.039 0.001 0.794 0.108 0.003 -1.020D. 0.005 -0.1 0.003 0
6H 22  -0.558 0.055 0.001 0.718 0.096 0.002 -1.15%540 0.006 -0.183 0.01 0
6H 2 0315 24  -0.609 0.072 0.002 0.643 0.083 0.002 1.211 0.304 0.007 -0.251 0.021 0

6H 26 -0.27 0.014 0 0.723 0.103 0.002 -0.969 0.18905 -0.052 0.001 0
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Table A29. Statistics from the composite intervalpming analysis based on the separate means toeagazonment and overall
means from the Stander x Robust DH population (font

11FGH 11SGH 12SGH Combined
Chr Marker cM Interval Additve LOD R Additve LOD R Additve LOD R Additve LOD R
6H 28 -0.244 0.011 0 0.813 0.127 0.003 -0.892 0.162004 -0.026 0 0
6H 30 -0.204 0.008 0 0.851 0.146 0.004 -0.762  0.0D03 0.002 0 0
6H 32 0.357 0.025 0.001 0.738 0.11 0.003 -0.878 6 0.0.004 0.062 0.001 0
6H 34 0.828 0.127 0.003 0.818 0.128 0.003 -1.04219. 0.005 0.189 0.011 0
6H 36 1.272 0.301 0.007 0.853 0.141 0.003 -1.15269. 0.006 0.312 0.031 0.001
6H 38 1591 0.495 0.012 0.949 0.182 0.004 -1.1628D. 0.007 0.437 0.063 0.002
6H 40 2.001 0.784 0.019 0.818 0.135 0.003 -1.21B09. 0.007 0.511 0.086 0.002
6H 42 2.119 0.885 0.021 0.878 0.156 0.004 -1.13827 0.0.006 0.636 0.134 0.003
6H 44 2.368 1.103 0.026 0.935 0.177 0.004 -0.814.370. 0.003 0.892 0.263 0.006
6H 46 2.432 1.164 0.028 0.677 0.093 0.002 -0.97899. 0.005 0.827 0.226 0.005
6H 48 1.963 0.757 0.018 0.118 0.003 0 -1.222 0.3aD07 0.397 0.052 0.001
6H 50 1.696 0.552 0.013 0.257 0.013 0 -1.38  0.3890D 0.312 0.032 0.001
6H 52 1.073 0.224 0.005 0.427 0.037 0.001 -1.7146110. 0.015 0.019 0 0
6H 54 0.573 0.064 0.002 0.475 0.046 0.001 -2.11 40.0.022 -0.297 0.029 0.001
6H 56 0.415 0.033 0.001 0.593 0.071 0.002 -2.1294D. 0.022 -0.329 0.035 0.001
6H 2 0746 58 0.095 0.002 0 0.347 0.025 0.001 -2.12956 0.023 -0.525 0.092 0.002
6H 60 0.243 0.011 0 0.699 0.099 0.002 -1.79623 0.015 -0.216 0.015 0
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Figure Al. Phenotypic distribution of seed dormafurythe breeding materials from USDA-
ARS-Aberdeen, ID (AB). (a) 2006, Robust mean=8an8er=91; (b) 2007, Robust mean=1.96;
Stander=16.85; (c) 2008, Robust mean=3.44; Stad@es%; (d) 2009, Robust mean=0;
Stander=61.28. The X-axis represents the percewofagerminated seeds, while the Y-axis
represents the observed frequency for each ohtkevals in X.
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Figure A2. Phenotypic distribution of seed dormafwythe breeding materials from Bush
Agricultural Resources (BA). (a) 2006, Robust me&h=Stander=91; (b) 2007, Robust
mean=1.96; Stander=16.85; (c) 2008, Robust meadA;=3tander=42.51; (d) 2009, Robust
mean=0; Stander=61.28. The X-axis represents tloep@ge of germinated seeds, while the Y-
axis represents the observed frequency for eatitreahtervals in X.
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Figure A3. Phenotypic distribution of seed dormafwrythe breeding materials from Montana
State University (MT). (a) 2006, Robust mean=8@n8er=91; (b) 2007, Robust mean=1.96;
Stander=16.85; (c) 2008, Robust mean=3.44; Stad@es%; (d) 2009, Robust mean=0;
Stander=61.28. The X-axis represents the perceofagerminated seeds, while the Y-axis
represents the observed frequency for each ohtkevals in X.
