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Résumé 

Ph.D. Anissa L ybaert Sciences végétales 

L'amélioration génétique des plantes cultivées est compliquée par le fait que de nombreux 

traits d'intérêt économique sont quantitatifs. Des études récentes indiquent que la 

variabilité génétique se manifeste souvent par des variations du contrôle de l'expression 

génique plutôt que par des variations structurales des protéines. Les taux en lipides et 

protéines du grain sont des caractéristiques importantes de l'avoine cultivée (Avena sativa 

L.). Pour la première des quatre études présentées ici, nous avons obtenu des séquences 

partielles de huit gènes impliqués dans la biosynthèse lipidique et protéique, provenant de 

10 cultivars d'avoine ayant des contenus en lipides et en protéines différents. L'analyse 

phylogénétique montre un regroupement des séquences en familles représentant 

hypothétiquement des gènes homéologues. Des polymorphismes de séquences propres 

aux familles et cultivars ont été identifiés. La deuxième étude présente un échantillonnage 

de gènes exprimés de façon différentielle entre les cultivars Kanota et Ogle dans le jeune 

grain. Seule une minorité des 195 contigs obtenus ont des similitudes avec des séquences 

identifiées, mais le regroupement des séquences en catégories ontologiques montre des 

profils d'expression différents pour les deux cultivars. La troisième étude teste une 

méthode de transformation de données de macropuces, consistant à diviser le signal d'un 

échantillon par le bruit de fond médian de la puce .. Cette transformation diminue l'effet 

des différences d'exposition entre puces. Pour la quatrième étude, nous avons considéré le 

niveau d'expression de gènes exprimés de façon différentielle entre les parents comme un 

paramètre quantitatif ségréguant dans la population Kanota x Ogle. La majorité des 33 

QTLs d'expression détectés est localisée sur le groupe 29_43, identifiant un point 

névralgique potentiel de la régulation de l'expression génique chez l'avoine. 
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Abstract 

Ph.D. Anissa Lybaert Plant Science 

Many traits of economic importance in crop plants are quantitative, complicating the 

selection for desirable characteristics. Recent studies suggest a complex relationship 

between genotype and phenotype, with genetic variability often appearing as differences 

in gene expression rather than structural changes in proteins. In oat"(Avena sativa L.), 

lipid and protein content are economically important traits. In the first of four studies 

reported here, partial sequences for eight genes involved in lipid or protein biosynthesis 

were obtained from ten oat cultivars with varying lipid and protein content. Phylogenetic 

analysis showed that these sequences clustered into families possibly corresponding to 

homeologous genes. Sorne cultivar- and family-specific polymorphisms were identified. 

In the second study, we surveyed differential gene expression between developing kernels 

of cultivars Kanota and Ogle by constructing reciprocal subtractive libraries. Of the 195 

contig sequences obtained, only a minority had homology to characterized sequences. 

Grouping these sequences in categories based on gene ontology oftheir BLAST hits 

showed different profiles of expression for each cultivar. In the third study, we tested a 

method for transforming macroarray data consisting of dividing spot signal by the median 

array background. This reduced variation due to array exposure time. In the fourth study, 

gene expression levels were considered as quantitative traits in the Kanota x Ogle 

mapping population. Macroarrays featuring oat clones differentially expressed between 

both parents were hybridized with cDNA from the population lines. Among the 33 

significant expression quantitative trait loci detected, most clustered to linkage group 

29_43, a possible "hot-spot" of gene expression regulation. 
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Genetic map: "(Also known as a linkage map) A chromosome map of a species that 
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Research Institute, 2006) 
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chromosomes within the nucleus and the DNA in organelles. (modified from 
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natural populations". (The NCBI Handbook Glossary, 2006) 

Trait: "In genetics, a trait refers to any genetically determined characteristic". 
(MedicineNet, 2006) 
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1.1 Background 

Chapter 1 
General Introduction 

Most agronomic traits in crop plants are quantitative, exhibiting continuous 

variation, which makes their inheritance and characteristics difficult to study. Underlying 

phenotypic variation are genetic and environmental factors interacting via complex 

networks to define the morphology, behaviour and fitness under selection of an 

individual. Despite significant progress in knowledge ofthe physiology, biochemistry and 

molecular biology of plants and animaIs, large gaps remain in our understanding of the 

path between genotype and phenotype. 

Phenotypic diversity can result from differences in the sequence of genes that can 

alter protein function, or from variations in regulatory elements influencing gene 

expression. The latter variations inc1ude differences in sequences, but also changes in 

DNA methylation or chromatin structure. Two types ofloci involved in the control of 

gene expression can be distinguished. The first resides in the vicinity of the gene it 

regulates (Gis regulation), and can be located in the promoter of the gene or in regions of 

the gene affecting the stability of its transcripts. The second type is located away from its 

target gene (trans regulation) and is more difficult to study without prior information 

about its location and/or effects. 

Molecular mark ers and the constitution of genetic maps have made it possible to 

detect genomic regions affecting quantitative traits, called quantitative trait loci (QTLs). 

Each ofthese loci presumably contains one or more undefined genes or regulatory 

regions affecting the trait. A limited number of QTLs with large effects explaining most 

ofthe variation for a particular trait are often detected in QTL studies (Prioul et al., 1997). 

Although these QTLs may explain a large portion ofthe phenotypic variance that is 

observed in a given environment, there are probably many additional QTLs that are not 

detected because their effects are small, or because they affect genetic changes that are 

not critical in the environment(s) where data is collected. 

Several recent studies have examined variations in the transcriptome as quantitative traits, 

and loci responsible for such variations, named eQTLs, have been mapped in different 
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organisms (Wayne and McIntyre 2002; Schadt et al., 2003; Yvert et al., 2003; Bystrykh et 

al., 2005; Chesler et al., 2005; DeCook et al., 2005; Hubner et al., 2005). This type of 

approach allows the detection ofboth cis and trans regulatory factors, as long as they are 

segregating in the population studied. Recent results suggest that the regulation of 

complex traits is mainly driven by factors acting in trans on the primary physiological 

pathways involved (Chagnon et al., 2003; Pomp et al., 2004). 

Among the important end-use quality characteristics of oat (Avena sativa L.) are 

lipid and protein content, both of which exhibit quantitative variation. Metabolic 

pathways for lipid and protein biosynthesis in plants have been intensely studied (Larkins 

et al., 1982; Ohlrogge and Browse, 1 995;-Ohlrogge and Jaworski, 1997; Voelker and 

Kinney, 2001; Hills, 2004), and several steps in these pathways have been identified as 

potentially limiting. Identifying the number, location and impact on the phenotype of 

genes, or at least genomic region, involved in the trait could greatly facilitate the 

selection, assisted by molecular markers, of such traits of economic interest. 

1.2 Hypotheses 

The following hypotheses were formulated in order to study the genetic variation 

underlying different known phenotypic characters of oat cultivars: 

• Candidate genes coding for products involved in lipid and protein biosynthesis 

exhibit sequence variation among oat cultivars differing in their lipid and/or protein 

content, and further, that this sequence variation would be sufficient to support the 

development of gene based markers for oat. 

• Loci in the oat genome that influence the level of expression of genes (eQTLs) can 

be identified, and sorne ofthese loci may co-Iocate with QTLs for known phenotypic 

characteristics of oat. Identifying the genes whose transcription is affected by loci where 

QTLs and eQTLs co-Iocate could lead to hypotheses about genetic mechanisms affecting 

quantitative traits. 

1.3 Objectives 

The first objective ofthe work presented here was to obtain oat sequences for 

selected genes implicated in lipid and protein biosynthesis from 10 oat cultivars 

contrasting in lipid and protein content. The degree of sequence vari abi lit y would then be 
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assessed from the analysis of these sequences. This information would then be used to 

design gene-based markers. 

A second objective was to isolate, sequence and identify genes differentially 

expressed between young kemels of Kanota and Ogle. 

A third objective was to develop a protocol to survey differences in the expression 

of selected genes across the Kanota and Ogle genetic population. 

A fourth objective was to detect and map gene expression-Ievel polymorphisms in 

the Kanota x Ogle population, and compare their map locations with known QTLs for oat 

traits 
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Chapter 2 
Literature Review 

2.1 The genetics of phenotypic variation 

2.1.1 Genotype versus phenotype 

The study of phenotypic variation is central to many disciplines involving living 

organisms, from evolutionary biology to medicine and agriculture. Phenotype is the level 

at which natural or human-driven selection acts, and the response to selection depends on 

the heritable components of phenotype present in a population. Phenotype being the result 

of genotype, environment and their interaction, the existence of genetic diversity in a 

population is essential to maintain the potential for sorne individuals to adapt to a 

changing environment. The relationships between genotype, phenotype and environment 

have interested geneticists for many years (Schmalhausen, 1949; Wolff, 1955; Kidwell, 

1963), and have often sparked controversy when dealing with human traits such as 

intelligence or aggressiveness (Scarr-Salapatek, 1971; Selmanoff et al., 1975). Traits such 

as body weight in animaIs and yield in crop plants have been intensely studied, but we are 

still far from being able to identify the genetic variability underlying those traits. 

2.1.2 Resources and strategiesto study the impact of genotype on phenotype 

Our understanding of genotype/phenotype interactions remains partial, 

complicated by the fact that genetic diversity does not always have an impact on 

phenotype, and when it does, it is often expressed in quantitative rather than qualitative 

variation. Several new resources are now available and research strategies are being 

implemented that should increase our knowledge of the impacts of genetic variation. 

2.1.2.1 A vailable resources 

Sequence databases 

The GenBank sequence database 

(http://www.psc.edu/general/software/packages/genbank/genbank.html), an annotated 
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collection of all publicly available DNA sequences, has grown 400% since 2002 and 

contains 52,016,762 sequences composed of 56,037,734,462 base pairs (March 7, 2006). 

This database also includes genome sequences, complete or in progress, of 1366 

organisms, including 30 mammals, and 30 land plants 

(http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html, January 2007). Among the 

whole genome sequences available or in progress, sorne belong to closely related 

organisms. The genome of rice (Oryza sativa L.) cultivar group japonica is available, as 

will soon be that of cultivar group indica. Similarly, the genome of Arabidopsis lyrata 

(L.), a close relative of Arabidopsis thaliana (L.) is currently being sequenced (DOE Joint 

Genome Institute, 

http://www .j gi.doe. gOY / sequencinglwhy/CSP2006/ AlyrataCrubella.html; Arabidopsis 

Genome Initiative, http://www.arabidopsis.orglinfo/agi.jsp ). Those projects will provide 

information on intra-genus sequence variability that will complement genetic mapping 

studies (McCouch and Doerge, 1995; Yoshimura et al., 1997; Kuittinen et al., 2004) and 

phenotypic data. 

Phenotype databases 

Many phenotype databases are available, collecting data from projects involving 

reverse genetics or mutation studies, mainly organism-specific databases for well-studied 

organisms such as Homo sapiens, Caenorhabditis elegans, Drosophila (Drosophila 

melanogaster), mou se (Mus musculus) and Arabidopsis. Several ofthese have now been 

merged into PhenomicDB (http://www.phenomicdb.de/). a multi-organism phenotype­

genotype database. This database also includes gene information from NCBI 

(http://www.ncbi.nlm.nih.govl) and orthologous gene information from HomoloGene 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=homologene), which allows the 

comparison of phenotypes associated with a gene over many organisms. 

Mutant collections and databases 

Mutant collection databases are available for model organisms, but are also 

becoming more common for crop plants. The Maize Gene Discovery Project 

(http://www.maizegdb.orglrescuemu-phenotype.php ) made available a collection of 

6 



maize (Zea mays L.) lines mutated by modified transposon RescueMu as well as 

information on the sequences flanking the site of insertion. Collections ofbarley 

(Hordeum vulgare L.) 

(http://germinate.scri.sari.ac.uk/barley/mutants/index.php?option=com_frontpage&Itemid 

=1) and rice mutants (http://www.iris.irri.orglIRFGC/ir64.jsp) are also available. 

2.1.2.2 Research strategies 

Sorne leading approaches for investigating the genetic sources of phenotypic 

variation are mentioned here, and are listed and discussed in several recent review articles 

(Cheung and Spielman, 2002; Paran and Zamir, 2003; Vasemagi and Primmer, 2005). 

"Bottom-up" strategies involve looking for meaningful relationships between 

allelic information, and the phenotypes of individuals contrasting for the trait of interest. 

They require prior hypothesis about the involvement of certain alleles in the phenotype. 

This category includes forward and reverse genetic approaches, comparative studies of 

sequençe information, and gene and protein expression studies. A second category of 

strategies can be labelled "top-down": starting from phenotypic variation in a population 

or group of individuals, it aims at establishing the genetic basis ofthis variation. 

Reverse genetics 

Reverse genetics aims at mutating or silencing known genes in order to study the 

resulting phenotypes. Gene knockout and silencing have been used with success (Galli­

Taliadoros et al., 1995), but these methods require at least partial sequence information 

for the target gene. A technique applicable to organisms that lack well-developed genetic 

tools is Targeting Induced Local Lesions IN Genomes (TILLING). It consists ofusing 

chemical mutagenesis followed by screening for single-nucleotide changes to discover 

induced mutations that alter protein function (McCallum et al., 2000). High-throughput 

TILLING has produced hundreds of point-mutated genes in Arabidopsis (Till et al., 

2003), and is now being applied to crop plants such as maize and wheat (Triticum 

aestivum L.) (Slade and Knauf, 2005). 
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QTLmapping 

QTL mapping requires the existence of a mapping population derived from a 

suitable cross, a genetic linkage map as weIl as phenotypic data for the traits of interest 

across the population. It allows the identification of regions in the genome influencing the 

trait of interest within the population, defined by the association between the genotype at 

every marker of the map and the value of the trait studied (Lander and Botstein, 1989; 

Zeng, 1993 and 1994). QTL studies have been performed in many species, and in sorne 

case the underlying genes have been identified. For ex ample, genes responsible for 

variation in flowering time have been isolated in Arabidopsis thaliana, maize and rice, 

and genes for fruit shape and weight c10ned in tomato (Lycopersicon esculentum Mill.) 

(El-Din-El-Assal et al., 2001; Thomsberry et al., 2001; Takahashi et al., 2001; Kojima et 

al., 2002; Frary et al., 2000; Liu et al., 2002). QTL studies conducted across several 

environments can also locate regions responsible for interactions between the genotype 

and the environment (Jansen, 1992; Jansen et al., 1995; Tinker and Mather, 1995). 

Gene expression polymorphisms 

Gene expression polymorphism is a new approach in which mRNA abundance is 

treated as a quantitative trait. QTL mapping strategies are used to identify particular 

regions of the genome that are associated with variations in gene expression in the 

population studied. It has been conducted on a few candidate genes at a time using 

Northem hybridization (Consoli et al., 2002), but also using microarrays to investigate 

thousands of genes simultaneously in Drosophila, baker's yeast (Saccharomyces 

cerevisiae), mouse, human, rat (Rattus norvegicus), maize, and Arabidopsis (Wayne and 

McIntyre 2002; Schadt et al., 2003; Yvert et al., 2003; Bystrykh et al., 2005; Chesler et 

al., 2005; DeCook et al., 2005; Hubner et al., 2005). Results have shown that mapping of 

loci affecting transcript abundance can be a successful strategy for dissecting complex 

traits and identifying candidate genes. Screening microarrays of mouse and maize genes, 

Schadt et al. (2003) identified thousands of significant expression QTLs (eQTLs), and 

reported sorne genomic regions where eQTLs seemed to c1uster into what appear to be 

expression regulation hot-spots. Similar clustering was reported by DeCook et al. (2005) 

in Arabidopsis thaliana. 
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Linkage disequilibrium-based association mapping 

Linkage disequilibrium-based association mapping is derived from the analysis of 

linkage disequilibrium, the non-random association between two alleles at two or more 

loci (Gupta et al., 2005). Such loci may be represented by genetic markers, known 

candidate genes, QTL, or any combination thereof. Association mapping tests whether a 

certain genotype is significantly associated with the trait of interest within populations or 

groups of individuals. Unlike QTL mapping, it does not require random samples of 

progeny and has therefore been extensively used for studying complex traits in mammals, 

and particularly hereditary human diseases such as cardiovascular diseases (Crawford et 

al., 2005; Morton 2005). Association mapping has been successfully used in plants 

(Kraakman et al., 2004; Grattapaglia, 2004; Ingvarsson, 2005), and is an attractive 

alternative to QTL mapping in natural populations or species, such as tree species, for 

which the development of mapping population is challenging. 

2.1.3 A complex relationship between genotype and phenotype 

A CUITent hypothesis to explain the relationship between genotype and traits is that 

many genes affecting complex traits may be regulatory factors involved in trans 

regulation ofphysiological pathways rather than structural genes (Pomp et al., 2004). 

This might in part explain why many QTLs seem specific to particular genetic 

backgrounds, or are not stable across environments (Quarrie et al., 2005). 

An example of the complex interactions between the genome and the environment 

is the phenomenon called "canalization". It involves the repression ofthe expression of 

genetic variations in a population in favour of a "robust", relatively invariant phenotype 

(Flatt, 2005). The cryptic genetic variability accumulated in a population can be released 

after "decanalization" events, such as a drastic change in environment. "Canalization" is 

another indication that genotype might not exert direct control on phenotype, but that 

complex regulation processes, involving responses to the environment, are in place to 

control how much of the genotype will contribute to the phenotype. 

Furthermore, it has been shown that the amount of noise occurring in gene 

expression is not always negligible, and that stochastic events might also have a 

significant influence on the phenotype. Noise in gene expression can be divided into 
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"intrinsic" noise, and "extrinsic" noise (Swain et al., 2002; Raser and O'Shea, 2005). The 

first category, caused by the random nature ofbiochemical processes inside the ceIl, 

would affect in different ways two genes in the same cell. The second category, caused by 

either differences in the internaI states of cells in the tissue or population studied or small 

environmental changes, would affect several genes inside a cell equally. In prokaryotes, 

the dominant source of noise in protein levels seems to be the transcription system 

(Elowitz et al., 2002; Ozdubak et al., 2002). A study by Raser and O'Shea (2004) in 

baker's yeast indicates that noise in gene expression seems to be predominantly gene 

specific. In the case of one particular yeast gene, the source of noise was identified as 

being due to random chromatin remodelling causing the interconversion of a promoter 

between active and inactive states. Several mechanisms seem to be in place in living 

organisms to minimize the impact of noise in gene expression, one example ofwhich 

being a high gene copy number (Kellis et al., 2004). Raser and O'Shea (2005) formulate 

the hypothesis that those mechanisms can be regulated, particularly in case of stress, to 

produce more phenotypic diversity. 

Results of the research on the interactions between genotype and phenotype show 

a complex relationship (Fig. 2.1) that combines the effects of variations in DNA 

sequence, the regulation of transcription and translation, as well as stochastic effects and 

interactions between the genotype and the environment. 

