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Abstract:

Groat oil content and composition are important quality traits in oats (Avena sativa L). These traits
are controlled by many genes with additive effects. The chromosomal regions containing these
genes, known as quantitative trait loci (QTL), can be discovered through their close association with
markers. This study investigated total oil content and fatty acid components in an oat breeding
population derived from a cross between high oil ('Dal') and low oil (‘Exeter') parents. A genetic
map consisting of 475 DArT (Diversity Array Technology) markers spanning 1271.8 cM across 40
linkage groups was constructed. QTL analysis for groat oil content and composition was conducted
using grain samples grown at Aberdeen, ID in 1997. QTL analysis for multiple agronomic traits was
also conducted using data collected from hill plots and field plots in Ottawa, ON in 2010. QTLs for oil
content, palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2) and linolenic
acid (18:3) were identified. Two of the QTLs associated with oil content were also associated with
all of the fatty acids examined in this study, and most oil-related QTL showed similar patterns of
effect on the fatty acid profile. These results suggest the presence of pleiotropic effects on oil-
related traits through influences at specific nodes of the oil synthesis pathway. In addition, 12 QTL-
associated markers (likely representing nine unique regions) were associated with plant height,
heading date, lodging, and protein content. The results of this study will provide information for

molecular breeding as well as insight into the genetic mechanisms controlling oil biosynthesis in oat.



Résumé :

La teneur en huile et la composition du grain sont des traits importants dans I'avoine (Avena sativa
L). Ces traits sont contrélés par plusieurs génes aux effets additifs. Les régions chromosomiques
contenant ces genes, aussi connues comme locus de caractéres quantitatifs (LCQ), peuvent étre
découvertes par leur association de proximité avec des marqueurs. Cette étude s’est concentrée
sur la teneur totale en huile et les composantes des acides gras retrouvés dans une population
d’avoine cultivée dérivée d’un croisement entre un parent riche en huile (« Dal ») et un antre
pauvre en huile (« Exeter »). Une carte génétique composée de 475 marqueurs DArT (Diversity
Array Technology) couvrant 1271.8 ctM comprenant 40 groupes de liaison fut construite. L’analyse
de LCQ sur la teneur en huile et la composition du grain fut menée en utilisant des échantillons
cultivés a Aberdeen, ID en 1997. Une analyse LCQ sur de multiples traits agronomiques fut aussi
menée en utilisant des données provenant de parcelles de champ et de parcelles buttes a Ottawa,
ON en 2010. Des LCQs furent identifiés pour la teneur en huile, acide palmitique (16:0), acide
stéarique (18:0), acide oléique (18:1), acide linoléique (18:2) ainsi que pour I'acide linolénique
(18:3). Deux des LCQs liés a la teneur en huile furent aussi liés a tous les acides gras étudiés dans
cette étude et la majeure partie des LCQs associés a I’huile ont démontré des modeéles similaires
d’effets sur le profil des acides gras. Ces résultats suggerent la présence d’effets pléiotropiques sur
des traits reliés a I'huile en influengant a certaines jonctions de la voie de synthese de I’huile. De
plus, 12 marqueurs liés aux LCQs (représentant probablement neuf régions uniques) furent associés
avec la hauteur des plants, la date de floraison, la verse et la teneur en protéines. Les résultats de
cette étude fournira de I'information pour la sélection moléculaire ainsi qu’une vue sur les

mécanismes génétiques contrdlant la biosynthése de I'huile chez I'avoine.
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Scope and outline of the thesis

This thesis has been prepared in a manuscript based format. The manuscript has been accepted
in the Plant Genome journal and it has been presented here in its original format. The thesis is

organised in five chapters.

Chapter one: This is a general introductory chapter that explains the importance of the oat crop
and provides the rationale for conducting the study.

Chapter two: This is an overview of genetic mapping and QTL analysis. This chapter provides the
basic principles and methods of the genetic approach used in this study as well as the salient
requirements for conducting QTL analysis. It is provided as general background for readers who
are less familiar with these principles and procedures.

Chapter three: This is a review of literature relevant to oil and fatty acid composition in oat and
other plant species, as well as a general assessment of QTL analysis in oat. These topics are
highly relevant to the objectives of this thesis, and this review provides a more detailed
background than what is presented in the submitted manuscript.

Chapter four: In this chapter the manuscript is presented as submitted to The Plant Genome
journal. The tables and figures have been placed in the main text. The figures and tables in this
chapter have been labeled slightly differently from the journal manuscript in order to take into
account the figures used in the literature review and to maintain continuity. Supplemental
tables and figures that are relevant to the study but were not included in the main body of the
manuscript have been provided at the end of the thesis. A large amount of data which includes
raw marker data and supplemental tables is provided digitally on a CD.

Chapter five - This section presents additional detailed discussion and conclusions, including

discussion of results that were omitted from the submitted manuscript.
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Chapter 1- Introduction

1.1 Oatand its importance

Oat (Avena sativa L.) is a cereal grain that belongs to the Gramineae (Poaceae) family. Oat and its
wild relatives occur at three ploidy levels: diploid, tetraploid, and hexaploid, with a base
chromosome number of 7. The center of origin of oat is unknown, although the Mediterranean
basin and the Middle East are thought to be the most likely possibilities. The domestication of oats
is a relatively recent phenomenon, occurring much later than the domestication of other important
cereals such as wheat and barley. The primary cultivated oat (A. sativa) is a hexaploid of 2n=6x = 42
originating as an aggregation of three diploid genomes: AA, CC and DD. (Rines et al., 2006).

Oats are adapted to a wide range of soil types, thus temperature and moisture conditions are the
usual factors that limit where oats are grown (Gibson and Benson, 2002). Oats are chiefly a
European and North American crop used for both human and animal feed. These areas have the
cool, moist climate to which oats are best adapted. Oat production ranks sixth in world grain
production following corn, wheat, rice, barley, and sorghum. Russia, Canada, Australia, Poland, USA
and Spain are the leading oat producing countries (Figure1-1). The production of oats worldwide has
been very stable, and long term forecasts show it to remain at these levels with little growth. Since
2005-2006, the world production of oats has averaged around 24.6 million tonnes (Mt). Canada
accounts for 15% of the annual world oat production, making it the second largest producer after
the Russian federation. Canada is, however, the largest exporter of oats, accounting for roughly 60%

of global exports (Strychar, 2011).
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Figure 1- 1 The leading producers of oat ranked by total production in million tonnes. (Figure constructed using
data obtained from FAOSTAT, 2012).

A combination of good quality traits has given oats a reputation as a human health-food. The high
nutritional value of oat is mainly attributed to its composition of protein, fibre and lipid (Gibson and
Benson, 2002). The oat grain has the highest protein level among cereals with 12-20% in the de-
hulled kernel (groat) and 9-15% in the whole grain (Peterson, 1992). Furthermore, it has a superior
amino acid profile compared with wheat, barley or maize with higher levels of all essential amino
acids (Rines et al., 2006). B8-glucan, a high-molecular-weight water-soluble fibre, lowers total plasma
cholesterol and LDL cholesterol levels of blood and balances the glucose and insulin contents of

serum after meals, thus reducing the risks of cardiovascular diseases in humans (Meydani, 2009).

There are three different perspectives on what makes a good oat variety. Farmers are interested
mainly in the agronomic attributes that determine yield per unit area with a given set of inputs. The
milling industry is concerned primarily with seed traits that influence the weight of good-quality de-

hulled seed per tonne of purchased crop. The milling industry also seeks to purchase oat varieties



with high 8-glucan, since they must meet a minimum level of this trait to market oat products with a
health claim (FDA, 1997). Consumers are interested in flavour, quality, and nutritional composition,
but they have little direct influence on varieties that are produced. Because of consumer awareness
and improved product labelling, consumer requirements and nutritional value may become

increasingly important in setting objectives in a breeding program.

Oil content in oats is of significant importance from the nutritional standpoint. The high oil content
is preferred for animal feed as the caloric content of the oil provides high energy. In contrast, oats
for human food use should have low oil to ensure low calorific contents and reduce the potential for
rancidity (Youngs, 1978). As a result, a breeding program may need to select among two different
oil content profiles depending on the end use of its intended varieties. Similarly there is a dichotomy
in selecting for fatty acid (FA) composition. The composition of oat oil with its high proportion of
unsaturated FAs is favorable for nutrition. However, high proportions of unsaturated FAs reduce the
shelf life of oat products. Therefore, identifying the genetic factors and mechanisms controlling

these traits is important for breeding programs.

The oil content, primarily in the form of triacylglycerols (TAGs), in oat groats is a quantitative trait
controlled by multiple genetic factors (Thro and Frey, 1985). The method used for inferring the
presence and position of such genetic factors in the genome is based upon analysis as quantitative
trait loci (QTLs). The basic principles and methods of QTL analysis are discussed in greater detail in
Chapter Two. Rapid developments in genome sequencing, genetic marker technology and
computing power have led to a proliferation of genetic maps and the identification of QTLs for many
important traits of most crops. Several studies have identified QTLs for oil content in oats (Kianian et

al., 1999; Tanhuanpaa et al., 2010; Zhu et al., 2004). QTLs for FAs in oats, however, have not been



reported. Many of the reported oil content QTLs in oat show consistency among at least two
different studies, but additional studies in other germplasm are required to provide a more
complete inventory of these QTL regions and to understand each QTL’s sensitivity to environment
and genetic background. Furthermore, there is a need to identify and map more genetic markers
that are common among these populations in order to provide more accurate and systematic
comparisons of chromosomal location of QTLs. To date, most of the maps in oat have been
generated using a variety of markers based on sequence characterized amplified region (SCAR),
simple sequence repeats (SSR), amplified fragment length polymorphism (AFLP), random amplified
polymorphic DNA (RAPD), and restriction fragment length polymorphism (RFLP) technologies. The
lack of common genetic markers among different experiments has made it difficult to compare the
positions of QTLs among oat maps. A recently developed DArT marker platform for oat and a
revised DArT-based reference map of the ‘Kanota’(Avena byzantine C. Koch) x ‘Ogle’ (Avena sativa
L.) (KxO) mapping population (Tinker et al., 2009) provide new opportunities for rapid map
development and comparative mapping in oat.
The objectives of this thesis were
(i) to review the literature about the current state of knowledge in oat oil content and
composition, and the molecular and genetic factors regulating these traits in oat;
(ii) to develop a DArT-based linkage map based on progenies from a cross between oat
parents with high vs. low groat oil content;
(iii) to measure groat oil contents, FA profiles, and additional agronomic traits in the
progenies;
(iv) to identify major QTLs affecting these traits;
(v) to conduct comparative mapping with locations of other QTLs and candidate genes in

oat.



Chapter 2 - An overview of genetic mapping and QTL analysis

2.1 Genetic Mapping and QTL Analysis

A large number of traits of economic importance are quantitative in nature. Unlike qualitative traits,
which are governed by single major genes, quantitative traits show continuous variation owing to
the many genes that govern them. Quantitative traits also show a greater degree of influence from
the environment. The regions containing these genes, known as quantitative trait loci (QTL), can be
discovered through their close association with genetic markers. In QTL analysis, the association
between observed trait values and presence or absence of marker alleles that have been mapped
onto a linkage map (discussed in section 2.1.1.4) is analysed. When it is significantly clear that the
observed correlation is not random, the presence of a QTL is inferred. Once the presence of a QTL is
inferred, its position and effect are estimated based on the nearest one or two markers with the

strongest relationship to the trait.

In summary, the objectives of QTL mapping are
i) To infer the presence of chromosomal regions that affect a trait of interest;

ii) To estimate the effects of alternate alleles in each specific region.