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Figure A4. Phenotypic distribution of seed dormafurythe breeding materials from North
Dakota State University-two rowed (ND2R). (a) 20B6pbust mean=89; Stander=91; (b) 2007,
Robust mean=1.96; Stander=16.85; (c) 2008, RobaanhnB.44; Stander=42.51; (d) 2009,
Robust mean=0; Stander=61.28. The X-axis represeaisercentage of germinated seeds,
while the Y-axis represents the observed frequénicgach of the intervals in X.
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Figure A5. Phenotypic distribution of seed dormafurythe breeding materials from North
Dakota State University-six-rowed (ND6R). (a) 20B®bust mean=89; Stander=91; (b) 2007,
Robust mean=1.96; Stander=16.85; (c) 2008, RobaahrB.44; Stander=42.51; (d) 2009,
Robust mean=0; Stander=61.28. The X-axis represie@isercentage of germinated seeds,
while the Y-axis represents the observed frequéoicgach of the intervals in X.
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Figure A6. Phenotypic distribution of seed dormafwythe breeding materials from University
of Minnesota (UM). (a) 2006, Robust mean=89; Stax@le; (b) 2007, Robust mean=1.96;
Stander=16.85; (c) 2008, Robust mean=3.44; Stad@es%; (d) 2009, Robust mean=0;
Stander=61.28. The X-axis represents the percewofagerminated seeds, while the Y-axis
represents the observed frequency for each ohtkevals in X.
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Figure A7. Phenotypic distribution of seed dormafwythe breeding materials from Utah State
University (UT). (a) 2006, Robust mean=89; Stan@é&r<b) 2007, Robust mean=1.96;
Stander=16.85; (c) 2008, Robust mean=3.44; Stad@es%; (d) 2009, Robust mean=0;
Stander=61.28. The X-axis represents the percewofagerminated seeds, while the Y-axis
represents the observed frequency for each ohtkevals in X.
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Figure A8. Phenotypic distribution of seed dormafaythe breeding materials from
Washington State University (WA). (a) 2006, Robmstan=89; Stander=91; (b) 2007, Robust
mean=1.96; Stander=16.85; (c) 2008, Robust meaaA;=3tdnder=42.51; (d) 2009, Robust
mean=0; Stander=61.28. The X-axis represents tloepege of germinated seeds, while the Y-
axis represents the observed frequency for eatiteahtervals in X.
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Figure A9.Genome-widd.D decay scatterplots for the analysis of eachdirggprogram (fou
years): a) USDA-ARSAberdeen, ID (AB); b) Bush Ag. (BA); c) Montana &tUniversity
(MT); d) North Dakota State tv-row (ND2R). LD measured as’ Between pairs ¢
polymorphic loci (MAF>0.05) was plotted against the genetic distance .
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Figure A10. Genome-wideD decay scatterplots for the analysis of eachdirggprogran
(four years): a) North Dakota State Universix-row (ND6R); b) University of Minnesotl
(UM); c) Utah State (UT); d) Washington State (WAR measured as? between pairs ¢
polymorphic loci (MAF>0.05) was plotted against the genetic distance .
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Figure A11. Comparison of four linear models fodividual AM analysis of materia
submitted by USDA-ARSAberdeen, ID (Aberdeen) across four years. Cunwelalistribution