2.2 Oat as a crop 

2.2.1 The genus Avena 

The genus Avena is a small genus of about 27 species, growing primarily in 

temperate areas. It was domesticated over 2000 years ago around the Mediterranean, but 

is now cultivated all around the world. North American taxa have been introduced from 

Europe and the Mediterranean area. One species (A. sativa ssp sativa L.) is an important 

cereal crop, but sorne A. sativa ssp byzantina C. Koch. is also cultivated. Other species 

are mainly weeds, inc1uding Avena fa tua (L.), a major disturbance species around the 

world. The plants are annuals and herbaceous, with hermaphrodite florets that are mainly 

self-pollinating. The basic chromosome number of the genus is x=7, and diploid, 

tetraploid and hexaploid species exist. 
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2.2.2 The crop plant 

Although originating in the Middle East (Baum, 1977), oat has adapted well to 

cold c1imates, where most of it is produced today. Winter and spring varieties of oat exist 

and theyare grown as a multipurpose crop, inc1uding live stock feed, human food and 

industrial applications such as cosmetics (SchrickeI1986). Oat straw is used for live stock 

bedding, and oat is also grown as a forage crop, particularly in the Southem Hemisphere 

and in the United States. High yield and resistance to disease (mainly rust, barley yellow 

dwarfvirus and smut) have been the main breeding objectives for decades. Other 

breeding objectives inc1ude: 

• Winter hardiness 

• Reduced lodging 

• Good germination, no pre-harvest sprouting 

• Appropriate maturity to avoid frost or drought and maximize keme1 filling 

• Hullessness ("naked oat") 

• Less trichomes on naked oat varieties 

• Groat percent, kemel shape and ease of dehulling 

• Kemel quality traits: high or low lipid content, high protein, high or low B­
glucans, and reduced kemel damage. 

2.2.3 Chemical constitution of the oat grain 

2.2.3.1 Lipids 

Oat lipids, like other cereallipids, are nutritionally important because of their high 

level ofunsaturation, and their abundance oflinoleic acid (18:2) (Frey and Hammond, 

1975; Schipper and Frey, 1991). In mammals, this fatty acid is a precursor in the 

synthesis of prostaglandins, a c1ass of compounds implicated in the action of several 

hormones, the contraction of smooth muscles and in inflammatory reactions. With a range 

of 2 to 16.2% of the total groat weight oat has also the highest lipid content among 

cereals. Lipid content is highest in the embryo, but because the embryo is a relatively 
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small component of the oat seed, over 90% ofthe kemellipids are located in the starchy 

endosperm and the bran. 

Storage lipids in plants consist mainly oftriglycerides. Depending on the method 

of extraction, the estimation ofthe triacylglycerol content in total oat lipids varies from 

41 to 80% (Y oungs, 1986). Similarly, the estimates of the proportion of other lipids are 

variable: phospholipids are estimated to account for 5.6 to 24.6% of the totallipids, free 

fatty acids 4.8 to 12.2%, and sterol esters 0.3 to 15.8%. 

Palmitic, oleic and linoleic acid constitute 95% of free and esterified fatty acids in 

the oat grain. As has been determined in maize (de la Roche et al., 1971), triacylglycerol 

tends to carry a higher proportion of unsaturated fatty acids on its second carbon group 

(sn2), and contains more oleic acid and less palmitic acid than do phospholipids or 

glycolipids. Therefore, ifthe totallipid content ofthe grain increases, the proportion of 

oleic acid also increases, which means that at higher lipid content, the level of 

unsaturation stays high (Thro et al., 1985). 

The heritability of groat oil content is high, ranging from 63% to 93% (Schipper 

and Frey, 1991). Lipid content responds therefore weIl to selection towards both high and 

low oil phenotypes. 

2.2.3.2 Proteins 

The high protein content of oat and its good amino acid balance make it 

nutritionally superior to other cereal grains. The proportion of threonine, methionine and 

particularly oflysine, three amino acids considered nutritionally limiting, tends to be 

higher in oat than in other cereals (Peterson and Brinegar, 1986). 

ProportionaIly, the embryonic axis has the highest protein content (up to 44% 

protein), but since the embryo is such a small portion ofthe kemel, the biggest 

contributors are the bran and endosperm, adding up to about 94% of the total groat 

protein (Youngs, 1972). 

Storage proteins are localized mainly in protein bodies, developing when proteins 

are deposited in cell vacuoles. These organelles have single layer membranes and the 

proteins are stored around a globoid of phytin, a phosphate storage substance of seeds. 

During germination, hydrolytic enzymes from the aleurone degrade the substrate 

molecules in the endosperm, mobilizing resources for the developing embryo. There is a 
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peak of protease activity one or two days after imbibition, paralleled by a disappearance 

of endosperrn proteins. The amino acid residues liberated are remobilized to synthesise 

proteins for the development of the embryo (Peterson and Brinegar, 1986). 

Estimations ofthe heritability ofprotein content vary among studies from 0.09 to 

0.90, with an average of about 0.41 (Frey, 1975). It is nevertheless believed that 

environrnent factors such as soil nitrogen content have a significant effect on this trait 

(Peterson and Brinegar, 1986). 

2.2.3.3 Other important components of the oat grain 

Starches 

Starches constitute 43 to 61 % ofthe groat weight. Their amylose content is around 

23%, similar to the level observed in wheat and maize (Peterson, 1992). Pasting 

properties of oat floms are variable, sometimes totally inappropriate for baking, because 

they have high shearing susceptibility and high viscosity. The inheritance of these 

characteristics has not been studied. 

{3-glucans 

{3-glucans, which are unbranched polysaccharides of B-D-glucopyranosyl, are 

important components of cell walls. Oat bran contains up to 7.5% of B-glucans, and the 

groat 4% (Peterson, 1992). Soluble B-glucans have potential interesting health benefits for 

humans, including the reduction of serum cholesterol (Ripsin et al., 1992; Karrnally et al., 

2005; Robitaille et al., 2005) and a decrease of glycemic response after meals (Behall et 

al., 2005; Tapola et al., 2005). 

2.2.4 Oat genomics 

2.2.4.1 Cytogenetics 

Oat has a large genome, similar in size to that ofwheat. One haploid genome of 

oat is estimated to be about Il,315 Mb (Arumuganathan and EarIe, 1991), which is about 

100 times larger than the Arabidopsis thaliana genome. The Avena genus is divided in 
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five eytogenetie groups, aeeording to the origin and the ploidy of the genome of the 

different speeies (Table 2.1). 

2.2.4.2 Genetic maps 

The first map of oat was developed using a population derived from a cross 

between diploid oat taxa Avena atlantica (B. R. Baum & Fedak) and Avena hirtula (Lag.), 

using RFLP markers (O'Donoughue et al., 1992). Since then, maps have been established 

for several other populations, including another diploid eross and five hexaploid crosses 

of cultivated oat (O'Donoughue et al., 1992; Kianian et al., 1999; Wight et al., 2003; Zhu 

et al., 2003a; De Koeyer et al., 2004; Portyanko et al., 2005; Rayapati et al., 2006). 

No consensus map for Avena is yet available, and the number oflinkage groups in 

hexaploid oat maps is sti1l1arger than the number of chromosomes of the haploid 

genome. Although many markers have been positioned, partieularly on the Kanota x 

Ogle map, the spacing of these markers is uneven, and clustering occurs in certain regions 

(Wight et al., 2003). 

QTL studies have been conducted in the populations Kanota x Ogie (Kianian et 

al., 1999; Groh et al., 2001), Kanota x Marion (Kianian et al., 1999 and 2000, Groh et al., 

2001), Terra x Marion (De Koeyer et al., 2004), Ogle x TAM 0-301 (Holland et al., 1997 

and 2002) and Ogle x MAM 17-5 (Zhu and Kaeppler, 2003b; Zhu et al., 2003c; Zhu et 

al., 2003d; Zhu et al., 2004) for several agronomie traits. Unfortunately, the absence of a 

consensus map and the scarcity of common markers between the different maps often 

limit the study of a particular QTL across the different populations. 

Relatively few named genes have been mapped in oat. The literature reports the 

map position of genes for an ACCase (Kianian et al., 1999), a B-glucanase (Yun et al., 

1993), three avenins, two globulins (Shotwell et al., 1990; O'Donoughue et al., 1995), 22 

a-amylases (Sharopova et al., 1998), three esterases, one isocitrate dehydrogenase and 

one peroxidase, a 6-phosphogluconate dehydrogenase, a phosphog1ucomutase, a 

shikimate dehydrogenase (O'Donoughue et al., 1995) and 8 resistance gene analogues 

(Cheng and Armstrong, 2002). Many ofthe above were mapped using isozyme 

techniques, whieh may indicate functional differenees in gene products. 

Since many ofthe clones that were used to map RFLP loci have now been 

partially sequeneed, we ean speculate on the positions of additional gene loci. Recent oat 
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genomic projects have generated thousands of oat ESTs (Brautigam et al., 2005; Howard 

Rines, unpublished), increasing the number of oat sequences that could be positioned on 

genetic maps by direct or comparative mapping. However, most of the speculation on the 

function of these genes is based on incomplete homology with genes that are 

characterized in other species. 

2.3 Lipid and protein biosynthesis in plants 

2.3.1 Lipid biosynthesis 

Detailed reviews of plant lipid biosynthesis and its regulation are available 

(Ohlrogge and Browse, 1995; Ohlrogge and Jaworski, 1997; Voelker and Kinney, 2001). 

A general account ofmajor steps relevant to this thesis is presented below and in Figure 

2.2. 

2.3.1.1 Fatty acid biosynthesis 

The fatty acid biosynthesis pathway is a primary metabolic pathway, and 

inhibitors of this pathway are lethal to the cell. The expression of the genes coding for the 

proteins and enzymes involved in this pathway must be closely controlled. This 

regulation might involve phosphorylation (Savage and Ohlrogge, 1999) and control of 

transcription (Elborough et al., 1994; Fawcett et al., 1994, Slabas et al., 2002). 

Fatty acids are synthesised in the plastid from carbons deriving from plastidial 

acetyl-CoA. It is still unknown what the source ofthis acetyl-CoA is, but it could be 

generated by numerous potential pathways, including as a by-product of glycolysis or the 

action of Rubisco (Andrews and Kane, 1991). 

The first committed step of fatty acid synthesis is catalyzed by the enzyme acetyl­

CoA carboxylase, producing malonyl-CoA by carboxylation of acetyl-CoA. The malonyl 

group is then transferred from the Coenzyme-A group to a cofactor, the acyl carrier 

protein (ACP) and enters the "condensation cycle", in which the tirst condensation 

enzyme, KASIII (3-ketoacyl-ACP synthase III), adds an acetyl group from acetyl-CoA to 

the malonyl group, forming a C4 chain. The second condensation enzyme, KASI, further 

extends the carbon chain to C16 (palmitoyl-ACP), and a third enzyme, KASII, adds the 

two last carbons to produce C18 chains (stearoyl-ACP). The first desaturation of the chain 
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occurs in the plastid to form oleoyl-ACP. This reaction is catalyzed by a stearoyl-ACP 

desaturase. The ACP cofactor is then cleaved by two acyl-ACP thioesterases, and the free 

fatty acids leave the plastid by a mechanism that has not been identified yet. 

2.3.1.2 Triacylglycerol biosynthesis 

In the cytoplasm, fatty acids are esterified again to CoA and, once in the 

endoplasmic reticulum, are transferred on the glycerol backbone. The enzyme attaching a 

fatty acid on glycerol-3-phosphate position snI is a membrane-bound glycerol-3-

phosphate acyltransferase (GPAT). The second fatty acid chain, on position sn2, is 

attached by a lysophosphatidic acid acyltransferase (LP AA T), and enzyme that has 

unsaturated acyl chains as preferred substrate. 

Two different pathways can be involved in the last step of triacylglycerol 

synthesis. The first involves the enzyme diacylglycerol acyltransferase (DAGAT), 

transferring an acyl group from acetyl-CoA to the sn3 position of diacylglycerol to form 

TAG (triacylglycerol). The second pathway involves a phospholipid:diacylglycerol 

acyltransferase (PDAT) that transfers the sn2 acyl chain from phosphatidylcholine, a 

major membrane component, to the sn3 ofDAG (diacylglycerol). 

While esterified to phosphatidylcholine, oleoyl chains can be further desaturated 

to 18:2 (linoleoyl) and 18:3 (linolenoyl) by fatty acid desaturases FAD2 and FAD3. 

2.3.1.3 Storage of triacylglycerol in oH bodies 

Triacylglycerol is then transported to storage lipid organelles. These oil bodies are 

also called oleosomes or spherosomes and are surrounded by a single layer membrane. 

They contain mainly TAG, and 1 to 5% ofhighly hydrophobic proteins called oleosins. 

These proteins might have a role in biogenesis and stabilisation of the oil body. They 

might also be involved in the hydrolysis ofTAG, being a potential binding site for lipases 

(Napier et al., 1996). 

2.3.1.4 Factors regulating triacylglycerol biosynthesis in plants 

Availability of precursors of fatty acids synthesis 

Results obtained by Bao and Ohlrogge (1999) show that supplying elm (Ulmus 

carpinifolia Gled. and Ulmus parvifolia Jacq.) and cuphea (Cuphea lanceolata W.T. 
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Aiton) embryos with sucrose or glycerol did not increase the final T AG content, whereas 

supplying a ten-carbon acyl chain did. The availability of fatty acids might thus be 

limiting for TAG biosynthesis. Furthermore, Focks and Benning (1998) showed a 

relationship in Arabidopsis mutant wrinkledl between the fatty acid content of the seed 

and the disruption of enzymes involved in the conversion of sucrose into fatty acid 

precursors pyruvate and acetate. This means that the availability of fatty acids could be 

related to the activity of several glycolytic enzymes affecting the availability of fatty acid 

precursors. 

Acy/-carrier proteins 

Although Acyl-carrier proteins (ACP) are not enzymes, they are key cofactors in 

fatty acid biosynthesis. They are part of a gene family, coding for small acidic proteins of 

about 9 kD (Ohlrogge and Browse, 1995). The reason for the presence of different 

isoforms of this protein is not established, but the tissue-specificity of their pattern of 

expression and their different affinities for distinct enzymes of the pathway indicate that 

they could have a crucial role in determining the ratio of fatty acids in seed or leaf lipids. 

This has been confirmed by the overexpression of the ACP-l gene in Arabidopsis 

thaliana, which results in a significant decrease in the synthesis of 16:3 fatty acids, and a 

corresponding increase in 18:3 acyl chains (Branen et al., 2001). 

Acetyl-CoA carboxylase 

Acetyl CoA carboxylase (ACCase), which is involved in the first step offatty acid 

synthesis, has been extensively studied in plants as weIl as in yeast and mammals. Two 

classes of ACCases exist in plant cells (Alban et al., 1994). One is a heteromeric complex 

called the prokaryotic or multi-subunit ACCase. It is a 700 kD complex composed of at 

least three subunits: a biotin carboxylase, a biotin carboxyl carrier protein and a carboxyl 

transferase. The other class is a homodimeric complex of a multifunctional protein, with 

aIl three functions gathered on one large peptide of over 200 kD. This class of ACCase 

has a lower Km for acetyl-CoA and is inactivated by herbicides ofthe diphenoxypropionic 

acid- and cyclohexanedione-type, to which the prokaryotic c1ass is not sensitive. In most 

plants, the prokaryotic ACCase complex is located in plastids and the eukaryotic form in 

17 



the cytosol, but not in the Gramineae, where both are of the eukaryotic form. Plastidial 

ACCases supply malonyl-CoA for de nova fatty acid biosynthesis, whereas cytosolic 

ACCase supplies malonyl-CoA for different pathways, inc1uding cytoplasmic fatty acid 

elongation and flavonoid synthesis. The discovery of a eukaryotic ACCase in plastids of 

Brassica napus could indicate that this enzyme, and not the prokaryotic form, is 

implicated in fatty acid biosynthesis in all plants, and not only in the Gramineae (Schulte 

et al., 1997). 

Plastidial ACCase is activated by light and inhibited by exogenous lipids, which 

indicates a possible feedback regulation (Ohlrogge et al., 1993). This makes ACCase a 

very probable limiting step in the pathway. 

ACCase genes have been c10ned from different plants, inc1uding Arabidopsis, 

maize, wheat and oat. In wheat, the complete sequence ofthe gene spans 12kb and 

contains 29 introns. Eight transcripts have been identified in wheat, six coding for a 

cytosolic form and two for a plastidial form ofthe enzyme (Gomicki et al., 1994; 

Podkowinski et al., 1996). 

Ketoacyl-ACP synthases (KAS) 

The three KAS enzymes are involved in the acyl chain elongation (J aworski et al., 

1989, Ohlrogge and Browse, 1995) . KASI is a homodimer of a 50 kD protein, coded by 

the gene KASB, whereas KASII is a heterodimer ofKASB and a 46 kD peptide coded by 

KASA (Slabaugh, 1998, Mekhedov et al., 2000). In soybean, an antisense knockout of 

KASA has been shown to increase the proportion of 16:0 in TAG whereas a knockout of 

KASB causes an increase of 16:0 but also a large decrease ofthe activity of the entire 

fatty acid pathway (Voelker and Kinney, 2001). KASIII is coded by a distinct gene that 

has little sequence homology with KASA and KASB (Tai and Jaworski, 1993). 

Delta-9-stearoyl-A CP desaturase 

Delta-9-stearoyl-ACP desaturase catalyses the first desaturation ofthe acyl chain 

in the plastid. It is therefore unlikely that this enzyme is rate-limiting in TAG synthesis, 

but it could be implicated in controlling the amount ofstearic (18:0) or oleic (18:1) acid 

exported to the endoplasmic reticulum, and thus the level of saturation in TAG. As 
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expected, the knockout of this enzyme in cotton caused an increase in stearic acid content 

(Liu et al., 2000). Knockout plants also showed a significant decrease in palmitic acid 

(16:0), which could be another indication of the regulatory role ofKASII, and the 

existence of a retro-control by stearic acid. 

Glycerol-3-phosphate acyltransferase 

Glycerol-3-Phosphate Acyltransferase (GP AT) catalyses the first reaction leading 

to the synthesis ofTAG in the endoplasmic reticulum, and attaches an acyl chain on the 

snI position of the glycerol backbone, producing monoacylglycerol. The overexpression 

of a safflower glycerol-3-phosphate acyltransferase in Arabidopsis has led to increases in 

seed oil content of up to 21 % (J ain et al., 2000). This indicates that GP AT could be a 

limiting step of TAG synthesis. 

Lysophosphatidic Acyl Acyltransferase 

Lysophosphatidic acyl acyltransferase (LPAAT) attaches an acyl chain on the sn2 

position ofmonoacylglycerol, forrning diacylglycerol. DAG is a precursor ofTAG, but 

also a major intracellular second messenger molecule. LP AAT is represented in the cell 

by several isoforrns that have distinct selective affinities for different fatty acids. The 

overexpression ofa yeast LPAAT in Arabidopsis resulted in an increase ofup to 48% in 

seed oil content (Zou et al., 1997), which suggests that LPAAT is also a limiting enzyme 

in the synthesis ofTAG. 

Diacylglycerol A cyl Transferase 

Diacylglycerol acyl transferase (DAGAT) is a key enzyme in plant oil synthesis in 

that it is the only enzyme exc1usively committed to TAG biosynthesis. DAGAT activity 

in seeds has been shown to increase rapidly during oil accumulation, and then decrease as 

lipid levels stabilize (Perry and Harwood, 1991). Vnder conditions ofhigh fattyacid 

production (when light and carbon are not limiting), it has been shown that DAG 

accumulates more rapidly than T AG. This suggests that the addition of the third acyl 

group might be a bottleneck in TAG synthesis when DAG and fatty acid supply are not 

limiting. 

19 



2.3.2 Storage protein biosynthesis 

2.3.2.1 The journey of nitrogen through the plant 

Protein biosynthesis is a complex pathway, involving itself several biochemical 

pathways, as well as numerous exchanges of compounds between sources and sinks of the 

plants (Fig. 2.3). 