2.1.1 Requirements for QTL mapping

There are certain requirements for QTL mapping; these include:

1. A suitable mapping population of segregating progeny;
2. Measurement of polymorphic genetic markers in the progeny;
3. Asaturated linkage map;

4. Phenotypes of mapping progeny.



2.1.1.1 Mapping populations

With natural populations, consistent marker-QTL association exists only in situations where the
marker is very closely linked to a QTL. A new body of research called association mapping is devoted
to identifying QTL in natural populations (reviewed by Stich and Melchinger, 2010). However, most
QTL analysis to date has been carried out in structured bi-parental populations segregating for traits
of interest. The parents used to generate mapping populations should be genetically divergent
enough to exhibit sufficient polymorphism. In addition they should have a wide contrast in terms of
the specific trait or traits under investigation. The larger the phenotypic difference between the

parents the greater the chances of detecting the QTLs affecting the trait.

The choice of a mapping population depends on the objectives of the study as well as availability of
time and resources. In self-pollinating species, mapping populations originate from parents that are
highly homozygous (inbred). In cross pollinating (outcrossing) species, the situation is more
complicated since most of these species do not tolerate inbreeding (Collard et al., 2005). F,
populations, developed by selfing of F, hybrids between two parents, and backcross (BC)
populations, derived by crossing the F, hybrid to one of the parents, are the simplest types of
mapping populations. Their main advantages are that they are easy to construct and require only a
short time to produce (Semagn et al., 2006). However, each genotype is represented by a single
progeny plant, so replications over time or space cannot be carried out. Recombinant inbred lines
(RILs) are developed by single-seed descent from individual plants of an F, population. Only one
seed is harvested from each F, plant to grow the F3 generation. The remaining seeds are discarded.
Each seed constitutes a line. The same process is repeated for six to eight generations. At this point,
all of the seed from an individual plant is bulked. However, advancing the population for six or more

generations is expensive in time and labor. An alternative is the use of a double-haploid (DH)



population. A DH population is produced by regenerating plants using tissue culture techniques
from pollen grains or microspores whose chromosomes have been artificially doubled. This
technique can only be utilized on species that are amenable to tissue culture manipulations. The
major advantages of RILs and DH populations are that they produce homozygous or ‘true-breeding’

lines that can be multiplied and reproduced without genetic change occurring.

The size of a mapping population is an important factor that determines the power of QTL
detection, defined as the probability of detecting a QTL at a given level of statistical significance
(Manly and Olson, 1999). Small population size often results in the detection of few QTLs with large
phenotypic effects (Beavis, 1998; Melchinger et al., 1998; Schon et al., 2004). Melchinger et al.
(1998) evaluated the power of QTL detection using two independent samples of different size (107
vs 344) from a maize population. The total number of QTLs detected for all traits in the larger
population (N=344) was almost triple to that of the numbers detected in the smaller population
(N=107). While a large population size permits the detection of QTLs with smaller effects, for
practical purposes identification of QTLs with large effects would serve the purpose of marker

assisted selection (MAS).

2.1.1.2 Selection of genetic markers

A genetic marker can be described as a variation in a gene or DNA sequence that can be observed
directly (such as a morphological marker) or indirectly through any assay. These differences
originate as mutations or other genetic events that cause single nucleotide polymorphisms (SNPs),

insertions or deletions (INDELs) or rearrangements (translocations or inversions).



Different types of marker systems such as phenotypic, cytological, and protein assays have been
used for genetic research before the development of DNA based markers. However, they have
limitations which hindered their wide applicability in genetic mapping studies (Langridge and
Chalmers, 2005). DNA-based markers gained popularity because they have advantages including:
1. they are phenotypically neutral and seldom influenced by environments;

2. they are widely distributed through the whole genome, enabling construction of genome wide
high density maps;

3. they have a high level of allelic polymorphism;

4. they are highly reproducible;

5. only small amounts of plant tissue are needed,;

6. they are amenable to automation, providing opportunities for undertaking complex tasks with

reduced time and cost.

Selecting the type of marker to use is important since there are a wide variety of DNA markers in
use today. RFLPs, SSRs, RAPDs, AFLPs, SSRs, DArTs, ESTs (expressed sequence tag), CAPs (cleaved
amplified polymorphic sequence), and SNPs (single nucleotide polymorphism) have all been used
for map construction (Semagn et al., 2006). Each system has advantages and disadvantages.
Selection of which marker type to use depends on the species under investigation, the objective of
the study and on the resources available. Here, the most widely used molecular marker

technologies are described.

i) Restriction Fragment Length Polymorphism (RFLP)
RFLPs are differences in restriction fragment lengths caused by SNPs that change restriction

endonuclease recognition sites, or INDELs between restriction sites that change their size. In RFLP,

DNA polymorphism is detected by hybridizing labelled DNA probes to digested DNA that has been



separated by size and immobilized on a membrane (Southern 1975). Marker alleles are identified by
size differences of the restriction fragments to which these probes hybridize. Developments in RFLP
technology enabled the first large scale efforts to produce genetic maps in plants (Helentjaris et al.,
1986; Burr et al., 1988). The RFLP marker type is considered superior due to its co-dominant
inheritance and high reproducibility (Agrawal et al., 2008). There are, however, several limitations
to RFLP such as

a) It requires high quantity and quality of DNA;

b) It depends on the development of specific probe libraries for the species;

c) The technique is not suitable for automation;

d) The level of polymorphism is low;

e) It is time consuming and laborious;

f) It may require radioactively labeled probes;

g) RFLP probes must be physically maintained and thus are difficult to share between laboratories.
Efforts to overcome these limitations have led to the development of some of the methods that

follow, all of which are based on PCR amplification.

ii) Random Amplified Polymorphic DNAs (RAPDs).
RAPD markers are DNA polymorphisms produced by rearrangements or deletions of genomic sites

that are at or between the binding sites of oligonucleotide PCR primers (Welsh and McClelland,
1990; Williams et al., 1990). The RAPD technique utilizes a randomly chosen set of PCR primers
containing 8-10 nucleotides which are used to amplify DNA fragments in a low-stringency PCR (35-
45°C). These amplified fragments are separated on conventional agarose gels, and RAPDs are
identified by the presence or absence of a particular fragment (i.e. band).

The RAPD technique has several advantages: it is easy to use, economical, doesn’t require sequence

information, and only a small amount of DNA is required to generate the markers. However, many



RAPD markers show poor reproducibility, which has made this technique less popular for current

genetic mapping studies (Nguyen and Wu, 2005).

iif) Amplified Fragment Length Polymorphism (AFLP)
AFLPs are molecular markers obtained by selective PCR amplification of restriction fragments from

genomic DNA. The AFLP marker system was developed by Vos et al. (1995) to overcome the
limitations of RAPD markers. Generating AFLP markers involves three steps: (i) restriction of the
DNA and ligation of oligonucleotide adapters, (ii) selective amplification of sets of restriction
fragments with specific restriction enzymes, and (iii) gel analysis of the amplified fragments. AFLPs
are dominant markers and polymorphisms are scored as presence/absence of data rather than
determination of sizes at various loci. AFLP markers are highly polymorphic, reproducible, and do
not require prior sequence information, making them a good choice for genetic mapping. They
generally provide good genome coverage and have been used for the construction of whole-
genome and high resolution maps in many species (Chalmers et al., 2001; Groh et al., 2001,
Lionneton et al., 2002). The main criticism of the AFLP technique is that scoring of markers relies on
gel-based systems which limits its throughput and it is a labour intensive procedure (Brugmans et al.

2003; Polanco et al. 2005).

iv) Microsatelites (SSR)
Microsatellites, also known as short tandem repeats or simple sequence repeats, are repetitions of

very short (usually one to six) nucleotide motifs. These repeats are interspersed in many eukaryotic
genomes (Tautz and Renz 1984). Microsatelites are highly polymorphic due to the variation in the
number of tandemly repeated units (Farook and Azam, 2002). SSR loci are amplified by PCR using
pairs of oligonucleotide primers specific to unique DNA sequences flanking the SSR sequence. Their
codominant inheritance, high abundance, high allelic diversity, locus specificity and their
reproducibility have made microsatellite highly popular markers (Gupta et al., 1999; Agrawal et al.,

2008). However, SSRs are expensive to discover, and the technique has low throughput. As a result
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of these limitations, microsatellites have been used extensively in only a few agriculturally

important crops (Squirrell et al., 2003).

V) Single Nucleotide Polymorphism (SNP)
SNPs are single nucleotide positions in a given stretch of genomic DNA at which variations between

different individuals occur within a species. The change in nucleotides can be a result of a
mutational transition (C > T, G ¢€> A) or a transversion (C¢> A, C<> G, G T, A& T), the
former being more common. Insertion or deletion (INDELs) are generally not classified as SNPs
(Brooks, 1999), although they may often be detected by technologies used to detect SNP variants.
SNPs are the most abundant form of DNA sequence polymorphisms (Collins et al., 1997; Van et al.,
2005). They are widely distributed throughout genomes, although their occurrence and distribution
varies among species (Agrawaal et al., 2008). The binary (bi-allelic) character and stability from
generation to generation make SNPs amenable to automated, high throughput genotyping. This
makes them attractive tools for QTL mapping studies. The development of DNA chips to analyse
genotypes for single nucleotide polymorphisms (SNPs) has increased their utility. However, the
technology depends on intensive genomic sequencing which is expensive and time consuming.
Hence, SNPs have not yet been widely used in crops where large-scale public or commercial

investment has not occurred.

vi) Diversity Arrays Technology (DArT)
DArT markers were developed to overcome the shortcomings of other marker systems. DArT assays

are able to detect thousands of markers in one reaction on a microarray platform. This allows the
potential for increasing marker density within a short time and at low cost (Jaccoud et al., 2001;
Mace et al., 2008). DArT markers are based on a complexity-reduced reproducible subset of a
genome, called a representation, which is generated using restriction enzymes and size selection
(Akbari et al., 2006). The genomic representation obtained from pooled samples of many different

accessions is cloned and individual inserts are printed on to a microarray resulting in a “discovery
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array.” Genomic representations from genomes of individual accessions are prepared using the
same complexity reduction methods and these are hybridized to the discovery array. Each
individual fragment of a genomic representation will only hybridize to matching fragments on the
genotyping array, thereby displaying a unique hybridisation pattern. Polymorphic clones (DArT
markers) are identified on the basis of the intensities of their hybridization signals. After an initial
marker discovery process, clones that do not reveal polymorphisms may be eliminated from the
array to provide a more cost-effective “typing array” for further work.

Sequencing is not necessary for identification and scoring of polymorphic DArT markers, which
makes the method applicable to all species regardless of how much DNA sequence information is
available for that species. This is particularly useful for crop species such as oats in which genetic
research is lagging due to lack of resources. Although sequencing is not a pre-requisite, DArT
markers provide sequence-ready clones that can be useful for further genetic analysis, including the

discovery of SNPs.

2.1.1.3 Genotyping

Genotyping involves the identification of polymorphic molecular markers that reveal differences
between the two parents. The polymorphic markers are screened across either the entire mapping
population, including the parents, or a subset of the population selected on the basis of phenotype
(Lander and Botstein, 1989) to identify segregation patterns of each marker. Genotyping an entire
mapping population with markers distributed across the whole genome is more reliable but

requires more resources (Xu and Crouch, 2008).
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2.1.1.4 Linkage Mapping

Linkage mapping is the process of arranging markers in groups, then placing them in order and
estimating inter-marker distances. This is done based on the principle that genes (markers)
segregate following chromosome recombination during meiosis. Most often, when two loci are
linked on the same chromosome, the alleles originating from one parent remain associated in the
resulting gametes and progeny. However, during meiosis, a homologous chromosome pair may
cross over and exchange sections, such that parental alleles become dissociated (recombine). The
distance between two loci is estimated by counting the number of recombinant gametes, and
expressing this as a proportion of the total gametes. If the recombination frequency (RF) is
statistically less than 50% (observed when two loci are on different chromosomes) then the loci are
said to be linked. Recombination frequencies are not additive and mathematical correction factors,
known as mapping functions, are used to translate recombination fractions to additive genetic
distances which are expressed as centimorgans (cM). There are two widely used mapping functions.
The first one proposed by Haldane (1919) assumes no cross-over interference. However, this is not
reliable for distances of over 15cM. The second mapping function known as the Kosambi mapping

function (Kosambi, 1943) takes into account some crossover interference.