of P-values was computed as follow: (a) 2006= 2,334 SiieisO5 lines; (b) 200 2,359 and 96
lines; (c) 2008: 2,370 and 96 lines; (d) 2009= Q,38d 96 line:
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Figure A12. Comparison of four linear models fodividual AM analysis of materia
submitted by Bsh Agricultural Rsources LLC.across four years. Cumulative distributior
P-values was computed as follow: (a) 2006= 2,320 Siiels96 lines; (b) 2007: 2,162 and
lines; (c) 2008: 2,266 and 95 lines; (d) 2009= 2,3td 96 line:
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Figure A13. Comparison of four linear models fodividual AM analysis of materia

submitted by Montana State University across faaryg. Cumulative distribution P-values

was computed as follow: (a) 2006= 1,544 SNPs aniih8s; (b) 2007: 1,689 and 96 lines;
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190



P-value Expected
P-value Expected

10
P-value Observed P-value Observed
model @ ®®Kin €88 Naiv: @@ eFC @ @@ PC+in model ®®€Kin €88 Naiv: @@ eFC @ @@ PCHin
10 10 ]
(b) i (d)
0o e o9 ) o
o
0s 08 e
-I/ ’
07
=
T 06 ®
E g
a 0 .
03
0
01
oo T T T T T T T T T T T T T T T T T T T T
0o 01 0 03 04 05 06 07 08 0o 10 0o 01 1} 03 04 0.3 06 07 og 09 10
P-value Observed P-value Observed
model ®®@&Kin €88 Nave @@&FC @ @& PC+kin model #®&Kmn ®eaNave @&&FC &4 PCHkin
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distribution ofP-values was computed as follow: (a) 2006= 2,278 Siifels96 lines; (b) 200
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Figure A15. Comparison of four linear models fodividual AM analysis of materia
submitted by Nah Dakota State University (s-row) across four years. Cumulative distribut
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Figure A16. Comparison of four linear models fodividual AM analysis of materia
submitted by University of Minnesota across fouainge Cumulative distribution P-values
was computed as follow: (a) 2006= 1,295 SNPs anch@s; (b) 2007: 1,53and 96 lines; (c
2008: 1,304 and 96 lines; (d) 2009= 1,186 and 19$s
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Figure A17. Comparison of four linear models fodividual AM analysis of materia

submitted by Utah State University across four ge&umulative distribution (P-values was
computed as follow: (a) 2006= 2,502 SNPs and 3lib) 2007: 2,195 ar96 lines; (c) 2008
2,144 and 96 lines; (d) 2009= 2,115 and 96 |
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Figure A18. Comparison of four linear models fodividual AM analysis of materia
submitted by Washington State Universitross four years. Cumulative distributionP-
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Figure A19.Comparison of four linear models from the combiaedlysis across four years
individual breeding programs. The cumulative disttion of P-values was computed for eg
individual breeding programand four years as follow: (a) AB= 2,556 SNP marlerd 36<
barley CAP lines; (b) BA= 2,428 SNP markers and [8785; (c) MT= 2,302 SNP markers a
362 lines; (d) ND2R= 2,481 SNP markers and 37%| () ND6R= 2,055 SNP markers and
lines; (f) UM= 1853 SNP markers and 371 lines; (g) UT= 2,608 SNEena and 365 lines; (I
WA= 2,532 SNP markers and 375 lir
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Figure A20. Genome-widassociation results for seed dormancy on eachedbtlr
subpopulations submitted by USI-ARS-Aberdeen, ID (AB). a) 2006, model=PK; b) 20
model=P; c¢) 2008, model=K; d) 2009, model
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Figure A21. Genomev#ide association results for seed dormancy on eétte four
subpopulations submitted by Bush Agricultural Reses LLC (BA). a) 2006, model=PK;
2007, model=P; c) 2008, model=PK; d) 20model=PK.
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Figure A22. Genomevide association results for seed dormancy on ehtie four
subpopulations submitted by Montana State Uniwe(MT). a) 2006, model=PK; b) 200
model=PK; c) 2008, model=K; d) 2009, model=

199



-log10 (P-value)

Pl
- - " I LI

. . ¥ . " = == - .. - .
T T Y

,_.
L
TTT R

L I T T T O T = T L T = =
o T S T

-logl0 (P-value)

[
L

b
L

wa
1

-logl0 (P-value)

-log10 (P-value)

"IH  2H 3H aH 5H 6H 7H
Chromosome
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Figure A24. Genomevide association results for seed dormancy on ehtie four
subpopulations submitted by North Dakota State ehsity si>-rowed (ND6R). a) 200¢
model=K; b) 2007, model=PK; c) 2008, model=K; dp2fmodel=PK.

201



@)

-logl0 (P-value)

-logl0 (P-value)

. -- _'- . o : ] :. L . i .1--.
i R T R T T T P
i T LY W I-TT-E ¥ [ 1] ".l‘ [ - .
Bamis ol B ;5 v . d o 2

Y
T?n' 3
(=9
— -
=
— 2_
Ey X -
. r
1 - )

-log10 (P-value)

e 3
~ P =" -'.lt_ P .'E' w .
TR AP — SRR h P SR

gl Gt N it m 3 v
1H 2H 3H 4H 5H 6H 7H
Chromosome

Figure A25. Genomevide association results for seed dormancy on eétte four
subpopulations submitted kyniversity ofMinnesota (UM). aR006, model=K; b) 200’
model=Naive; c¢) 2008, model=K; d) 2009, mode!
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Figure A26. Genomevide association results for seed dormancy on ehtiefour
subpopulations submitted by Utah State Universify)( a) 2006, model=PK; b) 200
model=K; c) 2008, model=K; d) 2009, model=I
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Figure A27. Genomevide association results for seed dormancy on eétte four
subpopulations submitted by Washington State Unitye(WA). a) 2006, model=PK; b) 200
model=P; c) 2008, model=K; d) 2009, model
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