Assimilation ofnitrogen starts in the roots with the intake ofN03- or NH/. It has 

been shown that barley and wheat plants have the capacity to process more nitrogen if it 

is supplied by perfusion in the culm rather than in the soil (Ma et al., 1994). This results 

in an increase in seed protein content, suggesting that nitrogen intake by the root system 

is limiting. 

Nitrates can be stored in the plant or reduced by the nitrate reductase, an enzyme 

located in both roots and leaves. NADH or NADPH is required as e1ectron donor for this 

step, and therefore light leve1s and photosynthesis influence the activity of this enzyme. 

Nitrogen is then incorporated into the four nitrogen-transport amino acids ofhigher 

plants: glutamate, glutamine, aspartate and asparagine. Glutamate is also a major nitrogen 

donor in most transamination reactions in amino acid biosynthesis. These amino acids 

constitute up to 64% ofthe free amino acid content of Arabidopsis leaf extract (Lam et 

al., 1995) and are synthesised by glutamate synthases, glutamine synthases, aspartate 

aminotransferases and asparagine synthases, respectively. Those amino acids are then 

transported to the sinks of the plant, where they are either stored as free amino acids, or 

used in the metabolism of other nitrogen-containing molecules like amino acids (other 

than the four mentioned above), proteins or nuc1eic acids. It has been shown in maize that 

increased productivity is caused by the ability of the plant to accumulate nitrate in the 

leaves during vegetative growth, and remobilize it efficiently from senescing leaves 

during grain filling (Lam et al., 1995; Hirel et al., 2001). 

In seeds, proteins can be accumulated to high levels in protein bodies stored in 

different cell compartments (Crofts et al., 2005), and will constitute an important source 

of carbon and nitrogen for germination. 
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2.3.2.2 Enzymes involved in nitrogen assimilation in plants 

Glutamine Synthase 

Glutamine synthases (GS) catalyze the synthesis of glutamine from NH/ and 

glutamate. Two isozymes ofthis enzyme exist in plants. GS2 is the plastidial isozyme, 

and is active mainly in leaves, incorporating NH4 + originating from primary assimilation 

and photorespiration. GS2 is also involved in the assimilation of ammonium in roots, 

although it shares this role with the cytosolic isozyme, GS1 (Lam et al., 1995; Hirel et al., 

2001). This second isozyme does not seem to be expressed in mesophyll cells, but is 

implicated in the reassimilation ofNH4 + liberated by protein hydrolysis during 

germination and leaf senescence. One gene for GS2 and three genes for GSl have been 

identified in Arabidopsis (Peterman and Goodman, 1991). In tobacco (Nicotiana tabacum 

L.), transcripts for the GS r gene Gln-l are undetectable in mature leaves, but their 

expression increases with the start of senescence (Brugiere et al., 1999). 

Glutamate Synthase 

Glutamate synthases (GOGAT, L-glutamine:2-oxoglutarate aminotransferase) 

catalyze the synthesis of glutamate from oxaloacetate in a glutamine-dependent reaction. 

GOGAT enzymes are thus implicated in two potentially limiting steps of protein 

synthesis: nitrogen assimilation and amino acid synthesis (Lam et al., 1995). 

Glutamate synthases are plastidial enzymes, and exist in two different forms: 

ferredoxin dependent (Fd-GOGAT) and an NADH-dependent form (NADH-GOGAT). 

Different isozymes exist for both enzymes. Fd-GOGAT is mainly implicated in 

recapturing NH4+ from photorespiration, in conjunction with GS2, whereas NADH­

GOGAT acts in the primary assimilation ofN in roots (Lam et al., 1995). Transformed 

tobacco plants with a constitutively expressed NADH-glutamate synthase showed 

increased dryweight, and total nitrogen content in green tissues (Chichk:ova et al., 2001) 

but the effect on seed protein was not measured. 
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2.4 Monitoring gene expression 

New techniques for detecting the expression of specific genes or for following the 

expression of many genes simultaneously are constantly being developed. A few 

mainstream methods with their advantages and shortcomings are presented here. 

2.4.1 Detecting the expression of specifie genes 

2.4.1.1 Northern blot 

Northern analysis (Alwine et al., 1977) remains a standard method for detection 

and quantitation of mRNA, and consists in the hybridization of a labelled nuc1eotidic 

probe (DNA or RNA) with RNA immobilized on a membrane after separation through 

gel electrophoresis. 

Northern analysis allows for a straightforward determination of RNA size, 

amount and integrity, as weIl as a direct comparison of message abundance between 

samples. It is also the preferred method for detecting alternative splicing of transcripts. A 

strong advantage of this method for evaluating levels of gene expression is that it is a 

direct detection and quantifying method and does not require steps ofPCR amplification. 

The major limitation ofNorthern analysis is the lack of sensitivity ofthe method. 

The large amount of RNA required makes this method unsuitable in cases where the 

starting material is limited or the level of expression of the genes investigated is very low. 

Another limitation ofNorthern blotting is the difficulty associated with multiple 

gene analysis: it is usually necessary to strip the initial probe from the membrane before 

hybridizing with another probe. This process can be time consuming and labour­

intensive, and therefore only suitable for investigating a very limited number of genes per 

experiment. 

Finally, this method rests on the availability of suitable probes corresponding to 

the genes targeted by the experiment. 

2.4.1.2 Reverse transcription-polymerase chain reaction (RT-PCR) 

RT-PCR is one of the most sensitive technique for mRNA detection and 

quantitation currently available (Carding et al., 1992). In this process, RNA strands are 
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first reverse-transcribed into cDNA, and the resulting DNA amplified by PCR using 

primers specific to the genes of interest. 

Compared to Northem blot analysis, RT-PCR can quantify mRNA levels from 

much smaller samples, even from a single cell. It is fairly straightforward to perform, is 

relatively inexpensive, and can be performed on many samples simultaneously. It can 

sometimes even yield sorne useful results when the original RNA sample is ofmediocre 

quality. 

Nevertheless, there are sorne major limitations to this strategy. First, this method 

requires sorne knowledge of the sequence of the genes whose expression is monitored, in 

order to obtain gene-specific primers to be used in the PCR amplification step. A second 

major limitation ofRT-PCR is that, as this method involves a PCR amplification, the 

relative quantitation of transcripts can be biased by the sequence-specific efficiency of 

PCR reactions. This becomes a problem particularly when samples from different 

genotypes are compared, and the annealing efficiency of the primers to the templates 

might vary because of sequence differences in the target region. 

2.4.1.3 DifferentiaI display 

The principle of differential display is the specific reverse-transcription and 

amplification of a subset of mRNAs from total RNA, due to differences in nucleotide 

sequence at the 3' end of modified oligo-dT primers (Liang and Pardee, 1992). The 

products of amplification are then separated on poly-acrylamide gels, and the profiles 

yielded by different samples compared. 

As it relies on PCR amplification, this method can be performed with very little 

starting material, and on a fairly large number of samples simultaneously. It doesn't 

require any a priori information about the genes that might be differentially expressed 

between the sequences. AIso, it allows the recovery of sequence information from 

differentially expressed genes through the isolation and sequencing ofpolymorphic 

bands. 

As this method is also based on PCR amplification, sorne of the limitations of 

differential display are the same as those mentioned for RT-PCR, particularly relating to 

quantitation and the impossibility to discriminate between differential expression and 

differences in efficiency ofPCR amplification. Another drawback ofthis method is the 
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difficulty of isolating bands corresponding to potential genes of interest from acrylamide 

gels, and the separation ofPCR products of similar size. 

2.4.1.4 Subtractive suppressive hybridization (SSH) 

Subtractive suppressive hybridization is based on a technique called suppression 

PCR (Siebert et al., 1995), prohibiting the amplification of molecules that do not contain 

annealing site for a gene-specific primer. SSH combines normalization and subtraction of 

cDNA or genomic DNA (Diatchenko et al., 1996 and 1999). The normalization step 

equalizes the abundance of cDNAs within the target population (also called "tester"), and 

the subtraction step exc1udes the sequences common between the target and the reference 

(also called "driver") populations. After one round of subtractive hybridization, the 

abundance of different cDNAs is the subtracted library is normalized, and an enrichment 

of 1000- to 5000-fold ofrare DNAs can be achieved (Diatchenko et al., 1996). 

A major strength ofthe SSH technique is the enrichment in rare cDNAs, allowing 

the isolation of sequences for low-copy mRNA, such as transcription factors and other 

gene-expression regulatory elements. It also allows the isolation of differentially 

expressed genes without any prior information on gene expression in the samples studied, 

which is a major advantage when dealing with an organism for which little gene sequence 

information is available. 

A technical advantage of SSH, particularly when comparing this method to 

differential display, is the ease with which the pool of differentially expressed genes 

obtained can be subsequently c10ned and sequenced, without having to purify each DNA 

fragment from an acrylamide gel. The enriched and normalized pool of cDNA can also be 

used as hybridization probe to screen gene libraries, making the applications of this 

technique even more versatile. 

Although very powerful, this technique also has limitations. First, it requires 

several micrograms of mRNA as starting material, which might be limiting in certain 

circumstances. Steps ofPCR amplification can help circumvent this limit, but might 

introduce sorne bias due to different rates of amplification of sorne transcripts. Another 

limitation is that the procedure requires the digestion of transcripts with a four-base 

recognition site restriction enzyme. This means that the size ofthe cDNA fragments 

obtained through this procedure will be around 600 bp on average. This might be a 
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disadvantage when full-length cDNA are desired, and means that the genes corresponding 

to the clones isolated through this procedure might be difficult to characterize without 

further experimental steps. Finally, this procedure involves numerous steps, and is quite 

labour-intensive. 

2.4.2 Methods for following the expression of many genes simultaneously 

2.4.2.1 SeriaI analysis of gene expression (SAGE) 

SeriaI analysis of gene expression produces a snapshot of the genes expressed in 

the sample investigated (Ve1culescu et al., 1995 and 1997). A short sequence tag (10-

14bp) of each mRNA expressed in the sample is obtained from a region unique to each 

transcript, usually the 3' end. Those tags should be as short as possible and contain 

sufficient information to uniquely identify each transcript by comparing its sequence to 

known sequences in databases. The sequence tags are then linked together to form long 

seriaI molecules that can be cloned and sequenced. This provides a gene expression 

profile of the sample analysed, with the number oftimes a particular tag is observed 

providing an estimation of the expression level of the corresponding gene. 

No a priori information on gene expression in the studied tissue is required for 

performing SAGE, which allows the discovery ofuncharacterized genes. Nevertheless, it 

do es require the availability of extensive sequence information from the studied 

organism, in order to be able to identify transcripts by a short unique oligonucleotide 

sequence. It has up to now mainly been used in cancer research (Hermeking, 2003), but 

starts to be used more widely in other organisms as available sequence information 

increases (Poroyko et al., 2005; Robinson et al., 2004; Chakravarthyet al., 2003). 

2.4.2.2 Arrays 

DNA arrays have becorne a cornrnon way to study large-sc ale expression profiles 

(Southem, 1996; Case-Green et al., 1998). Using arrays, expression levels can be 

rneasured for hundreds or thousands of genes sirnultaneously, depending on the number 

ofDNA targets spotted on the arrays. These targets can be known or uncharacterized 

clones, or short oligonucleotides. Hybridizations are performed with complex probes, 
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most commonly mRNA populations obtained from celllines or tissues of interest 

(reviewed in Freeman et al., 2000; Granjeaud et al., 1999)~ 

DNA arrays are usually divided in macroarrays and microarrays, depending on the 

number and density of target spots on the array. Macroarrays feature tens to several 

hundred DNA targets, usually spotted on nylon membranes at a density of lOto 100 per 

square centimetre (Granjeaud et al., 1999). Screening is usually done through 

hybridization with radioactive probes e2p or 33p) and results are acquired with imaging 

systems and software. Microarrays can be printed at a density of up to several thousand 

spots per square centimetre, and are more commonly spotted on glass and screened with 

two contrasting fluorescent probes. They can also be nylon-based, and screened with 

radioactive or probes. 

Microarrays used to be co st-prohibitive for certain investigations, and macroarrays 

were much cheaper alternatives. The cost of printing microarrays, and the availabilityof 

the required equipment have made microarrays much more accessible recently. The 

choice between the use of macroarrays and microarrays for studying gene expression will 

now mainly be decided by the number of genes available for arraying. If only a few 

hundred to a few thousands of clones are available for the studied organism (such as in 

oat), macroarrays are the logical option. 

The main factors influencing the quality of the results obtained with DNA arrays 

can be identified as the following: the quality of the arrays, the quality of the starting 

material for generating the complex probes, the presence of appropriate controls on the 

array, as well as an appropriate experimental design including biological replicates. Due 

to the vast amount of data generated by array experiments, careful statistical analysis of 

the results is also required. 

Although DNA arrays have been widely used, recent insights into their limitations 

have led to caution in the interpretation ofthe data generated (Breitling, 2006; Fathallah­

Shaykh, 2005; Xu, 2005; Rhodius and LaRossa, 2003). Better data analysis tools and 

strategies might still have to be developed to reach the full potential ofDNA arrays. 
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Table 2.1 Ploidy levels, genome complements, and representative species in the genus 
Avena. 

Ploidy 

Diploid 

Diploid 

Near autotetraploid 

Allotetraploid 

Allohexaploid 

Genome 

CC 

AA 

AABB 

AACC 

AACCDD 
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Species 

A. clauda 

A. strigosa, A. wiestii, A. atlantica, 

A. hirtula, A. nuda 

A.abyssinica, A. vaviloviana 

A. marocana 

A. fatua, A. sativa, A. sterilis 



Figure 2.1 Schematic representation ofthe complex interactions between genotype, 

phenotype and environment. Circular arrows represent retro-control and double-headed 

arrows represent feedback interactions. 
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Figure 2.2 A simplified view of triacylglycerol biosynthesis in plants. The proteins in 

bold are among the ones that have been documented to affect lipid content in plants. ER 

stands for endoplastic reticulum, ACP for acyl-carrier proteins, CoA for coenzyme A, 

ACCase for acetyl-CoA carboxylase, G3P for glycerol-3-phosphate, GPAT for glycerol-

3-phosphate acyltransferase, G2P-F A for glycerol-2-phosphate with a fatty acid attached 

to position 3, LPAAT for lysophosphatidyl acyltransferase, DAG for diacylglycerol, 

DAGAT for diacylglycerol acyltransferase and TAG for triacylglycerol. 
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Figure 2.3 A simplified view of nitrogen metabolism in plants. The proteins in bold are 

among the ones that have been documented to affect storage protein content in plants. 
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Preface to Chapter 3 

ln order to better understand the genetic variability underlying protein and lipid 

content, both ofwhich are important quality characteristics of the oat kemel, we wanted 

to obtain sequences from genes involved in the metabolism of lipids and protein and to 

evaluate the level of sequence variability existing among cultivars of oat. When 1 started 

this project, many proteins involved in these pathways had been well characterized in 

plants but few oat sequences were available in public databases. 1 selected 21 genes 

corresponding to proteins that are involved in potentiallimiting steps of the pathways, 

then collected and aligned plant sequences for these genes. 1 identified regions in the 

alignments that were conserved across species. Starting with the hypothesis that these 

regions would also be very similar in oat, 1 designed PCR primers to target these regions. 

Chapter 3 describes the analysis of sequences derived from PCR products obtained 

when these prim ers were used to amplify DNA from 10 oat cultivars with contrasting 

levels ofkernellipid and protein content. Sequences will be submitted to GenBank. The 

manuscript will be submitted to a refereed journal, and will be coauthored by myself, Dr. 

Stephen Molnar, Dr. Nicholas Tinker and Dr. Diane Mather. 1 selected the target genes, 

analyzed the template sequences, designed the primers and tested them in the laboratory, 

cloned the PCR products, carried the phylogenetic analysis and prepared the manuscript. 

Dr Stephen Molnar contributed research facilities, constructive suggestions and corrected 

the manuscript. Dr. Nicholas Tinker contributed constructive suggestions and corrected 

the manuscript. Dr. Diane Mather supervised the research, provided equipment and 

funding and corrected the manuscript. 
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Chapter 3 
Nucleotide diversity in genomic DNA of oat genes involved in Iipid and 

protein biosynthesis 

3.1 Summary 

In order to study sequence variability in genes involved in lipid and protein 

biosynthesis in oat (Avena sativa L.), we identified 21 genes corresponding to potential 

bottlenecks in triglyceride and protein biosynthesis in plants. Plant sequences for these 

genes were obtained from public sequence databases, and heterologous alignrnents were 

built for each candidate gene. Primers anchored in gene regions conserved arnong plant 

species were designed and used to arnplify oat sequences. We obtained sequences for 

eight of the 21 candidate genes from each of 10 oat cultivars showing variations in lipid 

and/or protein content. Phylogenetic analysis showed little sequence variation among 

these sequences, but SNPs were nevertheless identified that could differentiate between 

sorne of the cultivars inc1uded in the study. Sequences for most genes c1ustered in three 

sequence families, with very high sequence conservation within each family. These 

familie~ might correspond to homeologous versions ofthe genes, originating from the 

three homeologous oat genomes. Several sequence polymorphisms arnong these farnilies 

could be used for the development of genome-specific markers. 

3.2 Introduction 

Hexaploid oat (Avena sativa L.) is grown in temperate regions and is used as animal 

feed, as human food and as an additive for cosmetic products. It has a large genome, 

consisting ofthree basic genomes (A, C and D), each containing seven pairs of 

chromosomes. 

Among the important quality characteristics of oat are its lipid and protein content. 

The high protein content and good amino acid balance make it nutritionally superior to 

other cereal grains. The proportion ofthreonine, methionine and particularly oflysine, 

three amino acids considered nutritionally limiting, tends to be higher than in other 

cereals (Peterson and Brinegar, 1986). With a range of2.0 to 16.2% of the total groat 

weight, oat has the highest lipidcontent arnong cereals (Schipper and Frey, 1991). Oat 
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lipids, like other cereallipids, are nutritionally valuable because oftheir high content of 

unsaturated fatty acids, and particularly their abundance in linoleic acid (18:2). As the 

heritability of groat oil content is high, ranging from 63% to 93% (Schipper et al., 1991), 

lipid content responds weIl to selection towards either high or low oil content phenotypes 

and both have been breeding objectives. Breeding for a higher lipid content would make 

oat a high energy feed grain with good nutritional qualities, but low fat content is still 

considered desirable in oat grains intended for human consumption. 

Metabolic pathways for lipid and protein biosynthesis in plants have been intensely 

studied (Larkins et al., 1982; Ohlrogge and Browse 1995; Voelker and Kinney 2001; 

Hills, 2004), and several steps in these pathways have been identified as potentially 

limiting. Many sequences are available in public databases for genes corresponding to the 

enzymes and proteins involved in those steps, but few ofthem are from oat. 

In the present study, PCR primers derived from heterologous alignments of plant 

sequences were used to clone partial sequences from oat for selected genes implicated in 

lipid and protein biosynthesis. The sequences obtained, originating from 10 oat cultivars, 

were used to assess the degree of sequence variability in oat. 