Linkage groups then are formed by clustering together loci that are linked. Following this, the order
of loci within linkage groups is estimated. This is the most computationally challenging step because
it involves testing all (or many) possible orders to find the order that is most probable. Orders can
be optimized based on the cumulative distances that they produce, and/or by minimizing the
number of crossovers that must have occurred to produce the observed data. The reader is
directed to Kearsy and Pooni (1996) for a more detailed explanation of the principles and practice of

linkage mapping.
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2.1.1.5 Phenotyping of the mapping population

The basic phenotypic data required for QTL mapping are the estimates of phenotypic performance
of individuals across environments. The accuracy and precision of phenotyping influences the
quality of the QTL mapping results. A reliable QTL map can only be produced from reliable
phenotypic data. The phenotype of quantitative traits can be affected by environment. This can
pose a problem for QTL analysis, especially when this influence is large. Trials across multiple
environments are often analysed in order to account for the genotype-environment interaction.
This ensures that results will have relevance beyond just the environment where a QTL is

discovered.

The power and precision of a QTL analysis is determined by many factors including population size,
genome coverage of polymorphic markers, and phenotype accuracy. Due to the availability of
relatively cheap, high throughput techniques, the cost of genotyping is now less of a limiting factor
(Semagn, 2010). However, the cost and logistics involved in phenotyping often impose limits on

population size.

2.1.2 Methods of detecting QTLs

Three widely-used methods for detecting QTLs are single-marker analysis, simple interval mapping
(SIM) and composite interval mapping (CIM) (Liu, 1998; Tanksley, 1993). Single-marker analysis (also
single-point analysis) is the simplest method for detecting QTLs. In this method, an independent test
for QTL/trait association is performed for each marker locus using analysis of variance (ANOVA), t-
test, or linear regression. This method does not require a complete linkage map and can be
performed with basic statistical software programs. Although it is computationally simple, this
method has some drawbacks: (i) the likelihood of detecting a QTL is significantly reduced as the

distance between the QTL and the marker increases, (ii) the magnitude of the QTL’s effect can be
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underestimated because recombination may occur between the marker and the QTL, (iii)
association of QTLs with more than one marker cannot be determined through this method

(Tanksley, 1993).

SIM was first proposed by Lander and Botstein (1989) to overcome the shortcomings of single
marker analysis. This method makes use of linkage maps and evaluates the association between
trait values and the genotype of a hypothetical QTL at multiple points between adjacent pairs of
linked markers along chromosomes. The use of linked markers accounts for the possibility of
recombination between the markers and the QTL, thereby increasing the probability of detecting
the QTL and providing a better estimate of the QTL effect (Lander and Botstein, 1989; Liu, 1998).
However SIM also has a drawback in that it considers one QTL at a time in the model ignoring the
effects of other segregating QTLs. This can reduce the power of detecting a given QTL and it can
lead to biased estimation of the effect and position of a QTL when other QTLs are located in the
same linkage group (Martinez and Curnow, 1992). CIM provides a better estimate of the position
and effect of a QTL by using a model that incorporates the potential presence of other QTLs. Like
SIM, CIM evaluates the possibility of a target QTL at multiple points within the interval between two
adjacent markers. However, at each point, it also includes the effect of one or more background
markers that are commonly referred to as cofactors (Jansen and Stam, 1994; Zeng, 1993). The
cofactors are used to minimize the effects of QTLs in the remainder of the genome when attempting

to identify a QTL in a particular region.

2.2 Marker assisted breeding

The recent developments in DNA markers and bioinformatics have had a big impact on plant

genetics and plant breeding. A large number of QTL mapping studies have been conducted for
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diverse crop species resulting in an abundance of marker—trait associations. The most important
contribution of these fields is perhaps marker-assisted selection (MAS). MAS refers to the use of
molecular markers that are linked to genes or QTLs of interest as an aid to phenotypic screening in a
breeding program. Plants that possess particular genes or QTLs may be identified based on their
genotype rather than their phenotype. Using molecular markers has advantages in that early
identification of cultivars with the desired genes can save breeders a lot of time, effort and money.
Furthermore, environmental conditions which influence phenotypes do not affect genotype, which
makes the use of molecular markers more reliable. Another benefit from using MAS is that the total
number of lines that need to be tested may be reduced. Since many lines can be discarded after
MAS at an early generation, this permits a more effective breeding design (Ribaut and Betran,

1999).

However, in recent years it has become widely accepted that QTL validation may be required prior
to use in MAS. QTL validation refers to the verification that a QTL is effective in different genetic
backgrounds as well as in a range of representative environments (Langridge et al., 2001). There are
several factors that make QTL validation necessary. The most important factor is presence of the
QTL in the target population. A QTL detected in one population may not be present in another
population if the alleles are identical. The QTL may also be influenced by the presence of other non-
target QTLs that interact with it (epistasis). The chromosomal region associated with the trait of
interest may hold several QTLs and recombination between those QTLs or epistatic interactions may
influence the expression of the target QTLs. Errors in QTL mapping can also result in spurious QTLs
or overestimation of the QTL effect (Semagn et al., 2006). These factors are particularly important
for more complex quantitative traits with many QTLs of small effects (e.g. drought tolerance, yield).
Therefore, QTL validation and/or additional testing is often recommended prior to MAS (Foolad et

al., 2001).
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Chapter 3 Literature Review
3.1 Oat oil content and composition

Oil content is one of the important quality traits in oats. The concentration of oil in the groats of
most oat cultivars ranges from 2% to 11% (Youngs, 1986). The upper values are the highest among
cereals. However, oat groats are not normally utilized as a source of purified edible oil because this
amount is too low to make extraction economically feasible given the value of the commodity and
the fact that there is little value to the by-product of the process (White, 2007). It has been
estimated that a groat oil content of at least 17% would be required to make the crop a commercial
source of edible oil (Frey and Hammond, 1975). Frey and Holland (1999) developed oat lines with oil
contents up to 18%, however, the increased oil content was achieved at the cost of other agronomic

traits such as yield, grain weight and disease resistance.

The FA composition of oat oil is also of considerable interest to oat breeders, both from the
nutritional and technological standpoints. Oat oil contains saturated and unsaturated FAs. For
example, linoleic and linolenic acids are essential unsaturated fatty acids in mammalian nutrition
while the saturated palmitic acid increases oil stability by protecting against peroxidation.
Polyunsaturated FAs may adversely affect the flavour and storage quality of oats. For example
linolenic acid causes oil instability (Thro et al., 1983). The three most abundant FA components of
oat oil: palmitic acid (16:0), oleic acid (18:1) and linoleic acid (18:2), account for 90-95% of total FAs
in oats (Zhou et al., 1999). In addition, oat oil is composed of stearic (18:0), linolenic (18:3), myristic
(14:0) and eicosenoic (20:1) acids. Many cultivars also contain trace amounts of palmitoleic (16:1),

arachidic acid (20:0) and other minor FA (Frey and Hammond, 1975).
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The FA composition of oats varies with the increase and decrease of oil content. Several studies
have reported a significant increase in the oleic acid proportion as the overall oil content increased
(Frey and Hammond, 1975; Schipper and Frey 1991; Holland et al., 2001). It has been suggested that
this positive correlation between oil content and oleic acid is a result of increase in the sink capacity
in the form of TAGs, where oleic acid is preferred, relative to structural lipids where it is less
dominant (White, 2007). However it has not been established whether increased sink capacity

drives higher oil levels or whether this is related to a different causal factor.

3.2 Overview of fatty acid synthesis and TAG accumulation in seeds

In order to understand the possible reasons for the variation in plant lipid composition, an overview
of the salient features of lipid biosynthesis in plants is helpful. The TAGs of most seeds contain the
common fatty acids: palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2) and
linolenic acid (18:3). These FAs are also found in membrane lipids, but whereas proportions of FAs
in membrane lipids are conserved, composition of fatty acids in seed storage lipids varies widely.
The biosynthesis of FAs for TAG storage is essentially a scaled up version of the membrane lipid

synthesis pathway (Voelker and Kinney, 2001).

TAG biosynthesis starts with the de novo synthesis of long chain fatty acids from precursors derived
from photosynthates in the plastid of cells (Fig 3-1). Two enzyme systems are involved in this
process; acetyl-CoA carboxylase (ACCase) and fatty acid synthase (FAS). The first step is conversion
of acetyl coenzyme A (acetyl-CoA) to malonyl-CoA in a process catalyzed by ACCase. The second
enzyme system of FA synthesis, FAS, transfers the malonyl-CoA to an acyl carrier protein (ACP) and

catalyses the extension of the hydrocarbon chain by sequential additions of malonyl moieties. The
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final products of FAS are usually 16 carbon (palmitic) and 18 carbon (stearic) fatty acids. The
synthesis of a 16 carbon fatty acid requires seven cycles of the FAS complex and the condensation,
reduction, and dehydration of 7 malonyl groups. FAS is not a single enzyme but rather a multi-
enzyme complex used for acyl-transfer in the sequential reactions involved in 2-carbon addition,
and in termination of the overall reaction. The first condensation reaction is catalysed by B-ketoacyl-
ACP synthase Ill (KAS IIlI) which uses acetyl-CoA and malonyl-ACP substrates. The next six
condensations are catalysed by KAS I, while the final reaction between palmitoyl-ACP and malonyl-

ACP utilises KAS Il (Harwood, 1996).

The 16 and 18 carbon fatty acids are then exported to the endoplasmic reticulum (ER) for further
elongation or desaturation depending on the genotype of the plant and environmental conditions.
However, some species accumulate shorter fatty acids (e.g. 8:0, 10:0, 12:0, 14:0) as a result of the
action of thioesterases that cleave the growing fatty acid from the acyl carrier protein (ACP) and
thereby prevent further elongation (Broun et al., 1999). Many genes for thioesterases have been
cloned. These have been used to create experimental transgenic canola plants that accumulate
caprylic acid (8:0), capric acid (10:0), and lauric acid (12:0) rather than 16- and 18-carbon fatty acids
(Voelker et al., 1996). The saturated fat, stearic acid (18:0) is desaturated to the monounsaturated
FA oleic acid (18:1) in a process catalyzed by stearoyl-ACP A9-desaturase (SAD) while it is still in the
plastid. Desaturation can take place in the endoplasmic reticulum (FAD 2) or within the plastid (FAD
6). For seed oils, FAD 2 is the main pathway while in leaves the eukaryotic pathway utilising FAD 2
will operate to varying extents (Harwood, 1996). In the ER, 18:1 is desaturated to 18:2 and 18:3
(Figure 3-1) by two specialized microsomal membrane-associated desaturases, FAD2 (w6) and FAD3

(w3), respectively (Voelkerand Kinney, 2001).
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Figure3- 1A Simplified diagram of fatty acid synthesis and TAG assembly in seeds. (Figure modified from

Voelker and Kinney, 2001)

The free fatty acids exported to the ER become esterified to CoA and serve as substrates for the ER-

based eukaryotic lipid formation through the glycerol-3-phosphate (G3P) or Kennedy pathway

(Frentzen, 1998). The process is initiated by G3P-acyltransferase (GPAT) which transfers the acyl

chain from CoA to the sn-1 position of glycerol-3-phosphate (G3P), forming lysophosphatidic acid

(LPA). The next step is catalyzed by the enzyme lysophosphatidic acid acyltransferase (LPAAT) which

transfers an acyl-chain from the CoA ester to sn-2, creating phosphatidic acid (PA). The phosphate

group is then removed by phosphatidic acid phosphatase (PAP), forming diacylglycerol (DAG). The

final step is catalyzed by diacylglycerol acyltransferase (DGAT), which transfers an acyl group from
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acyl-CoA to sn-3 of DAG and forms TAG. TAG is thought to accumulate within the ER membranes
between the two monolayers to form inclusions bounded by a single leaflet of the ER membrane.
Subsequent budding of the inclusions results in maturing lipid bodies that are stabilized by a surface

layer of phospholipids and oleosins (Harwood, 1996).

3.3 Regulation of TAG synthesis in plants

Currently there is a good understanding of the biochemistry and the metabolic pathways of FA and
lipid synthesis in plants. Many of the genes involved in the process have been identified through
expression analysis studies (Beisson et al., 2003). The regulatory elements that direct gene
expression in the pathway, however, remain largely unknown. This lack of understanding of the
regulatory mechanism has been cited as the main reason for the disappointing results obtained with
many transgenic oil crops (Ohlrogge and Jaworski, 1997). Identifying the factors that direct the
expression of genes in these pathways is important in order to identify targets for manipulation of
the oil content and composition of oil crops. This is even more important in the context of oats
where the breeding objectives are complex. Different approaches have been used to study the
regulation of FA and oil biosynthesis. Some of the genetic and molecular approaches have been

explored here.

3.4 Molecular mechanisms regulating seed oil content

Although the molecular mechanisms of oil biosynthesis may vary from one species to another, the
pathway consists of two primary systems: fatty acid synthesis and TAG assembly. The regulatory
mechanisms that determine differences in seed oil content and composition have not been
completely elucidated. ACCase has been implicated in regulating the extent of TAG production.

Studies using developing rapeseed showed that ACCase and malonyl-CoA levels dropped

21



dramatically when maximum TAG storage levels were achieved even though other FAS enzymes
remained at normal levels (Tumham and Northcote, 1983). This suggests a central regulatory role
for ACCase. A feedback inhibition mechanism has been suggested (Shintani and Ohlrogge, 1995) in
which synthesis of ACCase is reduced by the increased concentration of FAs, particularly 18:1, in the

plastid (Andre et al., 2012).

Gene expression analyses on A. thaliana seeds have shown a distinct temporal difference in the
expression activities of genes involved in the two systems. The transcripts for many core fatty acid
synthesizing enzymes such as ACCase subunits, KAS | and FAD2 (oleate desaturase) exhibit a bell-
shaped expression pattern. They begin to be down-regulated during the active oil synthesis which
indicates global regulation of the entire fatty acid biosynthetic mechanism. In contrast, transcripts
for some fatty acid modifying enzymes, such as linoleate desaturase (FAD3), elongase (FAE1), and
oleosins are induced later and remain high during the maturation phase (Ruuska et al., 2002). The
distinct dissimilarity in the expression patterns suggests that the FA synthesis in the plastid and TAG
assembly in the ER are controlled by two different transcriptional programs (Ohlerogge et al., 2004;
Baud and Lepiniec, 2009). These findings were supported by additional evidence from similar

studies in Zea mays (Lee et al., 2002).

In contrast to the above, other studies have suggested that both FA synthesis and TAG assembly
may be controlled by a common regulatory mechanism. Studies of transgenic and mutant plants
have demonstrated that although the FA composition of seeds may be manipulated to a great
extent, the change in composition also results in altered levels of TAG accumulation. This indicates
the pleiotropic effect of genetic factors regulating fatty acid synthesis and oil assembly. For example

Katavic et al. (1995) generated a seed lipid mutant line in A. thaliana, AS11, which accumulated low
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amounts of TAG in comparison to wild type (WT). The mutation in the AS11 line isin a gene
designated as TAG1 that encodes DGAT (Zou et al., 1999). Characterization of the mutant revealed a
dramatic change to the FA composition of the oil. In comparison to WT, AS11 had reduced levels of
eicosenoic acid (20:1) and oleic acid, while linolenic acid (18:3) was doubled and constituted the
major portion of the oil. Moreover, several enzymes of lipid metabolism had altered activity,
suggesting that changes to TAG accumulation as a result of a single gene mutation also results in

dramatic changes in fatty acid composition of A. thaliana seeds

These observations suggest a global regulation of the TAG biosynthesis pathway. Transcription
analysis in A. thaliana has implicated the transcription factor WRINKLED1 (WRI1) as a potential
global regulator of de novo fatty acid biosynthesis that specifies the regulatory action of the

transcription factor Leafy Cotyledon 2 (LEC2), one of the master regulators of seed maturation

which is associated with oil accumulation in maturing seeds (Baud et al., 2007).

3.5 Genetic control of oil synthesis in seeds
Oil content and fatty acid composition are typically quantitative traits under polygenetic control and
influenced by environmental conditions. Qil content is a highly heritable trait with several studies
reporting heritability ranging between 50 and 90% (Thro and Frey, 1985). High heritability indicates

that a trait has greater potential to respond rapidly to selection (Ackerly, 2000).

QTL analysis for oil content has been performed in a variety of plant species including oats (Kianian
et al., 1999; Tanhuanpaa et al., 2010; Zhu et al., 2004), oilseed rape (Ecke et al., 1995; Burns et al.,
2003), sunflower (Mokrani et al., 2002; Leon et al., 2003) and many others. QTL analysis studies in

oats have identified several genomic regions affecting variation in oil content. Kianian et al. (1999)
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found four QTLs in each of two segregating populations. Similar analyses have identified six QTLs
for groat oil content in ‘Terra’ X ‘Marion’ (TxM) (De Koeyer et al., 2004) and six QTLs in ‘Ogle’ X ‘
MAM17-5’ (OxM)(Zhu et al., 2004). Additional regions are probably involved, but their individual
effects are below the threshold for detection by the QTL approach. Meanwhile, ACCase, which
catalyses the first committed step in fatty acid synthesis, has been implicated as a candidate gene-

product that affects major oil content differences in oats (Kianian et al., 1999).

The fatty acid composition of seed oil varies considerably both intra and inter-specifically, with fatty
acids varying in both chain length and degrees of desaturation. Determining the genetic basis for
the variation in fatty acid composition of oilseeds has great potential not only for modification of
the oil profiles of commercially important oilseeds designed to meet the requirements of the end
users through classical breeding (Keurentjes et al., 2006), but also for unravelling metabolic,
regulatory, and developmental pathways (Jansen and Nap, 2001; Barker et al., 2007). Genes
involved in the desaturation and elongation processes were identified through mutagenesis
experiments on the model species Arabidopsis thaliana (Lemieux et al., 1990; Okuley et al., 1994;
Beisson et al., 2003). QTL analysis has also been used to identify genomic regions that affect the
enzymatic systems involved in the production of specific fatty acids in the lipid biosynthetic pathway
(Barker et al., 2007). Several studies have identified loci that are associated with both oil content
and the most common fatty acids. Qiu et al. (2006) and Ecke et al.(1995) reported QTLs associated
with oil content in B. napus that showed close linkage to the 22:1n9 genes fatty acid elongasel.1

(FAE1.1) and FAE1.2.
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3.6 QTL Analysis in Oats

Compared to other crops such as wheat, rice and barley, the mapping of the oat genome has
lagged. This is partly due to the large genome size of oat and its polyploid nature. The first large-
scale mapping effort in oat was conducted in diploid species. The resulting map was based on F2
families from the cross ‘A. atlantica’ X ‘A. hirtula’ ( O’'Donoughue et al., 1992). This map was based
primarily on RFLP loci detected using cloned gene sequences from oats and barley. The first
molecular linkage map of hexaploid oat was developed by O’Donoughue et al. (1995), using a RIL
population from a cross between Kanota and Ogle. The map consisted of 561 markers covering a
distance of 1482 cM, with 38 linkage groups. Since then, several maps of hexaploid oat have been
reported; the most recent published by Tinker et al. (2009) which improved the previous KxO maps
with the addition of DArT markers. This map contained 1166 markers spanning 1890 cM of the oat
genome. The 1166 markers produced 29 linkage groups, with 43 unlinked loci. This map is currently
the most complete hexaploid oat molecular linkage map. The KxO maps together with maps

developed from other crosses can be used as useful references for oat genomic research.

The first QTL analysis for oil was conducted using KxO population and another mapping population
derived from ‘Kanota’ and ‘Marion’ (KxM) (Kianian et al., 1999). The authors found four QTLs in each
population. Similar analyses using RIL mapping populations have yielded six QTLs for groat oil
content in TxM (De Koeyer et al., 2004) and six QTLs in OxM (Zhu et al., 2004). Additional genes are
probably involved, but their individual effects are below the threshold of detection by the QTL
approach. Meanwhile ACCase was implicated in oil content differences in oats. Hybridization
experiments with the candidate gene for ACCase gene detected the presence of three loci in
hexaploid oats (Kianian et al., 1999). One locus (Accase A or Accase 1) was mapped in KxO (Kianian

et al., 1999, Wight et al., 2003) and two loci (Accase A, Accase B) were mapped in KxM (Kianian et
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al., 1999, Groh et al., 2001). These results indicate consistent relationships between the oil QTLs
identified so far. Additional QTL studies in other germplasm are needed to more completely
inventory the QTL regions that affect oat oil content and to understand each QTL’s environmental
sensitivity (Molnar et al., 2011). The aim of the present study therefore, is to identify additional
QTLs through detailed QTL analysis of oil in an oat breeding population derived from a cross
between high oil ('Dal') and low oil ('Exeter') parents (DxE) or confirm previously discover QTLs and

their homologues.

26



The following chapter is a reproduction of a paper accepted by the journal The Plant Genome by
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Abstract

Groat oil content and composition are important determinants of oat quality. We investigated
these traits in a population of 146 recombinant inbred lines from a cross between 'Dal' (high oil) and
'Exeter' (low oil). A linkage map consisting of 475 DArT markers spanning 1271.8 cM across 40
linkage groups was constructed. QTL analysis for groat oil content and composition was conducted
using grain samples grown at Aberdeen, ID in 1997. QTL analysis for multiple agronomic traits was
also conducted using data collected from hill plots and field plots in Ottawa, ON in 2010. Using
simple and composite interval mapping methods, QTLs for oil content, palmitic acid (16:0), stearic
acid (18:0), oleic acid (18:1), linoleic acid (18:2) and linolenic acid (18:3) were identified. Two of the
loci associated with oil content were associated with all of the fatty acids examined in this study,
and most oil-related QTL showed similar patterns of effect on the fatty acid profile. These results
suggest the presence of pleiotropic effects on oil-related traits through influences at specific nodes
of the oil synthesis pathway. In addition, 12 QTL-associated markers (likely representing nine unique

regions) were associated with plant height, heading date, lodging, and protein content.

Key Words: Oat (Avena sativa), DArT markers, quantitative trait loci (QTL), oil content, oil

composition, ACCase
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4.1 Introduction

Cultivated hexaploid oat (Avena sativa L.) is an important food and feed crop in many countries.
Because oat is consumed directly as food, many aspects of oat quality are important objectives for
breeding and molecular research (reviewed by Molnar et al., 2011). The high nutritional value of the
oat grain is attributed to its composition of protein, fibre and lipid (Ranhotra and Gelroth, 1995).
The oat grain has the highest protein level among cereals, with levels of 12-20% in the groat
(dehulled kernel) and 9-15% in the whole grain (Peterson 1992). Furthermore, it has an amino acid
profile superior to that of wheat, barley or maize, with higher levels of all essential amino acids
(Rines et al., 2006). B-glucan, a high-molecular weight water-soluble fibre, contributes to the health
benefits of oat by lowering the serum cholesterol levels of blood and by balancing postprandial
glucose and insulin levels (Van Horn et al., 1988; Shinnick et al., 1991). The content and quality of
oil in oat groats is of particular importance. For human food, oat varieties with low levels of oil and
proportionately higher levels of unsaturated fat are desired. For animal feed, varieties with high

levels of oil are desired because they have higher energy content.