3.3 Material and methods 

3.3.1 Genetic material 

Oat cultivars Kanota, Ogle, Terra, Marion, DaI, Exeter, Francis, Rigodon, Hinoat 

and Newman were selected because the recombinant inbred line (RIL) populations 

derived from the crosses Kanota x Ogle, Kanota x Marion, Terra x Marion and DaI x 

Exeter segregate for lipid content (Kianian et al., 1999; Groh et al., 2001; De Koeyer et 

al., 2004; N. Tinker, personal communication), and the RIL population derivedfrom 

Hinoat x Newman segregates for protein content (N. Tinker, personal communication). 

Two ofthese cultivars are high-lipid cultivars (DaI, Rigodon) and two are low-lipid 

cultivars (Exeter, Francis). Hinoat is a high-protein cultivar and the other five cultivars 

have intermediate contents ofboth lipid and protein (Kanota, Ogle, Terra, Marion and 

Newman). DNA from these ten cultivars was extracted as described by Wight et al. 

(2003). 
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3.3.2 Choice of candidate genes and acquisition of template sequences 

Metabolic pathways involved in triacylglycerol biosynthesis and nitrogen 

metabolism in plants were examined and 21 genes encoding enzymes and proteins 

involved in potentially limiting steps of the pathways were selected. Priority was given to 

rate-limiting steps in the pathways and to genes that have been documented to influence 

oil and protein synthesis (Table 3.1). Across aIl 21 genes, a total of361 sequences 

originating from 61 plant species were downloaded from GenBank 

(http://www.ncbi.nlm.nih.gov/Genbank/index.htmL). To be considered for analysis, sets 

oftemplate plant sequences for each candidate gene had to inc1ude one or more complete 

cDNA sequences, genomic sequences to position exons and introns and grass sequences 

had to be represented. When possible, entries from different genotypes within species 

were inc1uded in order to identify regions ofhigher intra-specific variability. 

3.3.3 Alignment of heterologous template sequences 

Sequences were annotated and trimmed, then aligned using CLUSTAL W 

(Thompson et al., 1994) in BioEdit Sequence Alignment Editor (Hall, 1999). The 

alignments of cDNA and genomic DNA sequences were fitted manually. A consensus 

template sequence was derived from each alignment, and adjusted manually so as to bias 

the consensus towards the cereal sequences when sorne were inc1uded in the alignment. 

3.3.4 Primer design and PCR 

For each consensus template sequence, three to eight PCR primers anchored in 

conserved regions neighbouring introns were designed using Primer3 (Roz en and 

Skaletsky, 2000) with the following parameters: the product size range was set between 

500 and 3000 bp; the minimal primer size at 18 nuc1eotides, the optimal size at 20 

nuc1eotides, the maximum size at 24 nuc1eotides; the minimal primer melting temperature 

at 55°C, the optimal melting temperature at 60°C, the maximum melting temperature was 

set at 63°C; the optimal GC% at 50%; the maximum number ofundetermined nuc1eotides 

at two. 

This resulted in the design of 88 primer pairs, involving a total of 93 primers. PCR 

reactions were conducted using a Mastercycler Gradient thermocyc1er (Eppendorf, 

37 



Hamburg, Gennany), with a reaction volume of25 ~L containing 1.5 mM ofMgCh, 200 

J-tM of dNTP and 2.5 units ofTaq polymerase (Invitrogen, Carlsbad, CA). The optimal 

annealing temperature for each primer pair was detennined from a gradient of 

temperatures ranging from 53°C to 65°C. Cycling conditions started with initial 

denaturation at 94°C for 3 min, followed by 40 cycles of30 s at 94°C, 45 s at Tm, 2 min 

at 72°C. A final extension reaction was perfonned at 72°C for 10 min. PCR products 

were separated on 1-2% agarose gels. 

3.3.5 DNA purification, cloning and sequencing 

For at least one primer pair per gene, PCR products ofthe size expected based on 

the alignments oftemplate sequences were extracted from agarose gels using the 

QIAquick Gel Extraction Kit (Qiagen Inc., Chatworth, CA). The purified DNA was 

cloned in the pDrive vector using PCR Cloning Kits (Qiagen Inc., Chatworth, CA). For 

each ligation, ten random clones were picked and sequenced. 

Sequences were vector- and quality-trimmed and imported into a customized 

re1ational database (Couroux and Tinker, unpublished). Contigs were assembled using 

SeqMan (DNASTAR Inc., Madison, WI) based on an overlap-criterion of30 bases and 

90% similarity for introduction into a contig. Further details about these assembly 

parameters are discussed in Hattori et al. (2005). 

The similarity of cloned sequences to known gene sequences from GenBank was 

detennined using BLAST (Altschul et al., 1990) from NCBI 

(http://www.ncbi.nlm.nih.gov/). Subprogram blastn (2.0.14) was used to identify 

nucleotide similarity, and blastx (2.2.6) was used to identify translated peptide similarity. 

Gene homology was tentatively declared when an alignment was identified at a global 

database expectation value of 0.3 and results were verified manually to exclude artefacts. 

3.3.6 Phylogenetic analysis of derived oat sequences 

Each contig alignment of oat sequences corresponding to a target gene (as 

detennined from BLAST results) was trimmed so that each sequence in the alignment 

spanned the same region ofthe target gene (Fig. 3.1). Identical sequences originating 

from the same cultivar were considered redundant and only one of them represented in 

the alignment. Corresponding genomic DNA sequences from rice (Oryza sativa L.) 
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inc1uding both cultivar groupsjaponica and indica (when available) were added to the 

alignment. Oat and rice sequences were aligned using CLUSTAL W (Thompson et al., 

1994). Phylogenetic analysis was performed using tools from the Phylogeny Inference 

Package, PHYLIP 3.6 (Felsenstein, 2004). For each alignment, sequences were bootstrap 

re-sampled using SEQBOOT to create 100 sequence sets. Phylogenetic relationships were 

estimated on those sequence sets by the parsimony method (Kluge and Farris, 1969) using 

DNAP ARS, with a rice sequence as a root and a random input order of sequences. A 

consensus tree was then created using CONSENSE. 

A group of sequences was considered to be a sequence family when a branch 

occurring more than 50% of the time in the bootstrap trees supported the clade, and it 

included a sequence from a cultivar represented in more than one clade. 

Distance matrices were generated for oat sequences of each alignment, as weIl as 

on alignments ofjoined exon and intron sequences, using CLUSTALDIST (Thompson et 

al., 1994) using the Kimura model ofnucleotide distribution (Kimura, 1980), as weIl as 

the F84 model (Hasegawa et al., 1985). Gaps were inc1uded in the analysis, and no 

correction was made for multiple substitutions, as the sequences are evolutionarily close. 

3.4 Results 

3.4.1 PCR amplification of oat sequences with primers derived from heterologous 
sequence alignments 

For each ofthe 21 candidate genes, at least one primer pair gave a detectable PCR 

product ofthe size expected according to the heterologous alignment. No detectable 

amplification size polymorphisms were observed among the 10 cultivars for any of the 88 

primer pairs tested. For eight of the 21 genes selected, cloned sequences corresponding to 

the targeted gene were recovered (Table 3.1). For most target genes, sorne unrelated 

sequences of a similar size were amplified and cloned together with the target sequences. 

These sequences had no BLAST similarity to known genes, and were not considered 

further in this study. For the remaining 13 genes, c10ned sequences did not correspond to 

target sequences (Table 3.1). 

For the eight genes for which we obtained sequences that matched the target gene, 

the trimmed sequence alignments ranged in length from 238 to 1005 nuc1eotides. The 
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trimmed alignments for sequences matching elongation factor-l a and glutamate synthase 

fell within a single exon in the corresponding rice gene (Fig. 3.1). The other trimmed 

alignments each spanned at least one exon-intron boundary. 

3.4.2 Phylogenetic analysis of oat sequences 

Genetic distances were ca1culated from the sets of oat sequences matching the eight 

target genes with the Kimura model of nuc1eotide distribution and the F84 model. Both 

methods allows for a difference between transition and transversion rates, but the Kimura 

model assumes equal base frenquencies, whereas the F84 model allows for different 

frequencies of each of the four nuc1eotides. Both models gave very similar results, and 

only the values obtained with the Kimura model are presented here. 

The average nuc1eotide distances in the regions studied ranged from 0.7% for 

glutamate synthase, to 10.2% for elongation factor-la (Table 3.2). Coefficients of 

variation were high, ranging from 58% to 157%, indicating that the sequences within an 

alignment are not all similarly distant from each other. 

For most genes, the average distance among aIl oat sequences is substantially larger 

than the average distance inside sequence families (Table 3.2). Exceptions are glutamate 

synthase, acetyl-CoA carboxylase and {J-ketoacyl-ACP synthase III, which show little 

overall sequence variation. 

For aIl genes for which both exonic and intronic sequences were available, the 

average distances among sequences are distinctly higher in introns than in exons (Table 

3.2): 7.87% on average in intronic sequences and 2.85% in exonic sequences. For acyl­

carrier protein, the average distance among intronic sequences is more than seven times 

higher than the average distance among exonic sequences. 

For glutamine synthase,there are only two distinct families of sequences, whereas 

for acetyl-CoA carboxylase, there are at least five families of sequences. For the other six 

genes, three distinct sequence families were identified on the phylograms (Fig. 3.3 and 

Appendix C). These families are supported by manual grouping of sequences according 

to common sequence motifs (Fig. 3.2 and Appendix B).1n sorne cases, single nuc1eotide 

polymorphisms between cultivars within a family can be identified, but in general, an 
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examination of sequences inside families shows very little sequence polyrnorphism 

among cultivars. 

3.5 Discussion 

We selected 21 genes co ding for products involved in key steps of lipid and protein 

biosynthesis, and designed primers anchored in conserved regions of template plant 

sequences for these genes. Using those primers, we obtained multiple clones and partial 

sequences for each of eight genes from up to 10 oat cultivars. 

For most primer pairs tested, multiple PCR products were generated. Many ofthese 

PCR products, when cloned and sequenced, proved to be unrelated to the sequences that 

the primers had been designed from. Similar amplification ofunrelated sequences has 

already been reported in oat (Nicholas Tinker, personal communication). When excluding 

the case of gene families and homeologous sequences, the probability of finding several 

priming sites in a genome for pairs of 20-mers at a few hundred nucleotide distance is 

very low. It has been shown in rice that the use of oligonucleotidic "words" was not 

entirely random throughout the genome, and that sorne ''words'' seem to be used at a 

higher frequency than predicted by random occurrence (Liu et al, 2006). We can 

speculate that, by selecting primers in genes regions conserved across species, we might 

have selected oligomeric sequences corresponding to sorne of these high frequency 

''words'' in the oat genome. 

The sequence variability in oat observed in this study is similar to that which has 

been observed between rice cultivar groupsjaponica and indica. The frequency of single 

nucleotide polyrnorphisms and insertions/deletions (indels) between these two cultivar 

groups was estimated to be 3.22% in exons and 7.35% in introns (Yu et al., 2005) as 

compared to 2.85% and 7.87% (respectively) in oat. 

Phylogenetic analysis allowed the identification of families of sequences closely 

related to each other. Three distinct families of sequences were identified for all genes, 

except for glutamate synthase and acetyl-CoA carboxylase. According to Mekhedov et al. 

(2000), there is only one copy of ,B-ketoacyl-ACP synthase III gene in the rice genome, 

which seems confirrned by a search ofthe Rice Genome Annotation of The Institute for 

Genomic Research (TIGR) (Table 3.1). We can therefore speculate that the three families 
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of sequences for this gene correspond to the three homeologous copies from oat basic 

genomes A, C and D. The other seven genes are multicopy genes in rice, with acetyl-CoA 

carboxylase, aspartate aminotransferase and glutamate synthase present in two copies, fJ­

ketoacyl-ACP synthase 1 in up to three copies, elongation factor-l a. in four copies, 

glutamine synthase in seven copies and acyl-carrier protein in eight copies (evaluated by 

searching the Rice Genome Annotation of The Institute for Genomic Research (TIGR)). 

Since our PCR prim ers were designed to target any copy of these genes, we 

expected to recover up to three times these numbers of copies in oat. As oat sequences 

were present in only one of the template alignments (for acetyl-CoA carboxylase), the 

PCR primers we designed might not have recovered aIl copies ofthese genes in oat. It is 

possible that either homologous or homeologous copies of oat genes have diverged 

significantly beyond recognition by consensus primers, or that they have been lost 

completely, so that a PCR reaction using those primers on oat genomic DNA would not 

amplify any product. 

It is also possible that the distance between priming sites in the oat version of sorne 

of the genes is very different from that in the template plant sequences. AlI PCR 

amplifications with the designed primer pairs gave multiple products, and we recovered 

only PCR products that had a size close to that predicted by priming sites on the template 

consensus sequence. Therefore, if the size of the oat amplicon differed greatly from the 

predicted size, it is possible that the right oat sequences were not recovered. Among the 

oat sequences corresponding to target genes, the size of exons seems very conserved but 

the size of introns varies slightly between oat and rice, being sometimes longer in the 

former or in the latter, and it is possible that for sorne genes, this difference in length is 

more pronounced. 

Without a much larger sample of sequence variants, or detailed characterization of 

individual genes, we can only speculate that the recovered families of sequences may 

represent a mixture ofvariability within and among gene homologs of oat. Nevertheless, 

we cannot rule out the possibility that sorne versions of those genes result from recent 

duplications, and therefore cluster in the same sequence family. In future studies, it might 

be possible to differentiate between homeologous genes ofthe A or C genome and 

members of gene families by examining sequences derived from diploid species of Avena 
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sativa. It would also be interesting to verify wh ether the division in sequence families 

subsides when sequences from more oat cultivars are added to the study. 

With sufficient sequence variability among cultivars, it would have been possible to 

develop gene-targeted molecular markers. The primers tested here did not yield any 

reproducible length polymorphisms in the amplified fragments, but the fragment 

sequences did exhibit sorne single nucleotide polymorphisms (SNPs). One example can 

be seen in the alignment for glutamate synthase (Fig. 3.2). In sequence family 2, at 

nucleotide position 419, Kanota and Rigodon sequences feature an A, whereas aIl ofthe 

other cultivars feature a G. The design and use of a marker such as this depends on 

having an assay that is specifie enough to distinguish these SNP alleles independently 

from the alleles in closely related sequence families, which will presumably segregate at 

different loci. Having a better representation of each cultivar in all family groups of each . 

gene would help identify useful inter-cultivar polymorphisms. The segregation of these 

alleles could then be studied in segregating populations. However, the general 

implications ofthese results are that DNA sequence variability within these studied genes 

is low, and it would be difficult to develop markers targeted to these specifie regions. 

Polymorphisms identified in this study may be useful in ways beyond segregation 

and linkage analysis. For example, primers designed to overlap the deletions at positions 

342-350 and 387-389 in the alignment of aspartate aminotransferase sequences (Fig. 3.2) 

would easily distinguish between families 1,2 and 3. This would be particularly 

interesting if sorne of the sequence families prove to be genome-specifie. As in most 

polyploids, the question arises as to how each ofthese three genomes contributes to the 

functioning of oat as an organism. It would be desirable to determine whether 

homeologous versions of a gene exhibit differential expression during oat development. 

Using subgenome-specific primers to perform reverse transcriptase PCR (RT-PCR) on 

cDNA samples would allow the tracking of the homeologous transcripts in different 

tissues or developrnental stages of the plant. Unfortunately, rnost of the indels and long 

sequence polymorphisms occur in introns, and would therefore be of little use in 

expression studies. There are sorne useful SNPs in exons though, such as the CfT 

polymorphisrn at position 327, which distinguishes families 1 and 2 of glutamate synthase 
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sequences (Fig. 3.2). Extending the study to other co ding regions ofthese genes might 

highlight more useful subgenome-specific polymorphisms. 
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Table 3.1 Enzymes and proteins from pathways involved in lipid and protein biosynthesis, nurnbers ofrepresentative sequences used 
in alignrnents, and correspondence to the target genes ofPCR products derived from oat cultivars 

Number of plant sequences PCR 

Estimated used in alignrnent Primer 
product 

Biosynthetic pathway Gene product numberof pairs 
sequence 
corresponds genes in rice a Genomic tested 
to target Total Cereals 

DNA gene 

Fatty-acid biosynthesis Acetyl-CoA carboxylase 2 48 41 44 7 Yes 

Acyl-carrier proteins 8 12 2 12 2 Yes 

3-ketoacyl reductase 2 19 12 3 4 No 

,6-ketoacyl-ACP synthase 1 3 15 1 4 4 Yes 

,6-ketoacyl-ACP synthase III 1 9 1 5 4 Yes 

Acyl-ACP thioesterase 4 20 1 4 3 No 

Triacylglycerol 0-9-Desaturase 9 8 2 0 4 No 

biosynthesis Glycerol-3-phosphate acyltransferase 1 19 3 7 3 No 

Lysophosphatidyl acyltransferase 2 9 1 2 3 No 

Diacylglycerol acyltransferase 3 13 1 1 3 No 

Phospholipid:diacylglycerol 1 17 1 1 5 No 

acyltransferase 
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Table 3.1 (continuedL 
PCR 

Estimated 
Number of plant sequences . product 
used in alignment P~mer 

Biosynthetic pathway Gene product numberof sequence paIrs 
corresponds genes in rice a tested 

Total 
Genomic 

Cereals to target 
DNA gene 

------

Triacylglycerol storage Oleosins 5 38 2 38 4 No 

Nitrogen assimilation Nitrite reductase 3 17 1 6 4 No 

Nitrate reductase 1 9 2 9 3 No 

Glutamine synthase 7 21 1 13 4 Yes 

Glutamate synthase 2 8 3 5 8 Yes 

Asparagine synthase 2 15 1 4 4 No 

Nitrogen metabolism Aspartate aminotransferase 2 20 1 6 3 Yes 

Glutamate dehydrogenase 2 18 3 8 8 No 

Amino acid biosynthesis Aspartate kinase 4 10 3 10 4 No 

Protein elongation Elongation factor l-a 4 19 1 18 4 Yes 

a Estimated by searching the Rice Genome Annotation of The Institute for Genomic Research (TIGR) 
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Table 3.2 Average genetic distances among sequences and distances among exonic and intronic sequences, based on phylogenetic 
analyses of oat sequences corresponding to eight gene products involved in lipid and protein biosynthesis 

Numberof 
Mean Mean distance between oat sequences a 

non-redundant 
distance [Coefficient of variation b] 

sequences III 
between 

Gene product the alignment 
(number of 

sequences 

cultivars 
of the same Whole sequence Exons Introns 

represented) 
familya 

Acyl-carrier protein 14 (6) 0.6 3.9 [92] 2.1 [123] 16.4 [74] 

Aspartate aminotransferase 54 (10) 0.8 4.7 [157] 1.8 [87] 7.1 [175] 

Elongation factor 1-(X 9 (4) 2.4 10.2 [58] 10.2 [58] not available 

Glutamate synthase 37 (9) 0.6 0.7 [70] 0.7 [70] not available 

Glutamine synthase 27 (10) 1.7 6.1 [87] 2.5 [72] 13.5 [95] 

Acetyl-CoA carboxylase 66 (10) 1.1 2.2 [111] 1.7 [131] 2.8 [101] 

,8-ketoacyl-ACP synthase l 34 (8) 0.9 3.2 [67] 1.6 [66] 4.8 [75] 

,8-ketoacyl-ACP synthase III 12 (5) 1.2 2.4[118] 2.2 [105] 2.7 [129] 

Average 31.6 (7.8) 1.2 4.18 2.85 7.87 

a Number of differences as percentage of total nucleotides obtained with the Kimura nucleotide substitution model 
b Percentage of mean 
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Figure 3.1 Position of the gene regions used for phylogenetic analysis of oat sequences 

on the corresponding rice genes. Arrows span the gene regions represented in the 

analysis. Boxes are exons, numbered from 5' to 3'. ACP stands for acyl carrier protein; 

AAT for aspartate aminotransferase; ACCase for acetyl-CoA carboxylase; EF-Ia for 

protein elongation factor-la; GAS for glutamate synthase; GIS for glutamine synthase; 

KAS for Beta-ketoacyl-ACP synthase. The numbers in brackets are the approximate total 

length of the rice gene. 
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Figure 3.2 Partial alignments showing examples of nuc1eotide polymorphisms in oat 

sequences from aspartate aminotransferase and glutamate synthase, two of the eight genes 

coding for products involved in lipid and protein biosynthesis. Identity to a standard 

sequence is shown by a dot and a missing nuc1eotide by a hyphen. Each sequence in these 

alignments is designated by the name of the cultivar from which the sequence was 

obtained, followed by a number to designate a particular sequence obtained for that 

cultivar. Family numbers on the left represent sequence families highlighted by the 

phylogenetic analysis ofthese sequences. Onlya limited portion of the total alignment is 

represented for each gene. Only 39 of the 54 oat sequences inc1uded in the phylogenetic 

analysis of aspartate aminotransferase are represented. 
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Family 1 

Family2 

Family3 

Rice root 

300 310 320 330 340 350 360 370 380 390 400 

1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1····1··· ·1··· ·1··· ·1····1··· ·1··· ·1····1 
Kanota1 CATGGTCTTGTAAAATTAAATATGGCTTTCTAATAAAAAAA---------ATGACTTGTCAGAATTTGTTAGATTCCTCAACACATACAACATTTCAAAA 
Kanota2 
Ogle4 
Ogle6 
Terra3 
Terra4 
Marion1 
Marion2 
Da15 
Da16 
Exeter1 
Francis4 
Francis5 
Rigodonl 
Rigodon2 
Hinoat3 
Hinoat6 
Newman1 
Kanota6 
Oglel 
Ogle2 
Terra1 
Terra2 
Dall 
Da13 
Exeter2 
Exeter3 
Francisl 
Francis3 
Rigodon3 
Rigodon4 
Hinoat1 
Hinoat2 
Ogle5 
Terra6 
Terra7 

• •••••••••••••••••••••••••• o.' • •••••• --------- •••• '" ••••••••••••• o ••••••••••••••••••••••••••• 

· .•••••••••••.••...•.••.•••.•• o •• o.. . --------- ••. o ••••••••••••••••••••• , •••••••••••••••••. _ ••• 

.......................... A... ... ... . --------- .......................... , .................... . 
•• • •••• •••• • •• •••••• • ••• ••• ••• •••••• • --------- ••••••••••••••••••••••••• , o ••••••• , •••••••••••• 

••..•.•.•..••.....••..••..•.•..•..••. ---------- .....•.•....•....•.•.•...•...•... --- •• G •..••••• 

..................................... ---------- ................................ . 

.T ...................................... ---------- ............................ , ....... --- .......... . 
· ... T .............. G ........... GTCC .... T .AAAATAAAT ... G. C ....... GA ..... G .......... G ... C .. GG ......... T 
· ... T .............. G ........... GTCC .... T . AAAATAAAT ... G . C ....... GA ..... G .......... G ... C .. GG ......... T 
· ... T .............. G ........... GTCC .... T .AAAATAAAT ... G. C ....... GA ..... G .......... G ... C .. GG ......... T 

Francis6 .... T .............. G ........... GTCC .... T .AAAATAAAT ... G. C ....... GA ..... G .......... G ... C .. GG ......... T 
Rigodon8 .... T .............. G ........... GTCC .... T .AAAATAAAT ... G.C ....... GA ..... G .......... G ... C .. GG ......... T 
Hinoat5 .... T .............. G ........... GTCC .... T .AAAATAAAT ... G. C ....... GA ..... G .......... G ... C .. GG ......... T 
OSJ 2 .... CATGGTCCTTGAA .. TG.AACG.G ... T.G.GC.TT.GTTATTTGAT.TCTCAAAA.A .. AA---GGA ... TGCA.GTGG.ACTC.T .. C.AGCG. 
OSI2 .... CATGGTCCTTGAA .. TG.AACG.G ... T.G.GCGTT.GTTATTTGAT.TCTCAAAA.A .. AAAAAGGA ... TGCA.GTGG.ACTC.T .. C.AGCG. 

Aspartate aminotransferase (part of intron 6) 
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Family 1 

Family2 

Rice root 

410 420 430 440 450 460 470 480 490 500 
· .. ·1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .. · ·1 .... 1 .... 1 .... 1 .. · ·1· .. ·1 .... 1 .... 1 .... 1 .... 1 

Kanota3 GTGACTTCATGGCTAAGTGTAGTGCCCACCGCCCGATTAGTGTTCTTAATCGGAGTCTCAATGAAAACCTTAACTTCCTTTTCAAGTGCGGCCCTTGATA 
Terra2 
Terra3 
Terra4 
Da12 
Da13 
Da14 
DaIS 
Exeter7 
Francis2 
Francis3 
Francis4 
Kanota1 
Kanota2 
OgIe1 
OgIe2 
Ogle3 
Hinoat1 

...•.........•..•.•••••..•.•......•..•. . C .....•.••...•...••.... .....•..••..•..•.••.••..••.•..•....... 

.....•.•....•..•.. A ......• T .....•............•..•.•.............•.........•..•..........•.•......... 

..............••.. A ...•.•• T .....•............•...........................••..••..............•...• ,. 

......•..•.•..........•... T .•..................•......•...................•..•.......•........•..... 

.......................... T .......................................................... . C .......•..•.. 

....•..•..•.•............. T .................•..•.......................•..•..•.....•..........•..... 

.................. A ...•..• T ••.•...•..........••........................•..•........•..........•..... 
Terra1 .................. A ....... T ........................................................................ . 
Marion1 .................. A ....... T ......................................................................... . 
DaI1 .................. A ....... T ........................................................................ . 
Exeter1 .................. A ....... T ........................................................................ . 
Exeter2 .................. A ....... T ........................................................................ . 
Exeter3 .................. A ....... T ........................................................................ . 
Exeter4 .................. A ....... T ........................................................................ . 
Exeter5 .................. A ....... T ................................................ A ....................... . 
Exeter6 .................. A ....... T ........................................................................ . 
Francis1 .................. A ....... T ........................................................................ . 
Rigodon1 .......................... T ........................................................................ . 
Rigodon2 .......................... T ........................................................................ . 
Rigodon3 .......................... T ........................................................................ . 
Hinoat1 .................. A ....... T ........................................................................ . 
Hinoat2 .................. A ....... T ........................................................................ . 
Hinoat3 .................. A ....... T ........................................................................ . 
Hinoat4 .................. A ....... T ...................................... G ................................. . 
Hinoat5 .................. A ....... T ........................................................................ . 
Hinoat6 
OSJ 5 
OSJ_1 

.................. A ....... T ........................................................................ . 

· ............. g .. ca .... a .. a .. a .. t .. g ... a ..... cgt. ct .. t .............. acg ... ac . t ... cg ... g .. a .. tg .... gg 
· .......... A ..... CA ....... T .. T .. T .. G ..... A .... GG .. T ................. ACG ......... C ........ A .. TT ..... . 

Glutamate synthase (part of exon 16) 
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Figure 3.3 Phylograms of oat sequences for aspartate aminotransferase and glutamate 

synthase, two ofthe eight target genes coding for products involved in lipid and protein 

biosynthesis. Each sequence in these alignments is designated by the name ofthe cultivar 

from which the sequence was obtained, followed by a number to designate a particular 

sequence obtained for that cultivar. Boxes represent sequence families. OSI and OSJ 

sequences are Oryza saliva sequences, respectively from cultivar groups indica and 

japonica, used as outgroups. 
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Preface to Chapter 4 

ln Chapter 3, we examined genetic variability at the level of sequence 

polymorphism among cultivars. Variability between genotypes can also be manifested by 

variations in gene expression. Most differential gene expression studies deal with 

differences between treated and untreated material. Few have dealt with variability due to 

differences in genotypes. The work presented in Ch~pter 4 describes a survey of genes 

differentially expressed in kernels of cultivars Kanota and Ogle at the same 

developmentai stage, eight days after the "yellow anther" stage (stage GRO:0007102 

according to the Plant Ontology Consortium). Clones for those genes were obtained from 

reciprocal subtractive suppressive hybridization libraries ofKanota and Ogie. 

Sequences will be submitted to GenBank. The manuscript will be submitted to a 

refereed journal, coauthored by myself, Dr. Nicholas Tinker, Dr. Stephen Molnar and Dr. 

Diane Mather. 1 designed the experiment, grew the plants, collected the material, 

performed the subtractive suppressive hybridization and built the libraries, analysed the 

sequences and prepared the manuscript. Dr. Nicholas Tinker contributed to the data 

analysis, provided constructive suggestions and corrected the manuscript. Dr. Stephen 

Molnar contributed research facilities, detailed suggestions and corrected the manuscript. 

Dr. Diane Mather supervised the research, provided equipment and funding and corrected 

the manuscript. 
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Cbapter 4 
Genotype-specifie gene expression in young oat kernels 

4.1 Summary 

In order to explore genetic differences between two oat cultivars and to identify 

new candidate genes for oat kemelquality traits, we surveyed differences in gene 

expression in young kemels ofKanota and Ogle. Two subtractive suppressive 

hybridisation (SSH) libraries were obtained from the reciprocal subtractions of young 

kemel cDNA from cultivars Kanota and Ogle. Good quality sequences from clones of 

those libraries were assembled in a total of 195 contig sequences exclusive to one or the 

other library. Most sequences had homology to unidentified sequences or did not have 

homology to any known sequence When possible, contigs and singletons were grouped in 

categories based on the biological function of their primary BLAST hit. 

Among the identified sequences, differences were observed in the numbers of 

sequences from each cultivar that belonged to specific functional categories. Several of 

the sequences expressed specifically in Ogle are related to genes involved in amino acid 

and storage protein metabolism, whereas several of the sequences specifie to Kanota 

belong to genes implicated in regulation of gene expression or are related to transposable 

elements. 

4.2 Introduction 

Chemical composition traits of the oat (Avena saliva L.) kemel include lipid, 

protein and tJ-glucan content, which are important quality characteristics for the food and 

feed uses of oat. Kemellipid and storage proteins start to accumulate in the endosperm 

and embryo a few days after flowering. By eight days post-anthesis, storage proteins 

contribute about half of the total endosperm proteins (Peterson and Brinegar 1986). The 

few days after anthesis are the stage ofkemel development where gene expression 

activity might be expected to be at its highest in the young kemel. At this stage, 

differences between oat cultivars in timing and dosage of the expression ofkey genes 

might have an effect on the chemical composition of the mature kemel. 
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The Kanota x Ogle recombinant inbred line population was developed from a 

cross between parents Ogie and Kanota. Ogle is a spring cultivar developed in Illinois, 

whereas Kanota is a winter oat grown mainly as forage in the southern United States. The 

Kanota x Ogle map was the first complete hexaploid oat map to be developed and is 

currently the most complete (O'Donoughue et al., 1995; Wight et al., 2003). It has been 

used to detect quantitative trait loci (QTLs) for agronomic traits (Siripoonwiwat et al., 

1996; Holland et al., 1997), kernel characteristics and chemical composition (Kianian et 

al., 1999; Kianian et al., 2000; Groh et al., 2001). 

To gain better understanding ofthe path between genotype and phenotype, 

evaluating transcriptional differences as a source of phenotypic variation between 

genotypes of a species is a promising strategy. Subtractive suppressive hybridization 

(SSH) has been used by Botha et al. (2005) to study mechanisms of resistance of wheat 

(Triticum aestivum L.) to Russian wheat aphid (Diuraphis noxia Kurdj.), by comparing 

resistant or susceptible near-isogenic lines. Another study, by Yao et al. (2005) has 

examined differences in gene expression between wheat/spelt (Triticum aestivum subsp. 

spelta (L.) TheIl.) hybrids and their parental inbreds, in order to examine the role of 

differential gene expression in heterosis. In order to explore genetic differences between 

two oat cultivars and to identify new potential candidate genes for oat kernel quality 

traits, we surveyed differences in gene expression in young kernels of Kanota and Ogle. 

4.3 Materials and methods 

4.3.1 Plant mate rial 

The oat cultivars Kanota and Ogle were grown in a growth cabinet (16 h at 20°C, 

8 h at 16°C, 16 h oflight) in 13- cm pots, with three plants per pot. Each panicle of each 

plant was harvested eight days after its uppermost floret reached anthesis ("yellow anther" 

stage, or stage GRO:0007102 according to the Plant Ontology Consortium, 

http://dev.plantontology.org/docs/growth/growth.html), frozen in liquid nitrogen and kept 

at -70°C till processing. Each individual floret (caryopsis, lemma and palea) was 

separated from its rachilla. AIl florets originating from the same pot were pooled and 

ground in liquid nitrogen with a mortar and pestle. 
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4.3.2 RNA extraction, rnRNA purification and construction of SSH 

RNA was extracted from 0.5 g offrozen ground tissue using the RNAwiz™ 

isolation reagent (Ambion Inc., Austin, TX), and stored at -70 Oc in formaldehyde until 

further use. Messenger RNA was purified from 500j.tg oftotal RNA ofKanota and of 

Ogle, using Dynabeads® Oligo( dT)25 columns (Dynal Biotech, Oslo, Norway) following 

manufacturer's instructions. Messenger RNA [rom each parent was then used 

altematively as the tester or the driver to build two reciprocal subtractive suppressive 

hybridization (SSH) libraries (Diatchenko et al., 1996), using a PCR-Select™ cDNA 

Subtraction Kit (BD Biosciences, San Jose, CA) following the manufacturer's instructions 

(http://www.clontech.com/images/pt/PT1117-1.pdf). The cDNA pools were cloned in the 

pDrive vector using the PCR Cloning Kit (Qiagen Inc., Chatworth, CA), and 

electroporation in SURE® Competent Cells (Stratagene, La Jolla, CA). The cDNA 

library derived using Kanota as the tester and Ogle as the driver was named K _minus _0, 

and the reciprocal library 0_ minus _ K. 

4.3.3 Sequencing and sequence analysis 

By single-pass sequencing, 833 and 919 sequences were obtained from 

K _minus _0 and 0_ minus _ K respectively, reaching redundancy rates of 71 % and 46% 

based on contig assemblies described below. Sequences were trimmed ofvector 

contamination and low-quality segments and imported into a customized relational 

database (Tinker and Couroux, unpublished). Contigs were assembled using SeqMan 

(DNASTAR Inc., Madison, WI) based on overlap-criteria of30 bases and 90% similarity 

for introduction into a contig. Further details and considerations of these assembly 

parameters were discussed by Hattori et al. (2005). 

The similarity of singleton and contig sequences to known gene sequences was 

determined using BLAST (Altschul et al., 1990) from NCBI 

(http://www.ncbi.nlm.nih.gov/). Subprogram blastn (2.0.14) was used to identify 

nuc1eotide similarity, and blastx (2.2.6) was used to identify translated peptide similarity. 

Gene homology was tentatively declared when an alignment was identified at a global 

database expectation value of 0.3 and results were verified manually to exclude artefacts. 

Genes were classified into functional gene categories based on the description oftheir 
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primary BLAST hit and according to the Gene Ontology Consortium (2000; 

http://www.geneontology.orgl), and grouped in the following eight groups: storage 

proteins, repetitive sequences, cellular metabolism (GO:0044237), photosynthesis and 

photorespiration (GO:0015979 and GO:0009853), rRNA processing (GO:0006364), 

cytoskeleton organization and biogenesis (GO:0007010), gene expression and signal 

transduction (GO:0040029 and GO:0007165) and cell cycle and DNA repair 

(GO:0007049 and GO:0006281). 

For contigs that contained sequences from both libraries, CLUSTALDIST 

(Thompson et al., 1994) was used to estimate distances between sequences from the two 

cultivars. Gaps were included in the analysis, and no correction was made for multiple 

substitutions. 

4.4 Results and discussion 

Good quality sequences of clones from K _minus _0 and 0_ minus _ K were 

assembled in a total of202 contigs (Table 4.1). Only seven ofthese contigs contained 

sequences from both K _minus _ 0 and 0_ minus _ K clones, showing that the overlap 

between the two libraries was limited, as expected from reciprocal subtractive libraries. 

Alignments of those seven contigs show sorne sequence polyrnorphism between 

sequences from Kanota and Ogle. Eighty-two single nucleotide polyrnorphisms and 10 

indels can be identified from those sequences (Table 4.2). Most indels were only one 

nucleotide long, but an insertion of 26 nucleotides is present in the Ogle version of the 

sequence corresponding to contig ecas485 (a contig with no significant BLAST hit). 

While 76% and 66% of contig consensus sequences from K _minus _0 and 

0_ minus _ K (respectively) had homology with a known nucleotide or protein sequence, 

only 31 % and 38% of singletons had a BLAST hit. On average, sequences with no 

BLAST hits were shorter than the sequences that did have a hit (247 nucleotides against 

426). A higher percentage (34% vs. 25%) also corresponded to highly variable 3' UTR 

regions ofmessenger RNA, as deterrnined by the presence in the sequence of a polyA tail 

(10 nucleotides or longer). 

Contigs and singletons with BLAST hits were grouped in categories based on the 

biological function of their primary BLAST hit. Differences appear in the gene categories 
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expressed differentially in each cultivar at this stage of development (Table 4.3). 

Repetitive sequences, and particularly retrotransposon-related genes, are more frequent in 

K_ minus _0 than in 0_ minus _ K. Genes involved in cell metabolism, such as amino acid 

biosynthesis and glucose metabolism are more frequent in 0_ minus _ K than in 

K _minus _0. Genes for st orage proteins including Il S and 12S globulin are present in 

O_minus_K, and absent from K_minus_O. 

The prominence of transcripts related to repetitive sequences in Kanota compared 

to Ogle intrigued us at first. Although retrotransposons and other repetitive sequences 

contribute to a large proportion of plant genomes, they were believed to be 

transcriptionally silent in plant genomes and activated by stresses or radical changes in 

the environment (Grandbastien et al., 1997). Nevertheless, a survey ofpublicly available 

plant ESTs has showed that retrotransposon genes were present at a frequency of one in 

1,000 sequences, and up to 1.75 in 1,000 in grass EST collections (Vicient et al., 2001b). 

The same team reported active transcription of retrotransposon genes in Triticeae, barley 

and oat (Vicient et al., 2001a; Vicient et al., 2001b). 

The fact that those genes have been isolatedfrom SSH libraries means that they 

are either expressed in one cultivar and not the other, or expressed in different amounts in 

young kemels ofthe two cultivars. It is possible that between four and eight days after 

anthesis, cells in young kemels ofboth cultivars are involved in different processes: 

perhaps with Ogle going through amino acid and storage protein metabolism, but Kanota 

implicated in regulation of gene expression and in expression of many transposable 

element-related genes. It is tempting to formulate the hypothesis that those differences in 

gene expression could result in different biochemical composition ofthe mature kemel, 

but another possibility is that after a fixed time following anthesis, Kanota and Ogle are 

not at the same developmental stage, and the expression of genes involved in gene 

expression and signal transduction could simply be a stage preceding the expression of 

storage proteins and carbohydrate metabolism enzymes. 