Oil content in oat, primarily in the form of triacylglycerols (TAGs), is a highly heritable trait. Thro and
Frey (1985) observed a polygenic pattern of inheritance with primarily additive gene action and
Schipper and Frey (1991) estimated that heritability of the trait ranged from 63% to 93%. The first
quantitative trait locus (QTL) analysis for oil content-associated loci in hexaploid oat was conducted
by Kianian et al. (1999), using the 'Kanota' X 'Ogle' (KxO) and Kanota X 'Marion' (KxM) mapping
populations. They found there were three or four QTLs in each population, depending on the
specific QTL analysis method used. Similar analyses using recombinant inbred line (RIL) mapping
populations identified six QTLs for groat oil content in ‘Terra’ X ‘Marion’ (De Koeyer et al., 2004) and

six QTLs in Ogle X ‘MAM17-5’ (Zhu et al., 2004). Additional genes are probably involved, but their
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individual effects would have been below the statistical threshold for detection. Kianian et al.
(1999) further proposed that acetyl-coA carboxylase (ACCase), which catalyzes the first committed
step in fatty acid (FA) synthesis, was a candidate gene for a QTL on linkage group (LG) 11 of the KxO
map. Hybridization experiments using an oat ACCase clone detected the presence of three loci in
hexaploid oat (Kianian et al., 1999). One locus (AccaseA or Accasel) was mapped in KxO (Kianian et
al., 1999, Wight et al., 2003) and two loci (AccaseA, AccaseB) were mapped in KxM (Kianian et al.,
1999, Groh et al., 2001). In a more recent study, Tanhuanpaa et al. (2010) identified eight QTLs
associated with oil content. These accounted for 50% of the phenotypic variation in a homozygous

doubled haploid (DH) population from the cross 'Aslak’ x '‘Matilda' (AxM).

In addition to overall oil content, the FA composition of oat oil is also of considerable interest to oat
breeders because of the nutritional significance of unsaturated FAs for both humans and animals.
Although higher proportions of unsaturated FAs are desired for human consumption,
polyunsaturated FAs may adversely affect the flavour and storage quality of oats. Several studies
have investigated the FA composition of seeds from different oat varieties grown in various
environments (Saastamoinen et al., 1989; Holland et al., 2001) but to our knowledge, genetic
studies designed to identify the QTLs affecting these traits have not been conducted. QTL mapping
of the genomic regions involved in the variation of oat grain FA content could provide information

for the selective breeding of varieties with specific FA profiles.

Many of the reported oil content QTLs in oat show consistency among at least two different studies,
but additional studies in other germplasm are required to provide a more complete inventory of
these QTL regions and to understand each QTL’s sensitivity to environment and genetic background.

Furthermore, there is a need to identify and map more genetic markers that are common among
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these populations in order to provide more accurate and systematic comparisons of chromosomal
location of QTLs. To date, most of the maps in oat have been generated using a variety of markers
based on SCAR, SSR, AFLP, RAPD, and RFLP technologies. The lack of common genetic markers
among different experiments has made it difficult to compare the positions of QTLs among oat
maps. The DArT (Diversity Array Technologies) marker system is a cost effective hybridisation-based
marker technology that offers a high level of multiplexing (Mace et al., 2008). A recently developed
DArT marker platform for oat and a revised DArT-based reference map in KxO (Tinker et al., 2009)

provide new opportunities for rapid map development and comparative mapping in oat.

The objectives of this study were (i) to develop a DArT-based linkage map based on progenies from
a cross between oat parents with high vs. low groat oil content; (ii) to measure groat oil contents,
FA profiles, and additional agronomic traits in the progenies; (iii) to identify major QTLs affecting
these traits; (iv) to conduct comparative mapping with locations of other QTLs and candidate genes

in oat.
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4.2 Materials and Methods

An Fs oat population consisting of 146 RILs was developed by single seed descent from a cross
between the two hexaploid oat varieties 'Dal' (high oil) and 'Exeter' (low oil). The Dal x Exeter (DxE)
RILs and the parents were grown in Aberdeen, ID, USA in 1997 in four-row irrigated field plots
seeded with bulked Fs.5 grain. Seed from these tests was used to plant two independent non
replicated field tests in Ottawa in 2010. The first Ottawa trial was planted in hill plots on May 19,
2010. The second trial was planted in four row plots with a spacing of 25 cm between rows on June

02, 2010. The RILs were randomized separately for the two tests.

Samples for genetic analysis were based on 8-10 seeds that were selected randomly from the Fsg
Aberdeen-grown bulks. Seeds were planted in Cyg™ seed germination pouches (Mega Intl., West St.
Paul, MN) with one lower corner of each pouch cut so that it could be irrigated from below by
capillary action. When the seedlings were approximately 5cm tall, the leaves were harvested and
placed in paper envelopes, to which had been added a mixed silica gel desiccant (VWR
International, Mississauga, ON, Canada). These were left to dry at room temperature, then ground
using a Tissuelyser (Qiagen, Mississauga, Canada). DNA was extracted from the parents and the
mapping population using Qiagen DNeasy plant mini kits (Qiagen, Maryland, USA) and manufacturer

protocols.

DArT marker assays were conducted at Diversity Arrays Technology P/L (Yarralumla, Australia)
based on methods described by Tinker et al. (2009). The standard hexaploid oat marker array
available in 2010 was used, supplemented by an expanded array of markers derived from tetraploid
oat (Oliver et al., 2011). Molecular mapping was performed using the maximum likelihood algorithm

of the mapping program “Joinmap 4” (Van Ooijen, 2006). Primary LG assighment was performed at
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a minimum log of odds ratio (LOD) of 5.0. The grouping threshold was relaxed to LOD 4.0 to identify
potential LGs among unassigned loci. Markers that showed high segregation distortion were

excluded.

The DxE map was compared to the latest version of the KxO map with linkage groups denoted KOD
1 though KOD 42 to indicate that these are from the DArT based reference map published by Tinker
et al. (2009). Putative homologies between LGs from the two populations were established based
on three types of evidence. Firstly, LGs were declared to be homologous if they shared four or more
markers. Secondly, smaller LGs where the proportion of shared markers was high in one or both
groups were declared to be homologous. Thirdly, when other supporting evidence was available,

either from previous work or the current study, the two groups were declared to be homologous.

Groat oil was measured in 2010 from grain samples grown at Aberdeen in 1997. These samples had
been kept at minus 20°C since harvest. Following extraction using an Accelerated Solvent Extractor
(ASE-200), total lipid content was determined. Samples from each line and the parents were cleaned
thoroughly and mixed in a Seedboro quality mixer (Seedboro Equipment, Chicago, lllinois). Two sets
of sub-samples were taken: 100 g for oil extraction and 500 g for protein measurement. The 100 g
sub-samples were de-hulled using a CODEMA laboratory huller (CODEMA LLC, Minneapolis, MN,
USA) and ground with a cutter mill (Arthur H. Thomas Scientific Apparatus, Philadelphia, PA, USA)
fitted with a 20 um mesh screen. Ground samples (flour) weighing between 400 and 500 mg for
each line and the parents were then placed in extraction cells. A ratio of 3:2 of hexane:isopropanol
was used as solvent. The conditions for extraction were: pressure of 6.90 x 10°kPa, temperature of
125°C, heating period of 6 min, extraction (static) time of 20 min, with three static cycles per

sample. The total recovered solvent volume was then evaporated at controlled temperature (80 C).
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Recovered lipid mass was then weighed on an analytical balance to determine the percentage of oil
in the original sample. Qil extraction was performed in two repetitions and the average of the two
results was used as the final oil content. Moisture content of each repeated sample was measured
at the same time by using the air-oven method (AACC Method 44-15-02). The oil content of samples

was calculated on a dry weight basis.

The lipid oil profile was assayed by analysing lipid content extracted from oat flour heated at 90°C
for 80 minutes with 2.5 mL of methanolic sulphuric acid (2% v/v), then cooled down and
supplemented with a solution of 1 mL hexane spiked with 0.2 mg methyl heptadecanoate per mL of
hexane. The mixture was shaken and left overnight for separation of the hexane. The methylated FA
samples were analysed by gas chromatography using a Hewlett-Packard 6890 Series GC system
(Hewlett-Packard Technologies) equipped with an Agilent 6890 Series injector (Agilent
Technologies, Wilmington, DE, USA) and fitted with a DB-Wax capillary column (Agilent 127-7013,

10 m x 100 um x 0.20 pm).

Protein levels were determined by Near Infrared Transmittance (NIT) on whole groats using an
Infratec 1241 system (FOSS, Hillergd, Denmark). The machine is routinely calibrated using a
calibration equation developed in house at the Eastern Cereal and Oilseed Research Centre, Ottawa.

The calibration is updated and validated every year with wet chemistry.

Phenotypic data for other agronomic traits were collected on all 146 lines of the mapping

population planted in the two Ottawa, 2010 field trials. Heading date was defined as the time when

50% of the panicles in a plot were completely emerged. Plant height at maturity was defined as the
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mean height of five randomly selected plants per plot or three stems per hill. Visual scoring on a

scale of 1-9 was used to determine lodging.

The program “MQTL” (Tinker and Mather 1995) was used to detect and estimate QTL effects. Both
simple interval mapping (SIM) and simplified composite interval mapping (sCIM) were used for QTL
analysis. The linkage map was scanned at all marker positions and at 5 cM intervals between
markers. The QTL with the largest effect on each LG, identified by SIM was used as background
marker for sCIM in order to test for additional smaller QTL, and also to refine QTL positions. QTL
peaks separated by more than 20 cM were generally regarded as distinct QTL. Significant QTL main
effects were used as anchors in testing for pairwise epistatic effects. Each anchor ‘A’ was held
constant while the genome was scanned at a walking speed of 5 cM for a second QTL 'B' that
interacted with ‘A’. Epistasis was declared when the test statistic for the multiplicative interaction
term was greater than the average epistatic test statistic in permuted data. Statistical significance
thresholds to achieve 5% genome-wide Type-| error were determined by 10,000 random
permutations. Final estimates of QTL positions were based on sCIM or on locations of an epistatic
model, and final effects were estimated in a multi-locus regression model incorporating all reported

QTL positions for a given trait.
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4.3 Results

4.3.1 Molecular mapping

The DArT assay detected 523 polymorphic markers (Table S-1a), 143 of which showed segregation
distortion at the 0.05 level of significance, with Dal alleles overrepresented at 86 loci and Exeter at
the remaining 57 (Table S-1b). Of these, 48 were excluded because of extreme segregation
distortion (x*2 15). The remaining 475 markers formed a linkage map with 40 LGs (denoted DE 1
through DE 40) covering a distance of 1271.8 cM (Figure S-2), which is 43% of the 2932 cM genome
size estimated by O’Donoughue et al. (1995). Seven markers remained unassigned to any LG.
Markers were not evenly distributed along the chromosomes. Some LGs had a high concentration of
markers, while others were sparsely populated. Thirty nine percent (185) of the markers mapped to
only four LGs (DE 4, DE 5, DE 11, and DE 1). Fifteen LGs were made up of 12 to 23 markers each,
while the smallest groups (25 of 40 LGs) consisted of two to eight markers each. Linkage group DE4
had the highest number of markers, with 75 markers covering a distance of 86.3 cM. In addition,
two LGs (DE 7, DE 17) showed broad regions of skewed segregation ratios favouring the Dal allele

(Table S-1c).