It is nevertheless likely that genes expressed differentially between Kanota and 

Ogle have specifie functions in conferring distinct phenotypes to both cultivars. It is 

important to notice that 34% of sequences isolated here have homologies to 

uncharacterized plant sequences, and that another 48% have no homology to known 
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sequences, which suggests that our approach was effective for identifying transcripts that 

might encode rare or unknown proteins. As more genes are characterized in other 

organisms, it will be possible to identify a larger number of the genes differentially 

expressed between Kanota and Ogle, and gain a better understanding ofwhat mechanisms 

are involved in each cultivar at this developmental stage. 
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Table 4.1 Summary of unique oat cDNA sequences and contigs obtained from each oftwo reciprocal subtractive suppressive 
hybridization libraries: K_minus_O and O_minus_K 

Total number of contig sequences assembled a 

Number (and percentage) of contig sequences with at least 

one BLAST hit 

Mean length of contig sequences that had at least one BLAST hit 

(in nucleotides) 

Total number of singleton sequences 

Number (and percentage) of singleton sequences with at least 

one BLAST hit 

Mean number of nuc1eotides in singleton sequences that had at least 

one BLAST hit 

Mean length in singleton sequences that had no BLAST hits 

. (in nucleotides) 

a Contigs containing sequences from both libraries were not included. 
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Subtractive suppression hybridization library 

K minus ° ° minus K - - - -

109 86 

82 (75%) 57 (66%) 

570 465 

75 144 

23 (31%) 55 (38.%) 

426 427 

255 . 239 



Table 4.2 Sequence variations and primary BLAST hit of the seven contigs containing sequences from both reciprocal oat subtractive 
suppressive hybridization libraries K _minus _0 and 0_ minus _ K 

Contig narne Number of sequence Distance between sequences a BLAST hit description 

polymorphisms 

SNPs Indels 

ecas115 8 2 4.6 Arabidopsis thaliana clone 3522 5S ribosomal RNA gene 

ecas241 6 0 3.0 Avena strigosa Tyl-copia retrotransposon TAS 1 : GAG, AP and IN 

ecas415 1 0 0.4 Oryza saliva (japonica cultivar-group) cDNA clone:001-104-HOl 

ecas426 30 0 5.3 Hordeum vulgare eIF4E gene, complete sequence. 

ecas434 10 1 4.4 Unknown protein [Oryza saliva (japonica cultivar-group)]. 

ecas485 19 6 6.0 No significant hit 

ecas632 8 1 6.7 No significant hit 

a Number of differences as percentage of total nucleotides 
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Table 4.3 Distribution of contigs or singletons from reciprocal oat subtractive suppressive hybridization libraries K _minus _ 0 and 
o _minus _Kin functional gene categories based on best BLAST hits 

Functional categorya 

rRNA processing 

Cytoskeleton organization and biogenesis 

Storage proteins 

Cellular metabolism 

Gene expression and signal transduction 

Repetitive sequences 

Photosynthesis and photorespiration 

Cell cycle and DNA repair 

Uncharacterized sequences 

No BLASThit 

K minus 0 0 ···_-~-O minus K b 

4(2.1%) 9 (3.9%) 

1 (0.5%) 0(0%) 

0(0%) 6 (2.6%) 

3 (1.6%) 17 (7.3%) 

10 (5.3%) Il (4.7%) 

9 (4.8%) 2 (0.9%) 

0(0%) 5 (2.1 %) 

2(1.1%) 3 (1.3%) 

79 (42.0%) 61 (26.2%) 

80 (42.6%) 119 (51.1 %) 

a Based on annotations ofmatching DNA or protein sequences detected using BLAST (blastn and blastx) 
b The number of sequences fitting each category is followed by the percentage oftotal contigs and singletons (in parentheses). 
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Preface to Chapter 5 

After analysing differences in gene expression arnong Kanota and Ogle, we 

wanted to survey the segregation of the level of expression of sorne of those differentially 

expressed genes. We decided to use rnacroarrays to perform this survey, which required 

sorne optirnization of the protocol and the procedures for data analysis. Chapter 5 presents 

our assessrrient of the reliability of rnacroarray analyses. First, we tested the 

reproducibility of the rnacroarray printing process, then we tried to find a data 

transformation that would reduce the variation related to separate hybridizations, such as 

labelling intensity and exposure tirne as rnuch as possible. 

The rnanuscript will be subrnitted as a technique note to a refereedjoumal, 

coauthored by rnyself, Dr. Nicholas Tinker, Dr. Stephen Molnar and Dr. Diane Mather. 1 

designed the experirnent, performed the laboratory work, the data analysis and prepared 

the rnanuscript. Dr. Nicholas Tinker contributed suggestions and corrected the 

rnanuscript. Dr Stephen Molnar contributed research facilities, suggestions and corrected 

the rnanuscript. Dr. Diane Mather supervised the research, provided equiprnent and 

funding and corrected the rnanuscript. 
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Chapter 5 
Reliability of DNA-macroarray printing and reduction of the effect of 

exposure time on spot intensity readings 

5.1 Summary 

In ari-ay experiments, the quality of the array and the methods used to analyse the 

hybridization data are crucial to obtain meaningful results. In preparation to perform an 

experiment involving DNA macroarrays, we tested the reliability of the macroarray 

printing process. We found that the amount ofDNA spotted on macroarrays using a 96-

pin replicator proved very consistent inside arrays and between replicate arrays. We also 

tested methods of data transformation applicable to data originating from radioactively 

labelled arrays. Subtracting the local background from the signal was found to increase 

the variation between replicate readings, whereas dividing the signal by the intensity of 

the median array background was found to reduce variation due to exposure time. 

5.2 Introduction 

DNA arrays are a powerful tool to study the transcriptional regulation ofhundreds 

to thousands of genes simultaneously, and their use has allowed the investigation of gene 

expression at the level of a cell as well as the level of an organism. A DNA array can be 

defined as a collection of spots on a matrix, each spot containing a specific DNA 

fragment. The evaluation of expression levels with the array technique is based on 

hybridization of nucleic acids, where sequence complementarity leads to the pairing 

between two single-stranded nucleic acid molecules, one ofwhich is immobilized on the 

array and the other labelled so as to be detectable by the experimenter. 

One of the challenges of array experiments is the difficulty of comparing results 

originating from different hybridization events. Several experimental variables make this 

challenging, including differences between arrays due to spotting (or "printing") 

inconsistencies, differences due to the quality of the cDNA, efficiency of the labelling 

reaction and reading of the signal. These sources of variation are not (or unlikely to be) 

related to the genetic variation targeted by the array experiment, and it is therefore 
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important to remove as much of this vari abi lit y as possible from the data to improve the 

accuracy of measurement and to avoid systematic bias. 

When conducting an experiment involving microarrays, it is possible to compare a 

control signal to an experimental signal for each spot (Dudoit and Fridlyand, 2002), but 

this is not the case with macroarrays for which only one labelling signal (usually 

radioactivity) is used. Two common standardization methods used with macroarray data 

are (1) expressing the radioactive signal from each spot as a percentage of the total array 

signal (Petersohn et al., 2001; Weber and Jung, 2002) and (2) expressing spot signal as 

the fold difference to one or more normalization control spots, usually housekeeping 

genes such as actin or ubiquitin (Ji et al., 2003; Zhou et al., 2004). Other normalization 

methods mentioned in the literature but less commonly used for macroarrays are the 

global (or centring) normalization, consisting of a subtraction of the median or mean 

array signal from each spot signal, and the Z score transformation (Cheadle et al., 2003). 

Each of these m€?thods is based on questionable assumptions. Expression of the 

signal as a percentage of the total array signal, centring normalizations and Z score 

transformation aIl assume that most genes on the chip are not differentially expressed and 

that most of the observed variation originates from an "array effect". Therefore, either the 

total signal on an array (percentage of the total), or the array mean or median (centring 

normalization), or the array mean and standard deviation (Z score transformation) are 

considered constant across the cDNA samples tested. These assumptions might not be 

valid in aIl experiments, particularly if a majority of clones spotted on the arrays have 

been pre-selected because they might be differentially expressed between the samples 

tested. Similarly, the common assumption that "housekeeping" genes such as actin make 

good expression level standards is questionable when considering samples from 

genetically distinct individuals. 

In this study, we examined the reliability of the macroarray printing process and 

tested a method of data transformation for data originating from radioactively labelled 

arrays, consisting of dividing the signal by the intensity of the median array background. 
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5.3 Material and methods 

A 96-pin replicator (VP Scientific Inc., San Diego, CA) was used to print two 

replicate arrays (Array 1 and Array 2) on BiodyneB nylon membrane (Pall, East Hills, 

NY). The 864-spot arrays consisted of 96 spots of an undiluted solution of phage Lambda 

DNA labelled by random priming with a_32p, 192 replicate spots of each ofthree 

dilutions (112, 1/4 and 1/8) ofthe same DNA and 192 empty spots (Fig. 5.1). 

Both arrays 1 and 2 were exposed to a phosphor screen (Molecular Dynamics, 

Sunnyvale CA) for 1 h,2 h, 3 h, 4 h, 7 h, 16 h, 20 h and 68 h, and the screens were 

scanned with a Storm TM 840 PhosphorImager™ (Molecular Dynamics, Sunnyvale CA) at 

a resolution of200 !lm. 

The scanned image files were analyzed using GenePix Pro 5.1 software (Axon, 

Union City CA), with the colour selection set to "Rainbow" for visualization of intensity 

levels in artificial colours. The array grid was positioned manually on the image. The area 

for which the signal was measured for each spot was adjusted manually. 

The variables considered for analysis were the spot intensity (I = the average of 

the median signal intensities for aIl replicate spots on an array), as weIl as the spot 

intensity minus the local background (GenePix® Pro 5.0 User's Guide & Tutorial, 2003) 

(I-B = thé average ofthe median signal intensities minus the median surrounding 

background for aIl replicate spots on an array). Correlation coefficients and coefficients 

of variations were calculated for these variables. 

A transformation called IlE was applied by dividing each value of! by the median 

intensity of aIl empty (blank) spots on the array. 

5.4 Results 

5.4.1 Spotting consistency 

Scans of the arrays after different exposure times show a good consistency of the 

amount ofDNA spotted in replicates within arrays (Fig. 5.2). For both 1 and I-B values, 

there was good reproducibility of spot intensity between replicate arrays (Fig. 5.3), 

indicating a good reproducibility of printing between arrays. The correlation coefficients 

between data from Array 1 and Array 2 are high: r = 0.96 for 1 and r = 0.95 for I-B. 
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When coefficients of variation between replicate positions of the negative control 

spots are calculated, the coefficients are much higher (195.0% and above) for I-B (Table 

5.1) than for 1 (between 14.8 and 21.1 %; Table 5.1). For spots containing labeIled DNA, 

coefficients ofvariation ranged from 14.0% to 21.2% for I-B (Table 5.1) and from 9.1 to 

16.5% for 1 (Table 5.1). This indicates that subtraction ofthe background (as evaluated by 

GenePix) increases the variation between replicate spots. Direct intensity readings (1) 

were therefore preferred over I-B. 

5.4.2 Effect of exposure time 

The curves in Fig. 5.4 represent the mean spot intensity for aIl replicate spots of 

both arrays plotted against the concentration of the labelled DNA at different exposure 

times. For the original data (1), the curves corresponding to different array exposure times 

do not coincide. To obtain an evaluation ofthe intensity that is as independent as possible 

from the length of the exposure, it would be desirable to have a transformation that would 

cause the eight curves to coincide. After dividing 1 values by the median background 

value (IlE), aIl eight curves were approximately coincident except for sorne divergence at 

the higher values for the two curves generated from the longest exposure times. 

5.5 Discussion 

We observed a good reproducibility of direct readings of spot intensity arnong 

replicated spots within and across arrays. The variability among replicate readings 

increased when local background intensity was subtracted from spot intensity, probably 

because of the influence of neighbouring spots on the measurement of the local 

background. 

Furthermore, we found that dividing spot intensity by the median background 

intensity seemed to reduce variation due to exposure time, particularly for low and 

moderate radioactive signal intensities. For high signal intensities, bleeding .ofthe 

radioactive signal into the areas designed for background estimation and/or saturation of 

the screens seem to decrease the precision of the intensity as weIl as the estimation of the 

array background. 
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This transfonnation method could also prove useful for the analysis of data from 

experiments other than macroarrays also relying on radioactive hybridization, such as 

Northem or Southem blots, especially when results from different hybridization events 

have to be compared and no other appropriate comparison standard is available. 
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Table 5.1 Coefficients of variation of spot intensity (1) and spot intensity minus the local background (I-B) between replicate spots at 
eight exposure times for arrays printed with a solution of labelled DNA 

Dilution ofthe DNA Exposure time (h) 

solution 1 2 3 4 7 16 20 21 68 

Coefficient of 0 196.0 195.5 196.5 196.0 195.0 196.7 196.7 196.4 197.4 

variation for I-B 1/8 18.7 20.8 16.7 19.9 21.2 16.7 14.7 15.4 18.7 

1/4 17.1 19.0 15.3 17.6 18.9 15.8 14.5 17.1 17.7 

1/2 17.7 19.2 17.3 18.5 17.7 18.7 16.5 20.1 19.0 

1 17.0 18.9 17.2 16.8 17.4 14.4 14.0 16.0 14.7 

Coefficient of 0 21.0 19.6 18.1 19.9 17.9 20.0 17.4 14.8 21.1 

variation for 1 1/8 11.3 13.2 9.9 11.4 12.5 10.5 9.1 11.1 11.4 

1/4 11.7 12.7 10.7 11.8 12.8 10.7 10.1 13.1 12.4 

1/2 14.6 15.3 14.5 15.2 14.5 15.4 13.8 16.5 15.6 

1 15.4 17.0 15.6 15.1 15.6 12.8 12.6 13.9 13.1 
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Figure 5.1 A. Diagram showing the layout used for each of 96 three-by-three blocks of 

printing positions making up an 864-spot array. Within each such three-by-three block, 

seven ofthe nine positions were used for spots of a 32P-Iabeled DNA solution, with that 

solution undiluted in position 1, diluted to 1/2 in positions 2 and 4, diluted to 1/4 in 

positions 6 and 8 and diluted to 1/8 in positions 3 and 7. The remaining positions (5 and 

9) in each block were left empty as negative controls. B. Phosphorimaging scan of an 81-

spot section (nine three-by-three blocks) of an array after 4 h of exposure. 
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Figure 5.2 Phosphorimaging sc ans of arrays printed with dilutions of a labelled DNA 

solution after Ih to 68h of exposure to a phosphor screen. 

75 



.' 

..c 
N 

..c 

..c 
co 
co 

..c 
o 
N 



Figure 5.3 Plot ofreplieate values of! and I-B from two sets ofreplieate arrays (array 1 

and array 2) printed with a solution of labelled DNA, after 16h of exposure of the array to 

a phosphorimaging sere en. The x -axis represents the intensity of spots on array 1, and the 

y-axis the intensity ofthe corresponding spot on array 2. The two c1usters of spots oflow 

intensity (100 and under) correspond to the empty control spots on the array. 
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Figure 5.4 Intensity of signal at eight exposure times for arrays printed with a solution of 

labelled DNA. The x-axis represents the concentration ofthe DNA solution (in dilution 

factors ofthe labelled reaction). The y-axes represent the average intensity (I) and 

average intensity divided by the background (IlE) of spots (average of aIl replicate spots 

from both sets of arrays) 
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Preface to Cbapter 6 

This chapter describes the analysis of gene expression levels in the Kanota x Ogle 

RIL population using macroarrays, and the detection of expression QTLs (eQTLs). A 

large part of the results presented in this chapter covers the statistical analysis ofthe 

experimental data. This is to emphasize the challenges we met in comparing large 

datasets deriving from different experimental events, even though sorne problems were 

partially solved by the data transformation presented in Chapter 5. The clones spotted on 

the macroarray came mainly from libraries K _minus _0 and 0_ minus _ K described in 

Chapter 4, but sorne ofthe PCR-derived clones described in Chapter 3 were also 

included. 

The manuscript will be submitted to a refereed journal, coauthored by myself, Dr. 

Nicholas Tinker, Dr. Stephen Molnar and Dr. Diane Mather. 1 designed the experiment, 

grew the plants, collected the material, designed the macroarrays, carried out the 

hybridizations and the image analysis, analysed the data and prepared the manuscript. Dr. 

Nicholas Tinker contributed to the data analysis, contributed constructive suggestions and 

corrected the manuscript. Dr. Stephen Molnar contributed research facilities, suggestions 

and corrected the manuscript. Dr. Diane Mather supervised the research, provided 

equipment and funding, extensive help with data analysis, contributed detailed and 

constructive suggestions and corrected the manuscript. Phenotypic data from the Kanota x 

Ogle population was provided by Dr. Howard Rines. 
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Chapter 6 
Expression level variations in a population of oat recombinant inbred 

lines 

6.1 Summary 

ln this study, we considered gene expression levels as quantitative traits potentially 

influenced by genetic factors segregating in the Kanota x Ogle oat mapping population. 

We designed a macroarray featuring 288 oat clones, most ofwhich had been isolated 

from a previous experiment designed to capture transcripts that were differentially 

expressed between young kemels ofKanota and Ogle. Two replicate sets ofthese arrays 

were hybridized with cDNA from RILs from the Kanota x Ogle population. Four methods 

of standardizing signal intensity (1) were tested: a Z-score transformation ofl, 1 as a 

percentage of the total array signal, 1 relative to that of an actin gene, and 1 divided by the 

median array background. Division by the median array background gave the best 

concordance between results ofreplicate arrays. With this transformation, 63.9% of 

clones showed a significant variation among cDNA samples, and 33 significant eQTL 

peaks were detected at P < 0.05. Most ofthese eQTLs cluster to one locus on KO linkage 

group 29 _43, constituting an apparent "hot-spot" for the regulation of gene expression. 

6.2 Introduction 

Many phenotypic traits in plants and animaIs exhibit quantitative variation. 

Underlying this variation, there may be genetic and environmental factors interacting via 

complex networks to influence the transcriptome, proteome and metabolome. Despite 

significant progress in knowledge of the physiology, biochemistry and molecular biology 

of plants and animaIs, large gaps remain in our understanding of the path between 

genotype and phenotype. 

Several studies have examined the genetic control of quantitative variation in the 

transcriptome and proteome. This type of analysis was pioneered by Damerval et al. 

(1994), who mapped loci affecting quantitative variation of72 proteins in an F2 

population ofmaize (Zea mays L.). Seventy protein quantity loci (PQLs) were mapped 

for these proteins, and up to 12 chromosomal regions seemed to affect the amounts of 

82 



individual proteins, indicating that the regulatory systems involved might be complex. 

Similar work has been conducted since, based on transcript abundance of a few candidate 

genes at a time using Northem hybridizations (Consoli et al., 2002), or using microarrays 

to investigate thousands of genes simultaneously in fruit fly (Drosophila melanogaster), 

yeast (Saccharomyces cerevisiae), mouse (Mus musculus), maize, Arabidopsis 

(Arabidopsis thaliana L.), human (Homo sapiens) and rat (Rattus norvegicus) (Wayne 

and McIntyre 2002; Schadt et al., 2003; Yvert et al., 2003; Bystrykh et al., 2005; Chesler 

et al., 2005; DeCook et al., 2005; Rubner et al., 2005). Results show that mapping ofloci 

affecting transcript abundance can be a successful strategy for dissecting complex traits 

and identifying candidate genes. By screening microarrays of mouse and maize genes, 

(Schadt et al., 2003) identified significant expression QTLs (eQTLs) for 16% of the 

mouse genes, and 34% ofmaize leaftissue genes tested. 

Few ofthe eQTLs that have been identified co-locate with the map positions ofthe 

genes whose expression levels were considered. This, together with the fact that few 

causative mutations have been identified in candidate genes for human obesity (Chagnon 

et al., 2003), led Pomp et al. (2004) to propose the hypothesis that most genes regulating 

the inheritance of complex traits act in trans on the primary physiological pathways 

involved. Mapping of eQTLs or PQLs might allow us to estimate the chromosomal 

positions and effects ofthese trans-factors. 

Molecular markers have been used to construct genetic maps in many crop species, 

on which genes and QTLs have been positioned (Kearsey and Farquhar, 1998). Plant 

improvement relies on the accumulation of desired alleles for economically important 

traits. As many of those traits exhibit quantitative variation, molecular markers are also 

useful to trace desiiable alleles in segregating populations. 

In oat (Avena sativa L.), molecular marker maps have been established for several 

populations (O'Donoughue et al., 1992; Kianian et al., 1999; Zhu and Kaeppler, 2003a; 

Wight et al., 2003; De Koeyer et al., 2004; Portyanko et al., 2005; Rayapati et al., 2006), 

but the Kanota x Ogle map is currently the most complete (O'Donoughue et al., 1995; 

Wight et al., 2003). QTL studies have been carried out in the populations Kanota x Ogle 

(Kianian et al., 1999; Groh et al., 2001), Kanota x Marion (Kianian et al., 1999 and 2000, 

Groh et al., 2001), Terra x Marion (De Koeyer et al., 2004), Ogle x TAM 0-301 (Rolland 
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et al., 2002) and Ogle x MAM 17-5 (Zhu and Kaepp1er 2003b; Zhu et al., 2003c; Zhu et 

al., 2003d; Zhu et al., 2004). Published QTLs for each population include loci affecting 

yield, plant height, maturity, keme1 morphology and disease resistance, as well as grain 

qua1ity traits such as Iipid, protein and {3-glucan contents (Kianian et al., 1999 and 2000, 

Groh et al., 2001, Wight et al., 2003, Zhu and Kaeppler, 2003b, Zhu et al., 2003c, 2003d 

and 2004, De Koeyer et al., 2004). 

Unfortunately, few genes have yet been positioned on oat maps, making it difficult 

to assess whether candidate genes co-Iocate with QTLs for the corresponding traits. In 

the research reported in Chapter 4 ofthis thesis, clones were obtained for oat genes that 

were differentially expressed between Kanota and Ogle early in kemel development. 

Here, macroarrays featuring those oat clones were used, a10ng with Iabelled cDNA from 

Kanota x Ogle recombinant inbred lines (RILs), to attempt to detect and map eQTLs. 

6.3 Materials and methods 

6.3.1 Plant material and RNA extraction 

The oat cultivars Kanota and Ogle, and a random sample of72 F9:10 RILs derived 

from the Kanota x Ogle population (O'Donoughue et al., 1995, Wight et al., 2003), were 

grown in a growth cabinet (16 h at 20°C, 8 h at 16°C, 16 h oflight) in 13 cm pots, with 

three plants per pot. One pot of each RIL and two replicate pots of each parent were 

placed in a completely randomized arrangement within the cabinet. Each panicle of each 

plant was harvested eight days after its uppennost floret reached anthesis ("yellow anther" 

stage, or stage GRO:0007102 according to the Plant Ontology Consortium 

(http://dev.plantontology.org/docs/growth/growth.htmI)), frozen in Iiquid nitrogen and 

kept at -70°C till processing. Each individual floret (caryopsis, lemma and palea) was 

separated from its rachilla. AlI florets originating from the same pot were poo1ed and 

ground in liquid nitrogen with a mortar and pestle. 

RNA was extracted from 0.5 g offrozen ground tissue using the RNAwiz™ 

isolation reagent (Ambion Inc., Austin, TX), and stored at -70°C in fonnaldehyde until 

further use. 
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6.3.2 Array design and printing 

Two hundred and seven clones were selected from two SSH libraries (K minus 0 
- -

and 0 _minus_K) to represent aIl ofthe non-redundant BLAST hits obtained (see Chapter 

4 of this thesis). Eighty-one clones derived from PCR amplification of oat genomic DNA 

with primers targeting candidate genes encoding proteins involved in kernellipid and 

protein biosynthesis (see Chapter 3) were added. A wheat (Triticum aestivum L.) actin 

clone (GI:22303396) provided by Dr. Therese Ouellet (Agriculture and Agri-Food 

Canada, Ottawa, Canada) was used as an internaI control. A fragment of a gene coding 

for human nebulin, a large actin-binding protein not showing nucleotide homology to any 

known plant gene, was used as an external control (spike). 

Two sets of five 96-weIl plates (sets 1 and 2) were used for PCR amplifications 

and each ofthese sets was later used to print a set of76 864-spot macroarrays. Within 

each set of five plates, one plate was used for the wheat actin clone, with that clone 

assigned to aIl 96 wells of that plate. Similarly, one plate in each set was used for the 

human nebulin clone. The 288 oat clones acting as probes were randomly assigned to the 

288 individual wells ofthe remaining three plates of each set. PCR amplifications were 

conducted using M13 prim ers and 4 pL ofheat-Iysed bacterial culture of the appropriate 

clone in each well. PCR products were denatured by adding one volume of 0.4 N NaOH 

to the reaction after amplification. Five microliters of a concentrated solution of xylene 

cyanol were added to each well as a visual aid for printing. 

A 96-pin replicator (VP Scientific Inc., San Diego, CA) was used to print arrays of 

864 positions onto 10 cm x Il cm Biodyne B membranes (Pall, East Hills, NY). The 864-

position array consisted of 96 three-by-three blocks of nine spots, corresponding to nine 

possible printing positions of the replicator (Fig. 6.1). Of the nine positions, one was left 

blank, one was used to print the 96 replicates of the actin clone, one was used to print the 

96 replicates of the nebulin clone, and six were used to print the oat clones in two 

replicate spots. Thus, there were two sets of76 membranes (sets 1 and 2, corresponding 

to the two sets of 96-well plates) and each membrane contained 96 replicates ofthe 

internaI (actin) control, 96 replicates ofthe external (nebulin) control, 96 replicates ofthe 

negative (blank) control and two replicates of each of288 oat clones. Each nine-position 
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block within each array contained one internaI control, one external control, one negative 

control and two replicates of each of three oat clones. 

Printed arrays were scanned prior to hybridization and printing irregularities 

(incomplete or partial spotting, presence of impurities or scratches on the membrane), 

made visible by the presence ofxylene cyanol, were recorded. 

6.3.3 cDNA synthesis, labelling and hybridization 

For each RIL and for each replicate ofKanota and Ogle, first-strand cDNA was 

synthesized from 2 /lg of total RNA using the Omniscript RT Kit (Qiagen Inc., 

Chatworth, CA). Second-strand synthesis was performed as described by Sambrook and 

Russell (2001). The quality of the cDNA was tested by PCR using primers located in the 

3 t end of an actin gene. The cDNA samples were labelled by random-priming using both 

a_dATp32 and a_dCTp32 (Sambrook and Russell, 2001). Hybridization was performed at 

65 oC as described by Wight et al., (2003) with the following changes: use of a 

hybridization oven and hybridization bottles, with 10 mL ofhybridization buffer and 

addition of a rinse with a solution of 2x SSC buffer (0.3 M NaCI, 0.03 M sodium acetate) 

and 2% (w/v) SDS and addition ofa 30 min wash with a solution ofO.5x SSC and 0.5% 

(w/v) SDS. Each of the cDNA samples was incubated ovemight with one array from each 

set. Hybridized and washed arrays were then exposed to phosphor screens (Molecular 

Dynamics, Sunnyvale CA) until a sharp image was obtained, with as little saturation as 

possible for the stronger spots (2 h to 48 h according to the intensity of the labelling). The 

screens were scanned with a Storm TM 840 PhosphorImager™ (Molecular Dynamics, 

Sunnyvale CA) at a resolution of 200 Jlm. Samples were prepared and arrays hybridized 

in random order. 

6.3.4 Image analysis 

The scanned image files were analyzed using GenePix Pro 5.1 software (Axon, 

Union City CA), with the colour selection set to "Rainbow" for visualization of intensity 

levels in artificial colours. The array grid was positioned manually on the image. The area 

for which the signal was measured for each spot was adjusted manually. Spots presenting 

printing anomalies or high surrounding background were flagged and excluded from 
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further analysis. Pixel intensity data were then exported and manipulated in spreadsheets. 

The GenePix software allows for adjustment of intensity values for local background 

intensity but this adjustment was not used here as it has been found to increase the 

coefficient of variation among replicate spots, probably due to bleeding from 

neighbouring spots (see Chapter 5 ofthis thesis). 

6.3.5 Data analysis 

The variable considered for analysis was median signal intensity (1) of all pixels 

belonging to a given spot. Values of l were averaged over replicate spots on the array. 

Statistical analyses were applied to land to four types oftransformed data: l divided by 

the total array signal including background (liT); the deviation of! from the array mean, 

divided by the standard deviation of the array (1s); l divided by the average intensity of 

actin spots on the array (liA); l divided by the background intensity of the array (IlE) 

where E was derived from the average of all readings originating from blank spots. 

Analysis of variance, t-tests and calculation of correlation coefficients were done 

using PROC GLM, PROC TTEST and PROC CORR of SAS version 8.2 (SAS Institute 

Inc., Cary NC). 

6.3.6 Genetic map 

A linkage map was constructed using G-Mendel Win32 version 0.8b (Holloway 

and Knapp, 1993), based on genotypic data for 286 molecular marker loci from the 

Kanota x Ogle linkage map pub li shed by Wight et al. (2003) and 23 additionalloci that 

had each been scored on the RILs used in this study. In selecting marker loci for inclusion 

on the linkage map, consideration was given to their estimated genomic positions, the 

number oflines on which they had been scored (favouring markers that had been scored 

on at least 48 of the 72 RILs for which expression data were collected) and absence of 

segregation distortion (favouring markers for which the genetic ratio was near 1: 1). The 

map was constructed as described in Wight et al. (2003). In cases where marker order was 

ambiguous, the order was kept consistent with the map published by Wight et al. (2003). 
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6.3.7 QTL mapping 

Analysis was conducted on data from array set 1, array set 2 and the average 

values of the two sets. Simple interval mapping was conducted using NQTL software 

(Tinker and Mather, 1995) with a walking speed of 5 cM and with significance thresholds 

set by permutation to provide expected genome-wide probabilities oftype 1 error of 0.10, 

0.05 and 0.01. One thousand data permutations were performed to set the significance 

thresholds. Phenotypic input files were prepared using a custom-made Perl script and fed 

to NQTL in batch mode. 

Phenotypic data from the Kanota x agIe population as described in Kianian et al. 

(1999 and 2000) and Groh et al. (2001) were provided by Dr. Howard Rines (USDA­

ARS, University of Minnesota, St. Paul, MN) for the following traits: mean kemel width 

as determined by image analysis (Dmin), flow injection analysis (FIA) of j3-glucan 

content, near infrared (NIR) spectroscopy prediction of oil by acid-hydrolysis, groat 

percent of the kemel, kemel plumpness as assessed by image analysis (100*Fshape), 

number of days from planting to 50% panicle emergence, lodging severity and rating for 

presence oftertiary kemels. 

6.4 Results 

6.4.1 Correlation coefficients between replicate arrays 

The overall correlation between corresponding spots on replicate arrays (r) was 

computed across a11288 oat clones and 76 cDNA samples (21,888 values, minus sorne 

missing spots). This overall correlation coefficient was positive but low for 

untransformed 1 values (r = 0.25, P < 0.05) and somewhat higher for each of the four sets 

oftransformed values (r = 0.33 for liT, r = 0.35 for Is, r = 0.42 for liA and r = 0.49 for 

IlE). 

When the correlation coefficients between corresponding spots on the two sets of 

arrays were calculated separately for each of the 76 cDNA samples, the correlation 

coefficients of intensity values between corresponding spots on the two sets of arrays (r 

lines) ranged from 0.04 to 0.64 (P < 0.05 for aIl but one coefficient), with a median 

correlation coefficient of 0.35 (Table 6.1, Fig. 6.2). 
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When the correlations between corresponding spots on the two sets of arrays were 

calculated separately for each ofthe 288 oat clones (r clones), correlation coefficients 

ranged from -0.21 to 0.87 for l, -0.70 to 0.76 for liT, -0.73 to 0.96 for Is, -0.79 to 0.96 for 

liA and -0.47 to 0.88 for IlE. AlI four transformation methods again increased the 

com~lation between the two sets of data. The IlE transformation gave the strongest 

positive correlations (Table 6.2, Fig. 6.3), with 223 of the 288 clones exhibiting 

significant (P < 0.05) positive correlation between the two sets of arrays, compared to 

only 39 for the non-transformed values. Clones showing negative or non-significant 

positive correlations for IlE aIl had low intensity values (mean IlE across the two array 

sets of5.3 or less) (Fig. 6.4). 

6.4.2 Effects of cDNA sample, array set and residual effect 

With the cDNA sample and the array set considered as sources of variation, only 

10.5% of clones showed a significant variation among cDNA samples in a two-way 

ANOV A on untransformed data. AlI four transformations increased the number of clones 

showing a significant effect of the cDNA sample. The highest percentage of significant 

clones (63.9%) was obtained for IlE transformed data, which also gave the highest 

median value ofF (Table 6.3). The IlE transformation method was therefore selected over 

the other three methods for further analysis. 

6.4.3 QTL scans 

Thirty-three significant eQTL peaks were detected based on analysis of averaged 

IlE transformed data, at P < 0.05, and Il ofthese peaks were significant even at P < 0.01. 

Sixteen of these peaks were also detected in analyses of set 1 or set 2 data only, with two 

ofthese detected in both set 1 and set 2. Among those sixteen peaks, 10 peaks had a 

higher ratio oftest statistic by threshold of significance in the averaged data than in either 

of set 1 and set 2. Clones for which a peak significant at P < 0.05 in averaged IlE data was 

detected are listed in Table 6.5. 

Twenty-seven of the 33 significant peaks detected co-Iocated to KO linkage group 

29_43; three co-Iocated to unlinked marker ac06.625, two to unlinked marker UMN11 0, 
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and one to linkage group 6 (for marker and linkage group information see Wight et al., 

2003). 

The eQTLs significant at P < 0.05 explained between 7% and 27% ofthe 

phenotypic variation (Table 6.6), with a median of 19%. One clone 

(comb06J05 _JF557 _ 023 at position G7 _Position2) showed two significant peaks, one on 

linkage group 6 and one at unlinked marker UMNII0. For aB but one peak, Kanota 

contributed the positive allele (Table 6.6). The only peak for which Ogle contributed the 

positive allele was obtained for clone comb06J05 _JF557 _ 023 (array position 

G7 _Position2), and mapped to linkage group 6. 

Among the 33 clones showing a significant TS peaks at P < 0.05 in the averaged 

data, three also showed a significant expression level difference (P < 0.05) between 

parents Kanota and Ogle (Table 6.6). 

When correlations between IlE values for clones showing significant eQTLs at P 

< 0.05 and phenotypic data for the 72 RILs were tested, several weak but significant 

correlations were found. Traits showing significant correlations are mean kemel width (D 

min), length (D max) andplumpness (100*Fshape) as detenilined by image analysis, (3-

glucan content, percentage of groat, test weight, heading date, lodging, and tertiary 

kemels rating (Table 6.7). 

No significant epistatic effect oflinkage group 29_43 on other loci ofthe genome 

was detected for clones showing a prominent peak on that linkage group. 

6.5 Discussion 

The goal ofthis study was to try to identify quantitative trait loci for gene 

expression level in the Kanota x Ogle population. For this purpose, we designed two 

replicate sets of macroarrays featuring 288 oat clones, most of which were selected 

because they were differentially expressed in young kemels ofKanota and Ogle. These 

arrays were hybridized with cDNA from 72 progeny RILs from the Kanota x Ogle 

population. We detected 33 eQTLs at P < 0.05 which is more than twice what could be 

expected by random chance. 
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Number of progeny Zines 

As in most QTL studies the question arose as to how many progeny lines should 

be included, since the procedure, from collecting material to cDNA synthesis and 

Southem hybridization, is labour-intensive and costly. Originally, our experiment 

inc1uded 112lines of the extended Kanota x Ogle RI population (described in Wight et 

al., 2003) and four biological replicates of each parent. As the experiment proceeded, 

samples had to be dropped due to poor RNA or cDNA quality, or weak: 32P-Iabelling 

efficiency, leaving only 72 RILs for eQTL detection. This population size is smaller than 

the 137 lines that have been used for phenotypic QTL studies in Kanota x Ogle (Kianian 

et al., 1999 and 2000, Groh et al., 2001), but similar to the 76 F2-3 maize population used 

for eQTL detection in Schadt et al. (2003), and twice as large as the rodent populations 

used for eQTL detection in Chesler et al., Bystrykh et al. and Hübner et al. (2005) and the 

population of30 A. thaZiana RILs used in DeCook et al. (2005). Nevertheless, the small 

size of the population used in the CUITent study me ans that the power of QTL detection 

was low. The effect of eQTLs on the variation of expression level of the corresponding 

gene, up to 27%, is also probably overestimated (Melchinger et al., 1998). 

Data standardization 

Another challenge this work raised was the choice of a standardization method. It 

was necessary to select a method to standardize the data that would remove as much 

systematic variation among arrays as possible, in order to allow the comparison of data 

originating from different hybridization events. As only one labelling signal (usually 

radioactivity) is used in macroarrays, it is not possible to compare a control signal to an 

experimental signal for each spot, as it is done for microarrays (Dudoit and Fridlyand, 

2002). We reviewed several standardization methods that are commonly used with 

macroarrays and microarray data (see part 5.2 ofthis thesis). Rather than simply adopting 

one of these, we tested three of them: the Z score transformation (ls), signal intensity 

expressed as percent of the total array signal (liT), and an actin gene as an expression 

control (liA). A fourth data transformation consisting of dividing each spot signal by the 

median background ofblank control spots (IlE) was also tested. This transformation do es 

not account for the effect of cDNA sample quality or labelling strength, but we found in a 

91 



previous optimization experiment that it was an effective way to remove the effect of 

differences in array exposure time to phosphorimaging cassettes (see Chapter 5 ofthis 

thesis). 

This last transformation (IlE) was ultimately selected for further analysis of the 

data. It gave the best concordance between replicate array results, the highest correlation 

coefficients and the most clones showing a positive and significant correlation among 

data from the replicate arrays. It is also in the IlE data that the highest percentage of array 

clones showing a significant difference among cDNA samples was obtained. 

Sensitivity of the procedure to capture expression level variations 

The fact that 63.9% of clones showed a significant effect of the cDNA sample 

(Table 6.3) indicates that this proto col is sensitive enough to detect sorne non-random 

variation in gene expression levels. Nevertheless, few clones showed a significant 

difference of expression level between the two parents (Table 6.6 and data not shown). 