The DxE map is considerably shorter than the updated 2,028 cM KO map to which DArT markers had
been added (Tinker et al., 2009). This may be a result of inadequate polymorphism in some regions
of the parental genomes that correspond to regions of similar ancestry. Dal and Exeter are
genetically closer than Kanota and Ogle, with a kinship co-efficient (r) of 0.062% (p < 0.05) vs 0.047%
for Kanota and Ogle, as calculated using the program “KIN” (Tinker and Mather, 1993). Alternately,
it can also be due to the fact that the DArT markers were discovered in KxO and therefore biased to

being polymorphic in that population (Tinker et al., 2009).
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4.3.2 Map comparison

After comparative mapping, 27 LGs in DxE were found to share markers with 20 LGs in the KxO map
(Tinker et al., 2009) (Table S-1d). Of these, four LGs from DxE each shared markers with two
different KxO LGs, while seven KxO LGs each shared markers with two or three DxE LGs. The number
of shared markers ranged from one to 32. Twelve of the associations were based on four or more
shared markers. These homologues are: DE 1 with KOD 2, DE 2 and DE 12 with KOD 4_12 13, DE 3
and DE 26 with KOD 16_23, DE 4 with KOD 17, DE 6 with KOD 24_26_34, DE 11 with KOD 19+25+27,
DE 13 with KOD 11_41_20_45, DE 14 with KOD 33, DE 17 with KOD 22_44 18, and DE 27 with KOD
1 3 38 X1. Of these homologue sets, the strongest evidence for homology was observed between
DE 4 and KOD 17, which shared 32 loci. Although the remaining associations were based on small
numbers of shared markers, many of these involve very short LGs with a high proportion of shared

markers.

A number of the LGs in the initial KxO map were subsequently joined together using evidence from
aneuploidy and from other comparative mapping (Kianian et al., 1997; Wight et al., 2003). Some of
the LGs in the DxE map (e.g., DE 19-23-38, DE 6-34, DE 7-13) could potentially be joined, based on
their relationships with the KOD LGs. However, doing so could introduce errors in orientation. Since
we are aware that comprehensive efforts in developing an oat consensus map are underway, we

feel it is preferable to present the current map based solely on evidence from this study.

Several DxE LGs shared markers with more than one KxO LG. While this may indicate groups that
could be joined in KxO, it may also indicate homoeologous associations (Figure S-3d). For example,

KOD 4 12 13 and KOD 5_30, which both share markers on DE 2, are likely to be homoeologues,
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based on other map comparisons (Wight et al., 2003). Similarly, LGs KOD 11_41 20 45 and KOD 37,
which both share markers on DE 7, are also likely to be homoeologues (Kianian et al., 1999; Tinker

et al., 2009).

4.3.3 Quantitative traits and QTL

Phenotypic data was collected for total oil content, the major FA components, protein, as well as
agronomic traits such as plant height, heading date and lodging (Table S-1e). The frequency
distributions for all the traits are presented in Figure 4-1. Transgressive segregation in both
extremes was observed for stearic acid, oleic acid, linoleic acid, and linolenic acid, while oil content
and palmitic acid exhibited transgressive segregation only in one direction. Transgressive
segregation was also observed in both extremes for plant height and heading date, but only in one
direction for lodging. The presence of QTLs was initially inferred based on SIM. Further scanning
using sCIM confirmed the positions of most of the QTLs discovered by SIM and identified some new
QTLs. A few of the QTLs discovered using SIM were not confirmed by sCIM, but are being reported
as they are statistically highly significant. A summary of QTLs affecting all oil-related traits is

presented in Table 4-1, and those QTLs affecting other traits are summarized in Table 4-2.

4.3.4 QTLs affecting oil content

A total of six QTLs associated with oil content were identified in genomic regions belonging to DE 1,
DE 4, DE 7, and DE 13 (Table 4-1). LGs DE 4 and DE 13 had two QTLs each and one QTL was observed
on each of DE 1 and DE 7. All alleles for higher oil content were contributed by Dal, and their effects

ranged from 0.22 (oPt-13269) to 1.87% (oPt-6135) oil content.
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The QTL with the largest effect, which accounts for 32% of the phenotypic variation in the trait, was
located on DE 13 between oPt-17088 A and oPt-6135. The position of this QTL collocates with a QTL
near cdo665b found on KO 11 and KM 11 (Kianian et al., 1999) and a QTL near rz69 on group OM3

(zhu et al., 2004). Both of these were tightly linked to the Accase 1 locus. Similarly, a QTL for oil
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Figure 4- 1 Frequency distributions for the traits studied in the 146 RILs of the DxE hexaploid oat mapping
population. Phenotypes of the parents are marked by arrows.

content was identified by Tanhuanpaa et al. (2012) closely linked to Accase 1 locus on AM 12 which
is homologous with KO 11. This QTL has been consistently identified in four different populations.
Moreover, in three out of the four studies it was linked to Accase 1. This can be considered a

validation of this QTL.
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The second major QTL, accounting for 19% of the phenotypic variation, was located near oPt-17489
on DE 7, which shared markers with two KxO LGs (KOD 11_41 20_45 and KOD 37) on which QTLs
for oil have been mapped.

Homology of DE 7 to either KOD 11_41 20 _45 or KOD 37 is ambiguous. DE 7 and KOD
11_41_20_45 share two markers and both LGs contain a major QTL for oil content. In addition, both
LGs have regions of segregation distortion (O’Donoughue et al., 1995). The shared markers, the co-
location of QTLs for oil content, and the presence of regions of segregation distortion on both DE 7
and KOD 11_41 20 45 would suggest that these two LGs are homologous. However, DE 7 has three
markers in common with KOD 37, which also contains a major QTL for oil (Kianian et al., 1999). In
addition, DE 7 shares markers with AM 11, which is homologous to KOD 37, and on which the
candidate gene Accase2 was mapped (Tanhuanpaa et al., 2012). More evidence is required to
resolve the issue of homology of DE 7 with either KOD 11_41 20 _45 or KOD 37; however, the

relationships established here suggest that KO 37 and KOD 11_41 20_45 are homoeologous.

Two other QTLs with minor effects were identified on DE 4. The position of one of these loci, oPt-
16384, corresponds with a QTL identified on LG 1 of the AxM population by Tanhuanpaa et al.
(2012). Our study is the second to detect QTLs for oil content in this region.

The position of the QTL on DE 1 corresponds to that of the QTL identified on OM 6 (Zhu et al., 2004).
The combined effect of the QTLs in this study explains 76% of the phenotypic variation in oil content

among the progenies.

4.3.5 QTLs affecting oil composition

A total of four to eight QTLs associated with individual FA components were identified on six LGs

(Table 4-1). Four QTLs for palmitic acid, two with major and two with minor effects, were detected
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on DE 7, DE 13, and DE 30. These QTLs explain 54% of the total phenotypic variation of the trait
among the progenies. All alleles for higher palmitic acid content were contributed by Exeter.
Variation in stearic acid content was also associated with four QTLs located on DE 7, DE 13, and DE
30. These QTLs explain 56% of the total phenotypic variation for this trait. Oleic acid content was
associated with eight QTLs explaining 76% of the total phenotypic variation. The loci with the
highest effects were located on DE 7 and DE 13. All but one of the alleles for increased oleic acid
content were contributed by Dal. Linoleic acid content was associated with seven QTLs on DE 4, DE
7, and DE 13, with effects ranging from 0.59 to 2.81%. The alleles for higher levels of this trait were
contributed by Exeter, except for one locus, which was derived from Dal. These seven QTLs explain
75% of the phenotypic variation for this trait. The variation in linolenic acid was associated with four
QTLs located on DE 3, DE 7, DE 8, and DE 13. The combined effect of these loci explains 42% of the

total phenotypic variation for the trait.
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Table 4 - 1 Estimated effects of QTLs for total oil and FA content

Distance from

DxE linkage Marker or marker Linkage group Oil content Palmitic acid L L . . Linolenic acid
X i Stearic acid (%) Oleic acid (%) Linoleic acid (%)
group interval distance (cM) marker (cM) (%) (%) (%)
1 oPt-794644 49.5 0 0.40*
3 oPt-0373_A 48.8 0 0.16
4 oPt-11790 14.5 0 0.59* 0.96*
4 oPt-17576 18.8 0 -0.99*
4 oPt-11705 45.3 0 -1.10*
4 oPt-793441 45.8 0 1.59*
4 oPt-16384 71 0 0.30*
4 oPt-15097 71.5 0 1.47* -2.04*
7 oPt-15501 12.7 0 3.44%
7 oPt-17489 12.7 0 1.15* -0.80* 0.35* -2.81* -0.14
8 oPt-17391 8.2 0 -0.15
13 oPt-17088 - oPt-6135 45.5 25/37 1.87*
13 oPt-17088 - oPt-6135 55.5 35/37 3.39%
13 oPt-6135 57.1 0 -0.91* 0.28* -2.45* -0.27*
13 oPt-17524 85.5 5 0.21%* -0.35* 0.59*
13 oPt-17524 90.5 10 -0.18
13 oPt-13269 110.2 5 0.22* 0.60*
13 oPt-13269 115.2 10 -1.06*
30 oPt-11992 0 0 -1.61* 0.53* 1.36*
Total effectf‘r 4.53 3.5 1.37 13.16 11.04 0.72

Effect is the measured change in genotypic mean resulting from substituting two

'Exeter’ alleles by two 'Dal’ alleles.

*All reported effects are significant with an experiment-wide type | error rate of p<0.05 determined by permutation. Those effects with an asterisk are

significant with an experiment wide type | error rate of p<0.01.

'For marker intervals, this is the distance from the first marker, followed by the total interval distance between the markers.
"Total effect is the sum of absolute values of effects. It predicts the range of progeny values. Shaded cells indicate QTL detected with SIM only while cells with
effects in bold fonts were detected with SIM and confirmed with sCIM. The rest were detected with sCIM only. The p value for the sCIM is used as the level of

significance when QTL positions are detected with both SIM and sCIM.
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A graphical summary of all QTL regions affecting oil components is presented in Figure 4-2a. This
figure shows multi-locus estimates (presented in Table S-1f) for each measured FA regardless of
whether the QTL was significant for that specific FA. In order to visualize possible mechanisms for
changes in oil components, we re-estimated QTL effects for each oil component measured as a
proportion of total seed weight (Figure 4-2b, Table S-1g). When expressed this way, the same QTL
regions were significant for at least one of the FA components, though not all QTLs remained
significant. When expressed relative to total oil, the general trend for all QTLs was that the Dal
alleles increased the proportion of oleic acid and decreased the proportion of linoleic acid.
However, when expressed as a proportion of seed weight, the Dal alleles increased or maintained all

FA components, with the greatest increase being in oleic acid.
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Figure 4- 2 A graphical summary of multi-locus effects of all QTL regions affecting total oil and FA components
when (a) the FA components are expressed as a percentage of oil (b) the total oil and FA contents are
expressed as a percentage of seed dry weight. Effects are presented in the order in which FA biosynthesis
would occur and different colored lines are used to connect QTL effects at common loci (identified on the
right).

4.3.6 QTL affecting agronomic traits
A total of 12 QTL-associated markers in nine localized regions were associated with plant height,
heading date, lodging, and protein content (Table 4-2). Found between oPt-6441 and oPt-15763 on
DE 17, only one minor QTL was detected for protein content. This locus accounted for 12% of the
total phenotypic variation for the trait. The allele for higher protein content was derived from

Exeter.
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The variation in plant height for the hill plots was associated with four QTLs. One of these, oPt-
10654, was detected only with SIM. When tested with sCIM, the statistic for this locus fell just under
threshold. The four loci explain a total of 39% of the total phenotypic variation among the
progenies. Both parents contributed alleles for increased height but the alleles from Exeter had the
largest effects. Three QTLs were detected with SIM for plant height in the population grown in row
plots; however, the test statistics for all three loci fell under the significance threshold upon further
scanning with sCIM. Of these, two QTLs were in the same position as those identified in hill plots,

while one, oPt-795082, was located on a different LG.

Similar to the other agronomic traits, observations for lodging were carried out on the DxE
population planted in hill plots and in row plots. The hill plots were damaged by extremely strong
winds. Therefore, QTL analysis was carried out only on measurements taken from the row plots.
Three QTLs, found on DE 14, DE 15, and DE 30, explained 68% of the phenotypic variation in lodging
(Table 4-2). Both parents contributed alleles that decrease lodging. Two of the alleles were derived
from Dal and one was contributed by Exeter. The effects of these loci ranged from 17% to 30%.
Overall, reduced lodging was contributed by Dal, which is the shorter parent. All three QTLs were
detected with SIM and their positions confirmed with sCIM. The map positions of the loci for

lodging in the current study did not correspond to QTLs reported in earlier studies.

Heading date was associated with two QTLs in the hill plots. Both loci (on DE 14 and DE 30) were
identified with SIM and confirmed with sCIM. These same loci were also identified in the row plots,
as were two more QTLs detected on different LGs (DE 5 and DE 17). One of these, oPt-6446, was

detected only with sCIM.
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Table 4 - 2 Estimated effects of QTLs for agronomic traits

Linkage group Distance from Protein Plant height (cm) Heading date (days)
DxE linkage group Marker or marker interval distance (cM) marker (cM) " content (%) hill plot Lodging hill plot
5 oPt-6446 9 0 -2.26%
11 oPt-795082 63.8 0 3.59
12 oPt-18014 16.4 5 3.24
14 oPt-10256 17.8 0 -5.4* -2.15
14 oPt-14507 20 0 -2.77*
14 oPt-13141 25.5 0 -2.81%*
14 oPt-16892 - oPt-1427 36.1 5/6 -2.47*
14 oPt-14611 39.6 0 0.56*
14 oPt-14611 - oPt-13661 44.6 5/8 -2.02
15 oPt-0594 10 0 1.8*
17 oPt-6441 - oPt-15763 11.9 5/5.3 -0.91*
17 oPt-6441 6.9 0 -2.09*
23 oPt-10654 0 0 -2.78
30 oPt-11992 0 0 -1.56 -1.48 -2.44*
Total effect” 091 11.98 7.76 6.13 3.95 9.6

Effect is the measured change in genotypic mean resulting from substituting two 'Exeter' alleles by two 'Dal’ alleles.

*All reported effects are significant with an experiment-wide type | error rate of p<0.05 determined by permutation. Those effects with an asterisk are
significant with an experiment wide type | error rate of p<0.01.

'For marker intervals, this is the distance from the first marker, followed by the total interval distance between the markers.

"Total effect is the sum of absolute values of effects. It predicts the range of progeny values. Shaded cells indicate QTL detected with SIM only while cells with
effects in bold fonts were detected with SIM and confirmed with sCIM The rest were detected with sCIM only. The p value for the sCIM is used as the level of
significance when QTL positions are detected with both SIM and sCIM



For most QTLs, parental alleles had the expected effects on traits. For example, alleles from the high
oil content parent Dal increased oil content, while alleles from the low oil content parent Exeter had
the opposite effect. However, a few QTLs exhibited effects in the opposite direction from that
expected. For example, oPt-17524 from Dal decreased oleic acid content while the rest of the QTLs

from the same parent increased the trait.

4.3.7 QTL Epistasis

Based on 10000 permutations for each trait, a consensus threshold statistic of 15 was established
for controlling global type | error rate below 5% per full-genome scan. Scans for epistatic
interactions conducted for all traits revealed six potential two-way interactions. Of these, only three
were accepted as possible interactions (Table 4-3). The remaining three interactions showed
exaggerated genotypic estimates that were likely due to very small sample numbers in one
genotypic class. Furthermore, it is recognized that every epistatic scan, of which there were at least
several per trait, introduced a new error rate of 5%. Three epistatic loci were associated with plant
height. Two of these (oPt-10256 and oPt-14611) interacted with the locus oPt-795758, which is an

unlinked marker.

Table 4 - 3 Epistatic QTL interactions for plant height (cm).

Test
Locus A" Locus B Statistic aabb’ AAbb’ aaBB’ AABB®
oPt-795082 (LG 11) 0oPt-795525 (LG 38) 17.7 72.29 72.19 66.73 75.3
oPt-10256 (LG 14) 0oPt-795758 (LG 41) 16.5 76.74 67.8 71.58 71.29
OPt-14611 (LG 14) OPt-795758 (LG 41) 17 76.53 66.81 71.48 71.39

Locus A was selected based on the presence of a significant QTL main effect. This locus was held constant while scanning the genome for
the presence of Locus B for which there was a significant deviation from the predicted sum of additive effects at each respective locus pair.
2 . o , ,

Effects are reported as genotypic means for each of four 2-locus homozygous classes. Lower-case signifies the presence of 'Exeter’ alleles
and uppercase signifies 'Dal’ alleles.
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4.3.8 Discussion

We have identified eight QTL regions affecting total oil content and/or at least one FA component.
The two QTLs with the largest effect on total oil content (near oPt-6135 and oPt-17489) also
affected the FA components palmitic, stearic, oleic, and linoleic acid. Moreover, the multi-locus
estimates of QTL effects for seven of these eight loci showed the same pattern of effects on all FA,
regardless of whether the locus was significant for a specific FA (Figures 4-2a and b), and the QTL
analysis for each FA produced highly parallel QTL scans (Figure 4-3). These results suggest that all or
most of these QTLs have a similar mode of action, differing only in magnitude, and, therefore, in
significance. That is, each QTL region may represent a single segregating locus that affects all oil-
related traits pleiotropically through a common physiological or biochemical mechanism.
Alternative explanations would imply the presence of clusters of linked QTLs with independent
effects on each oil component. This seems improbable, because each QTL region behaves in a
parallel manner, so the separate QTLs within each cluster would need to have the same linkage
phase. In addition to this, there were no significant epistatic effects among loci affecting oil or its
components. Therefore, our working hypothesis is that all or most QTLs affecting oil in this

population operate additively through a single node of control.

The pattern of effects observed in this study is consistent with the hypothesis of a global upstream
mechanism that affects total oil content as well as FA proportions. Given that TAG assembly is a
separate downstream process from FA synthesis, this mechanism seems most likely to be operating
at the level of de novo FA synthesis in the plastids or even further upstream. Despite our current
understanding of the biochemistry of FA and lipid synthesis in plants, the signals and factors that

direct the expression of genes in these pathways remain largely unknown, and it is not possible
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from these results to determine which genes or regulatory elements are responsible. However,

previous authors have speculated on the possible role of ACCase, a rate-limiting enzyme that affects
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Figure 4- 3 QTL scans of three linkage groups with parallel effects on oil content and FA components on DxE.
The mean threshold value of the six scans was used in this figure.

the availability of FA precursors, as a primary regulatory node in FA biosynthesis in oat (Kianian et
al., 1999). Our current results are consistent with the hypothesis that ACCase is a primary node of
control. If, for example, each QTL affects the abundance of ACCase transcripts, then each QTL
would have an additive effect on total oil content. The rates of conversion and/or transport among
the downstream steps could remain genetically constant, but the relative proportions of FA in the
groat would be affected by the abundance of precursors, resulting in our ability to detect QTL for
each FA component. Specifically, more precursors could lead to a greater abundance of all FA, but
rate-limiting steps could favour the accumulation of oleic acid that we observed. Alternately, White
(2007) has suggested that the proportionately higher levels of oleic acid that are observed as total
groat oil is increased are a result of increases in the storage of TAGs, where oleic acid is preferred,

relative to structural lipids where it is less dominant. This explanation might be taken to suggest
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that increased groat oil is a result of increased sink capacity for stored TAGs. Diacylglycerol
acyltransferase (DGAT) activity has been proposed as the primary node of control for TAG synthesis.
DGAT, which catalyzes the formation of TAGs from diacylglycerol (DAG) and acyl-CoA in the ER,
exerts control over oil accumulation (Katavic et al., 1995; Weselake et al., 2008). Increased activity
of DGAT may lead to a depletion of acyl-CoAs, which in turn could stimulate de novo fatty acid
production to satisfy the demand for acyl-CoA. Metabolic control analysis experiments that showed
DGAT has a flux control coefficient of 0.74 in olive provided some evidence for this (Ramli et al.,
2005). However the same experiment in oil palm showed a coefficient of 0.12 indicating that the
control mechanism varies from one species to another. Determining which of these mechanisms
(source vs sink) is responsible for genetic variation in groat oil content will be an important step in

elucidating the molecular determinants of oil metabolism in oat.

To our knowledge, this is the first study to investigate QTL effects at the level of FA composition in
oat. Because of this, the QTLs associated with FAs in this study cannot be compared directly to
previous work. However, comparative mapping has shown that at least three of the eight oil-
related QTL regions in DxE are coincident with QTLs affecting total oil content in other oat
populations, so we speculate that their mode of action and pleiotropic effects on FA could be

similar.

Although oil content in oat is a highly heritable trait that can be increased and decreased by
selective breeding (Frey and Holland, 1999), the pleiotropic effects on FA composition observed in
the current study suggest that there is limited opportunity for manipulation of the FA composition
of the oil independently of the total oil concentration. The exception may be linolenic acid, for

which QTLs were detected on DE 3 and DE 8 with no effect on other measured traits. However, the
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individual effects of these two QTLs were very small, accounting for differences of only 7% and 9%
of linolenic acid proportion in the oil or 9% and 13% of the linolenic acid proportion in the total seed

by dry weight.

4.3.8.1 Segregation distortion

The proportion of markers exhibiting segregation distortion in the current study (27% at p<0.05)
was higher than expected. O’'Donoughue et al. (1995) reported that 8% of the markers tested
deviated from the 1:1 ratio expected in a recombinant inbred line population, Zhu and Kaeppler
(2003) reported 9%, and Portyanko et al. (2001) reported 13%. A combination of the type of
population used and the dominant inheritance pattern of DArT markers may have contributed to
the unusually high proportion of markers with distorted segregation. Both DH as well as RIL may
exhibit extreme segregation distortion possibly due to the presence of recessive alleles that are
lethal or strongly selected (Xian-Lang, 2006). It is also possible that dominant alleles segregating at
two or more different genetic loci can masquerade as one over-represented allele at a single locus
because of the nature of the marker assay. This phenomenon is known to affect some DArT
markers in oat (Tinker et al., 2009). However, the later phenomenon would only account for
extreme (e.g. 3:1) genetic distortions, and such markers would generally be excluded from the map
unless they clustered to produce a separate pseudo-LG comprised entirely of duplicated loci. Itis
also possible for segregation distortion to result from the loss of unbalanced gametes caused by
translocation heterozygotes. For example, there is a major known translocation in oat between
chromosomes 7C and 17 (Jellen and Beard, 2000) that has affected mapping in other crosses, but
both Dal and Exeter are expected to contain the same version of this translocation and there is no
evidence for segregation distortion on groups DE 27, 28, or 35 which correspond to KxO groups

1_3 38 known to be affected by this translocation (Figure S-3n and Table S-1c). It is possible that
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other minor translocations or other chromosomal rearrangements have influenced segregation
distortion. Markers with distortions greater than 2:1 were not included in the map and there were
no entire LGs composed of markers distorted to this degree. Rather, the graduated regions of mild
to moderate segregation distortion observed in the DxE map appear to represent regions where one

or the other parental allele has been selected or has drifted to a majority state.

Specific regions of segregation distortion have been reported in other oat populations.
O’Donoughue et al. (1995) reported a distorted region on KO 11. A distorted region was also
reported on OM3, a LG in the Ogle/MAM17-5 population which is homologous to KO 11 (Zhu et al.,
2004). The distorted region on DE 7 is also potentially homologous to KO 11 (Figure S-3g). Genetic
control of segregation distortion has been reported in other cereals such as rice (Devaux et al.,
1995) and barley (Li et al., 2010). The presence of distortion in homologous regions across three
different oat populations provides strong evidence for the presence of a heritable factor affecting
segregation distortion. Since all three populations were developed through single seed descent, it is
unlikely that there is a common mechanism affecting fitness after seed maturation. Possible
mechanisms could include gametic or zygotic selection (Liu et al., 2010). However, the loci on both
KO 11 and OM3 were skewed toward the male parents, whereas the distortion on DE 7 favoured
alleles from the female parent, Dal. Therefore, it seems unlikely that there is a common mechanism
of gamete selection, but there could be a heritable mechanism affecting the survival or fitness of
the zygotes. It is interesting that the same distorted region in all three oat populations contains
major QTLs affecting oil content, suggesting that the mechanism responsible for this aberrant

segregation pattern may directly or indirectly affect oil content.
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4.3.8.2 QTLs affecting additional traits

The position of the single QTL identified for protein content in DXE corresponds with the QTL
reported by De Koeyer et al. (2004) on LG TM 15 of the ‘Terra’ X ‘Marion’ map. Previous studies
have identified additional QTLs affecting protein content in oats, but the genetic control of this trait
does not appear to be consistent, ranging from numerous small effects (Zhu et al., 2004) to
relatively large effects (Tanhuanpaa et al., 2012). These inconsistencies may be attributed to the
large magnitude of environmental influence on protein content. Crop production environments, and

nitrogen supply in particular, affect protein percentages of oat (Welch and Leggett, 1997).

It is interesting that two QTL regions affecting heading date and height in both trials also coincided
with two QTLs affecting lodging in both the hill plots and the row plots. The QTL oPt-11992 on DE
30, which had an effect on heading date in both trials, was also associated with lodging. Similarly,
oPt-10256, which affected height in both trials, was located close to the QTL that had the largest
effect on lodging (oPt-14057). These associations were consistent with the phenotypic correlations
observed between the traits (Table S-1h), and the direction of the effects appears to have a
developmental basis: Dal alleles that reduced plant height and days to heading also reduced
lodging. These correlated responses could be due to linkage of the underlying QTLs or to pleiotropy.
Some QTLs affecting plant height and heading date, however, were not consistent between the row
plot and hill plot trials. This discrepancy might be attributed to differences in the growing conditions
between the two sets of plots. The hill plots were planted two weeks earlier than the row plots, and

they experienced a heavier weed infestation.

In summary, we have identified several chromosome regions and DArT markers associated with oil
content, oil quality, and several agronomic traits, some of which have been linked to loci identified

in other populations. Moreover, our study has demonstrated the relationship between genetic
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factors controlling oil content and the concentration of individual FA components of oil in oats.
Although QTL analysis lacks the power and resolution to elucidate metabolic pathways, by
estimating the effects of all the alleles for each biosynthetic product along the metabolic pathway
we have provided an overview of the genetic mechanism of oil biosynthesis in oats. This information
will be useful not only for manipulating the composition and concentration of oil, but also in
ongoing efforts to understand the molecular basis for the control of FA composition and oil
accumulation in seeds. The results of this study will be used for further fine mapping and

identification of suitable markers for molecular breeding.
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Chapter 5 - General Discussion

There are numerous reports on the health benefits of oats for human diet. However, the high oil
content of oat poses a challenge for the widespread adoption of oats as a main staple in the world.
Enhancing the good nutritional profile, while at the same time reducing the caloric content, is a
complex challenge faced by oat breeders. Most of the traits of value are controlled by multiple
genetic factors which makes the task even more complex. Identification of the genetic factors
controlling the myriad of traits in crop plants provides breeders with an important tool in their

efforts to meet the constantly changing quality demands for crops.

The current study has identified important genomic regions contributing to the variation in oil
content, oil composition, and protein content, as well as agronomic traits such as heading date,
plant height, and lodging. The results show that there is little overlap in the position of the genetic
factors associated with agronomic traits and oil-related traits. The QTLs for oil content and FAs were
detected on linkage groups DE 1, DE 3, DE 4, DE 7, DE 8, DE 13, and DE 30, whereas QTLs for
agronomic traits were detected on linkage groups DE 5, DE 11, DE 12, DE 14, DE 15, DE 17, DE 23,
and DE 30. This apparently reduced linkage between the QTLs underlying oil-related traits and
agronomic traits is useful from a breeding perspective, as it offers an opportunity to manipulate the

traits independently with no need of decoupling the QTLs for linked traits.

In contrast to this, however, previous studies have indicated that increasing oil content in oats does
impact agronomically important traits. Schipper and Frey (1992) reported unfavourable correlated
responses in key agronomic traits after six cycles of recurrent selection in a genetically broad-based

oat population. Lower biomass, grain yield, and test weight were observed in later cycles of
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selection. After nine cycles of recurrent selection in the same population, Holland et al. (2001)
reported reduced yield and disease resistance and a higher incidence of lodging in the high oil lines.
There are several possible explanations for this. First, the number of QTLs involved in increasing oat
oil content to such extreme levels would be greater than the QTLs identified in the present study,
such that additional QTLs not present in ‘Dal’ x ‘Exeter’ are involved. Second, if there is linkage
between some genetic factors affecting oil and agronomic performance, the QTLs with effects on
both oil and agronomic traits may not have been detected in our study. In addition, by selecting for
oil content and ignoring other QTLs for agronomic traits, deterioration in agronomic performance
may have resulted from genetic drift. Further studies are needed to investigate the relationship

among these traits and the developmental basis for these relationships.

One QTL near oPt-11992, with a pleiotropic effect on the oil-related traits palmitic acid, stearic acid,
and oleic acid, did affect the agronomic traits lodging and heading date. Holland et al. (2001)
observed that an increase in groat oil content was accompanied by correlated increases in stearic
acid and oleic acid content, while palmitic acid, linoleic acid, and linolenic acid content decreased
with further selection cycles. The results from the present study are consistent with this observation
as all the loci associated with high oil content also affected the FAs in a parallel manner. The same
authors also reported significant correlations between heading date and oil content, with early lines
being associated with higher oil. Our results also show that the Dal version of oPt-11992 has a
similar effect on the traits: it reduced heading date, increased stearic acid and oleic acid content,
and reduced palmitic acid content (Table 4-1). The pattern of effects, as shown in Figures 4-2a and
b, indicates that the locus also affects total oil content. These results suggest that there is genetic
linkage between heading date and oil content and composition at least at one locus. There may be a

developmental basis for this correlation between heading date and oil content. Oil synthesis in oat
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starts early in seed formation at about 15 days from flowering (Brown et al., 1970). Banas et al.
(2007) compared a high oil cultivar with a low oil one and found that, while lipid accumulation
started early in both cultivars, the accumulation continued until maturation in the high oil variety,

while it started decreasing before maturation in the low oil variety.

The pattern of effects of QTL regions on all oil-related traits observed in this study suggests that the
genetic control for oil content in oat may be a global upstream mechanism that affects total oil
content as well as FA proportions (discussed in detail in Chapter 4). The extent of oil accumulation
in oats could be controlled by the availability of source substrates and cofactors (FAs and enzymes),
in which case the control may be exerted either at the level of de novo FA synthesis in the plastid or
even further upstream. Alternatively, sink capacity may determine the rate of FA synthesis, in which
case the control node may be at the level of DGAT, the enzyme which catalyzes the final step in TAG
assembly in the ER. It could also be a combination of both mechanisms. The consistent collocation
of the major QTLs for oil content with Accase clones in many populations suggests that the level of
oil accumulation in oats is likely determined by the availability of FAs, but it remains possible that
there are multiple genetic factors affecting oil-related traits that are collocated in the same regions

of the genome.

The FA composition of oats is nutritionally important. Oats contain very high levels of oleic acid and
linoleic acid. Oleic acid tends to increase high density lipoprotein (HDL) cholesterol in the human
blood stream. Linoleic acid has no known effect on HDL cholesterol levels. Both oleic and linoleic
acid however, lower LDL (low density lipoprotein) cholesterol (Erickson et al., 1964). This
combination has important health benefits and might be used to enhance the health food status of

oats. The QTLs identified in this study could be useful starting points for breeding programs to
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improve the FA composition of commercial varieties of oats. However, the pleiotropic effects of the
QTLs we have observed indicate that manipulating the content of any individual FA will likely affect
the oil content and the levels of the other FAs as well. To improve the composition of oat oil
independent of oil content we will have to look for other sources of variation to utilize in oat

cultivar improvement programs.

5.1 Suggestions for future research

The clone for the candidate gene Accase had been used previously as an RFLP marker and mapped
near major QTLs for oil content in four different populations (KxO, KxM, OxM, and AxM) (Kianian et
al., 1999; Zhu et al., 2004; Tanhuanpaa et al., 2010). Comparative mapping shows that the QTLs
with the largest effect on oil content in the DXE population co-locate with the major QTLs for oil in
these other oat populations (Fig S-3). Based on this consistent relationship between loci for Accase
genes and major QTLs for oil, we can presume that Accase genes are also closely associated with
two of the major QTLs for oil in the DxE population (those on DE 7 and DE 13). Screening the same

clone (or a PCR-based marker derived from it) across the whole DxE population would confirm this.

The linkage map created in this study is not complete. While it provides a good framework for the
identification of QTLs in the DXE population, it is possible that there are unmarked regions of the
genome that contain QTLs. This map could be enhanced by the addition of other marker types such
as SNP markers. Efforts are underway to produce high-throughput markers such as SNPs for oat
(Tinker, personal communication). Using these markers to score the oat mapping populations used
in previous studies would also make comparing the maps easier, and eliminate the need for a bridge

map such as KxO. Having more common markers and not having to use a bridge map could also help
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resolve conflicts between maps that can arise as a result of scoring errors or as a result of biological

phenomena such as chromosomal rearrangements.

The present work could also be extended to identify the genes underlying QTLs associated with oil
content and individual FAs in oat groats. Key genes involved in lipid metabolism have been cloned
and characterised in the model species A. thaliana and orthologous genes have been identified in
maize (Li et al., 2010). Comparison of the map positions of QTLs for oil-related traits and candidate
genes involved in lipid metabolism in maize (Li et al., 2010; Yang et al., 2009) and rice (Ying et al.,
2012) showed that many of the QTLs co-located with the candidate genes. In oat, sequences from
wheat, barley, and Lolium spp. have been used to identify PCR primer pairs that could be used to
isolate and clone sequences corresponding to the vernalization genes VRN1, VRN2 and VRN3. Using
this approach, an oat VRN1 fragment was mapped to a region that was homoeologous to a major
QTL affecting response to vernalization (Nava et al., 2012). Available sequences for candidate genes
involved in lipid metabolism in other cereals such as maize could be used in the same manner to
develop markers which could be mapped and compared to QTLs affecting oil content and
composition in oats. Such a study could be important not only for oat breeding purposes, but also

for gaining useful insight into the mechanisms controlling oil biosynthesis in oats.
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Appendix I - Linkage map of Dal x Exeter
Figure S-2 Linkage map of the hexaploid cultivated oat (A. sativa L.) based on 152 recombinant inbred lines from the cross Dal X Exeter
population cross. Map distances are given in centi-Morgans

Figure S-2 Linkage map of the Dal X Exeter population continued...
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Appendix II- Comparative map of KxO vs DXE

Figure S-3 Comparative map of linkage maps of KxO vs DxE mapping populations of hexaploid oat.

E Plant height Palmitic acid
, Lodging | Stearic acid
. Heading date Oleic acid
A Protein content Linoleic acid
Oil content Linolenic acid

NB. Stacked horizontal lines show the location of additional markers placed on the map framework. Solid lines are used to join markers that

are named in the figure, while dotted lines join placed markers with hidden names. Boxes beside the KOD LGs show approximate locations
of QTLs identified previous studies, some of which are placed on the map using comparative mapping (Wight et al. 2006).Numbers beside
icons representing QTLs indicate the reference in which the QTL was reported, which are provided on the last page
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