This number would have been expected to be high, as about 72% of spots on the array 

(exc1uding control spots) originate from subtractive libraries built to select genes 

differentially expressed between Kanota and Ogle. This low number could be caused by 

the technical difficulty of detecting small changes in expression level of many different 

genes with a protocol based on hybridization, as discussed by Xu (2005). A further factor 

to consider is that hybridization analysis is most sensitive and accurate for the detection 

of transcripts with high abundance, whereas the SSH libraries may have successfully 

isolated many transcripts with low relative abundance. Another possible cause ofthis low 

level of significant differences among the parents is the fact that the t-tests were based on 

only two replicates for each parent, and were therefore not very powerful. The QTL 

analysis has a higher power of detection, as it exploits replications of allelic classes 

among progeny lines (with an expectation of 36 replicates of each parental type among 

the 72 lines). 

Detection of eQTLs 

In this study, gene expression levels have been considered as quantitative traits 

potentially influenced by genetic factors segregating in the Kanota x Ogle population. 
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Previous work in this population has shown that other quantitative traits are affected by 

genetic factors (Kianian et al., 1999 and 2000, Groh et al., 2001), and it is reasonable to 

assume that sorne ofthese traits may be influenced by the regulation oftranscription of 

certain genes. Prior to conducting this experiment, we formulated the hypothesis that 

eQTLs might be found that co-Iocated with other QTLs previously detected in this 

population. These loci might coincide with the actuallocations of the structural genes 

whose expression was quantified, or might be located elsewhere in the genome, acting in 

trans on the level of expression of the studied genes. Knowing the genes whose 

transcription is affected by loci where QTLs and eQTLs co-Iocate could lead to 

hypotheses about genetic mechanisms of QTL effects. However, the eQTLs detected in 

this study are largely independent from the locations of previously detected QTLs. 

Potential reasons that previously detected QTLs are not related to the changes in 

transcriptional activity measured in this experiment are that these changes have little 

influence on the traits that have been measured, or that experiments have not been 

powerful enough to detect coinciding events. The first ofthese explanations seems 

plausible: the growth stage at which transcription levels have been investigated may not 

have a fundamental influence on other quantitative traits (mainly traits of economic 

importance, estimated on mature kemels and plants) that have been studied in this 

population. The issue of experimental power is also important. The parents of this 

population could have many hundreds of genetic differences that are capable of 

influencing transcription, but only sorne of these would be detected. 

Nevertheless, significant correlations have been found between the level of 

expression of several genes and phenotypic data for nine traits measured in the Kanota x 

Ogle RIL population. Only one of these nine traits showed a significant QTL (heading 

date, on linkage group 7 _10_28) when screened over the 72 RIL lines included in this 

study. QTLs for most of these traits have previously been reported based on analysis of a 

larger set oflines from this population (Kianian et al., 1999 and 2000, Groh et al., 2001), 

and might simply not be detectable in this subset of 72 lines. 

A positive correlation between the expression level of a gene and a phenotype 

could indicate that the gene is implicated in regulating the trait, but also that they might 

be influenced by a common genetic factor. It is interesting to notice that the expression of 

93 



an acetyl-CoA carboxylase seems positively correlated to kernel plumpness and 

negatively to kernellength (at P < 0.01). An acetyl-CoA carboxylase gene maps to 

linkage group 11-41, and is linked to a major oil QTL in Kanota x Marion (Kianian et al., 

1999), but also to an overlapping QTL for kernel area (Groh et al., 2001). Those are two 

indications that acetyl-CoA carboxylase might be implicated in the determination of 

kernel shape in oat. 

Co-location of eQTLs on linkage group 29_43 

One eQTL location on linkage group 29_43 was detected more consistently, and 

for more genes than any other. Schadt et al. (2003) reported a similar phenomenon in 

mouse, where eQTLs clustered to seven "eQTL hot-spots". DeCook et al. (2005) 

similarly reported five eQTL hot-spots in a study involving Arabidopsis RILs from a 

Columbia x Landsberg erecta cross, two ofthe hot spots coinciding with QTLs 

influencing shoot regeneration suggesting that sorne ofthe heritable gene expression 

changes observed were related to differences in shoot regeneration efficiency between 

ecotypes. 

Six cDNA clones have been previously mapped to linkage group 29 _ 43 (Wight et 

al., 2003). Two ofthem (UMN360 and UMN856) have similarities to puroindoline (a 

grain softness protein in wheat), and one to a glucosamine-fructose 6-R aminotransferase,. 

an enzyme involved in amino-sugar synthesis and glutamate metabolism. The other three 

clones don't show any homology to identified sequences. Among the 27 clones for which 

an eQTL was detected on group 29 _ 43 one had sequence similarities to an alanine 

aminotransferase, an enzyme involved in amino acid biosynthesis (see Table 6.6). Four 

genes connected to protein biosynthesis seem thus linked to group 29_43, but no QTL 

related to the protein content ofkernels has been detected on that linkage group. 

As 16 of the 33 clones for which an eQTL was detected had no significant 

similarity ta characterized sequences, it is difficult ta establish if other patterns of 

relationship exist among the genes affected by this segregating region. It nevertheless 

seems possible that this region contains one or more transcriptional regulators that affect 

many genes. No majordevelopmental QTL having been found in this region, it is also 

possible that these differences are related ta a genetic event that affects the timing of 
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transcriptional regulation. For example, many recent studies have shown that plant genes 

are regulated in response to circadian rhythms (Blasing et al., 2005; Kim et al., 2005; 

Turner et al., 2005), and it is possible that a single event segregating in Kanota x Ogle 

could affect this timing. 
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Table 6.1 Correlation coefficients calculated to compare data from two replicate sets ofmacroarrays hybridized with cDNA samples 
from 72 RILs from the Kanota x Ogle population. 

r 

r lines 

r clones· 

Description 

General correlations 
between array sets 

Correlation among 
lines 

Correlations among 
clones 

Data sets compared Number of correlation Comments 
coefficients 

Spot intensity from all clones 5 
and for aIl cDNA samples 

Spot intensity from all clones 76 
for each cDNA sample 

Spot intensity for each clone 5 x 288 
across the 76 cDNA samples 
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One correlation coefficient is 
calculated in untransformed data 
and each of the 4 transformation 
methods. 

One correlation coefficient is 
calculated for each cDNA sample 

One correlation coefficient is 
calculated for each clone, in 
untransformed data and each ofthe 
4 transformation methods. 



Table 6.2 Summary of 288 Pearson correlation coefficients (relones, for 288 oat clones) calculated across paired observations from two 
replicate sets of arrays probed with 76 different cDNA samples 

Transformed Simple linear (Pearson) correlation coefficients Percentage of clones for which the correlation was 

variable Minimum Median Maximum positive and significant (P < 0.01) 

l -0.21 0.05 0.87 7.6 

IIT -0.70 0.16 0.76 15.3 

Is -0.73 0.27 0.96 50.7 

IIA -0.79 0.29 0.96 53.1 

IlE -0.47 0.43 0.88 69.4 
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Table 6.3 Effects of cDNA sample and of array set on spot intensity evaluated by two-way ANOV A for each of five variables (spot 
intensity and four transfonnations of spot intensity) 

F values Percentage of clones with significant cDNA sample 

Variable Minimum Median Maximum effect (P < 0.05) 

1 0.71 1.07 3.56 10.7 

IIT 0.64 1.23 6.35 16.5 

Is 0.48 1.53 7.77 53.3 

IIA 0.26 1.11 8.44 28.9 

IlE 0.58 3.05 47.96 63.9 
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Table 6.4 Number of test statistic peaks above significance threshold at P < 0.1, P < 0.05 and P < 0.01, obtained for IlE data from two 
sets of replicate arrays and for the average between the two sets 

Data sets (IlE) 

Common peaks 

between data sets 

Set 1 

Set 2 

Average 

Set 1 and Set 2 

Set 1 and Average 

Set 2 and Average 

Number of significant peaks 

P <0.1 P < 0.05 

30 13 

47 26 

50 33 

5 1 

14 7 

22 10 

99 

P < 0.01 

1 

8 

11 

0 

1 

5 



Table 6.5 Array position, clone name and BLAST hits for clones showing significant peaks at P < 0.05 in averaged IlE data. QTLs for 
expression level were identified across 72 RIL lines of the population Kanota x Ogle for 288 oat clones spotted on macroarrays 

Clone position Clone Name a 

on array 
All_Position3 hipp02A04_JF2l9 _016 

A12 Position2 comb02F19 JF444 076 - -

A12 Position3 hipp02A2l_JF222 _ 095 

A5 Position3 hippo lM02 _JF229 _ 003 

A 7 Position2 comb02D Il JF 444 046 - -

BIO Position3 hipp02H 14 _JF221_ 057 

B3 Positionl combolBll JF427 048 - -

B3 Position3 hipp02C03 _JF222 _ 014 

B6 Positionl combolB18 JF428 079 - -

B8 Positionl combolC04 JF426 014 - -

B9 Position3 hippo2F20 _JF22 1_ 076 

CIl Position2 comb03H13 JF447 057 - -

CIl Position3 hipp02P 18 _JF221_ 065 

Description 

Avena saliva LTR-retrotransposon OARE-l gag-pol pseudogene 
for polyprotein 
Similar to copia-type pol polyprotein [Oryza saliva (japonica cultivar-group)] 

Isoprenoid biosynthesis-like protein [Oryza saliva (japonica cultivar-group)] 

Wheat cold-stressed seedIing cDNA library Triticum aestivum cDNA clone 

Secale cereale DNA for dispersed repeat sequence (R173-2) 

No BLASThit 

Putative 60S RIBOSOMAL PROTEIN L36 
[Oryza sativa (japonica cultivar-group)] gil2ll04629 
Hordeum vulgare sp. vulgare cultivar Morex BAC clone 773k14, 
complete sequence 
Putative pM5 collagenase [Oryza saliva (japonica cultivar-group)] 
gil144952l9 
Epsilonl-COP [Oryza saliva] 

NoBLASThit 

Acetyl-coenzyme A carboxylase [Alopecurus myosuroides] 

Avena saliva isolate Pc68LrkC5 sequence containing retrotransposon 
and repetitive DNA linked to receptor kinase gene 
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Table 6.5 (continued) 
Clone position Clone Name a 

on array 
C5 Position3 hipp02L18 _JF221_ 069 

C8 Position3 hipp02N19 _JF220 _068 

C9 Position1 combo1FOl JF427 011 - -

C9 Position3 hipp02009 _JF222 _033 

DIO Position3 ogle5C03 _JF423 _ 095 

D Il Position 1 combo1G21 JF395 089 - -

D12 Position1 combo1H06 JF428 025 - -

D3 Position3 ogle2E10_JF396_072 

D4 Position2 comb03K08 JF446 022 - -

D9 Position3 ogle4 _ 5H02 _JF422 _ 002 

F5 Position1 comboU11 JF427 040 - -

F9 Position 1 combo1K07 JF395 022 - -

G7 Position2 comb06J05 JF557 023 - -

Description 

Unknownprotein [Oryza sativa (japonica cultivar-group)] gil18873850 

NoBLASThit 

Triticum aestivum FGAS: Library 5 GATE 7 Triticum aestivum cDNA 

No BLASThit 

Avena strigosa DNA for dispersed repeat region, clone As22 

Stromal cell-derived factor 2-like protein 
[Oryza sativa (japonica cultivar-group)] gij37806069 
Alanine aminotransferase [Deschampsia antarctica] 

F7F22.17 [Arabidopsis thaliana] 

NADH-dependent Glutamate Synthase [Oryza sativa] 

Avena sativa receptor-like kinase extracellular domain 
rlk2a13 pseudogene, complete sequence 
Hypothetical protein- Arabidopsis thaliana gil8439892 with similarity to DNA 
repair protein RAD51 homo log 4 (TRAD) from Homo sapiens gi16174940. 
No BLASThit 

Similar to Transposon MAGGY gag and pol gene homologues 
[Oryza sativa (japonica cultivar-group)] 
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Table 6.5 (continued) 
Clone position Clone Name a 

on array 
G7 Position2 combo6J05 JF557 023 - -

G8 Positionl combolN03 JF427 004 - -

Hll Positionl comb02A09 JF429 047 - -

H12 Positionl comb02A19 JF429 080 - -

H3 Positionl combol007 JF395 018 - -

H4 Positionl combolOlO JF426 033 - -

H4 Position2 comb07C20 JF553 054 
- -

Description 

Similar to Transposon MAGGY gag and pol gene homologues 
[Oryza sativa (japonica cultivar-group)] 
No BLASThit 

Expressed protein [Arabidopsis thaliana] 

No BLASThit 

A. vavi/oviana tyl-copia like retrotransposon DNA 

NoBLASThit 

Oryza sativa (japonica cultivar-group) 

a Note about library names: libraries K _minus _ 0 and 0_ minus_ K were originally named Hippopotame and Pamplemousse, which is 

still reflected in the name of the clones. AlI clones with a name starting with Hippo originate from cultivar Kanota, and clones with a 

name starting with Pamp originate from cultivar Ogle. 
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Table 6.6 Clones showing significant QTL effects (P < 0.05) based on transformed hybridization intensity (IlE) of cDNA from 72 RIL 
lines of the Kanota x Ogle oat population. 

Clone Name Parent contributing KO Linkage group TS at peak Estimated QTL effect t value d 

the positive alle1e (% of total phenotypic 
variance) 

hippo2A04_JF219 _016 a Kanota 29 43 21.1 27 -2.46 

combo2F19 JF444 076 Kanota 29 43 18.5 24 1.09 
- -

hippo2A21 JF222 095 a Kanota 29 43 18.6 24 1.82 
- -

hippolM02_JF229 _003 Kanota Unlinked (ac06.625) 13.1 18 -2.21 

combo2D Il JF 444 046 Kanota 29 43 12.4 17 -0.14 
- -

hippo2H14_JF221_057 a Kanota 29 43 12.6 17 0.27 

combo1B11 JF427 048 Kanota 29 43 13.5 18 -0.64 
- -

hippo2C03 _JF222 _014 Kanota 29 43 14.1 19 -0.76 

combolB18 JF428 079 Kanota Unlinked (ac06.625) 4.9 7 -3.15 c 
- -

combolC04 JF426 014 Kanota 29 43 14.5 19 -0.22 - -

hippo2F20 JF221 076 Kanota 29 43 14.1 19 -0.23 
- -

combo3H13 JF447 057 Kanota 29 43 15.6 21 2.73 - -
hippo2P 18 _JF221_ 065 Kanota 29 43 6.0 9 -0.82 

hippo2L 18 _JF221_ 069 Kanota 29 43 16.3 22 -2.08 

hippo2N19 _JF220 _068 Kanota 29 43 14.7 20 -1.44 

combolFOI JF427 011 Kanota 29 43 12.7 17 -1.06 
- -

hippo2009 JF222 033 Kanota 29 43 14.6 20 -1.55 
- -

ogle5C03 JF423 095 Kanota 29 43 18.1 24 0.21 
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Table 6.6 (continued) 

CloneName Parent contributing KO Linkage group TS atpeak Estimated QTL effect t value d 

the positive allele (% of total phenotypic 
variance) 

ogle5C03 _JF423 _095 Kanota 29 43 18.1 24 0.21 

combo1G21 JF395 089 Kanota 29 43 15.9 21 -1.10 
- -

combo1H06 JF428 025 Kanota 29 43 14.0 19 -0.66 
- -

ogle2E 10 _JF396 _ 072 Kanota 29 43 15.5 21 -1.20 

combo3K08 JF446 022 Kanota Unlinked (ac06.625) 9.8 14 1.14 
- -

ogle4_5H02_JF422_002 Kanota 29 43 14 19 -0.62 

combo1J11 JF427 040 Kanota 29 43 13.5 18 -3.59 c 
- -

combo1K07 JF395 022 Kanota 29 43 14.1 19 -4.53 c 
- -

combo6J05 JF557 023 Ogle 6 9.0 13 (24) b -1.61 
- -

combo6J05 JF557 023 Kanota Unlinked (UMNllO) 10.0 14 (24) b -1.61 
- -

combo1N03 JF427 004 Kanota 29 43 14.4 19 -0.69 
- -

combo2A09 JF429 047 Kanota 29 43 14.2 19 -0.46 
- -

combo2A19 JF429 080 Kanota 29 43 12.2 17 -0.62 
- -

combo1007 JF395 018 a Kanota 29 43 14.5 19 -0.46 
- -

combo1010 JF426 033 a Kanota 29 43 17.4 24 -0.01 - -

combo7C20 JF553 054 Kanota Unlinked (UMNllO) 19.3 25 -1.79 

a Peaks appearing in set 1 and set 2 
b Combined effect ofboth QTLs 
C Significant at P < 0.05 
d The t-values result from pooled t-tests for differences in expression levels between Kanota and Ogle for the 33 clones. Each parent 
was represented by two replicate cDNA samples. 
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Table 6.7 Number of environments where significant correlations (P < 0.05) were found between averaged IlE values for clones 
showing significant eQTLs and phenotypic traits in the Kanota x Ogle population (correlation coefficients for each environment are 
shown in parentheses) 

Clone Reading datea Lodging b Tertiary rating C Dmin d Dmax e Fshape f Groat g Protein h ,6-glucan i 

Number of environments 3 3 3 5 5 5 5 5 7 
where trait was measured j 
hippo2A04 _JF219 _ 016 2 1 

(0.29; 0.29) (0.26) 
---------------_ ... _ .. _--

hippo2A21_ JF222 _ 095 1 
(0.25) 

hippo 1M02 _ JF229 ~ 003 1 
(0.38) 

combo lB 11_JF427 _ 048 1 
(0.26) 

~-

hippo2C03 _JF222 _ 014 2 1 1 1 1 2 
(0.32; 0.30) (0.24) ( -0.32) (0.30) (-0.27) (0.32; 0.31) 

------------------------ -- --

combo3R13 JF447 057 3 - -
(0.26; 0.26; 
0.35) 

hippo2L 18_ JF221_ 069 1 
(0.25) 

hippo2N19 _JF220 _068 2 1 1 3 
(0.35; 0.31) (0.45) (0.33) (0.30; -0.25; 

-0.36) 
hippo2009 _JF222 _ 033 2 1 1 1 

-------------
{0.31; 0.27) (0.31) (0.30) (-0.31) 

ogle5C03 _JF423 _ 095 1 
(0.27) 



Table 6.7 (continued) 

Clone Heading datea Lodging b Tertiary rating C Dmin d Dmax e F shape f Groat g Protein h ,6-glucan i 

combolH06 JF428 025 - -

ogle2EIO_JF396_0n 

ogle4_5H02_JF422_002 

combolJll_JF427_040 

combolK07 JF395 022 - -

combolN03 JF427 004 - -

combo2A09 JF429 047 - -

combo 1 007 jF395 _018 

combolOlO JF426 033 - -

1 
(0.26) 

2 
(0.26; 0.25) 

3 
(0.32; 0.31; 
0.27) 

1 
(0.42) 

1 
(0.29) 

a number of days from planting to 50% panicle emergence 
b lodging severity; C rating for presence oftertiary kemels 
d mean kemel width as determined by image analysis 
e mean kemellength as determined by image analysis 
f kemel plumpness as determined by image analysis 
g groat percent of the seed 
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1 
(0.26) 

1 
( -0.27) 

1 
(0.33) 

1 
(0.27) 

1 
(0.27) 

1 
(0.26) 

1 
(0.26) 

1 
(0.25) 

h NIR prediction of protein content 

2 
(0.28; -0.38) 

1 
(-0.32) 

1 
(0.31) 

1 
(0.32) 
1 
(-0.25) 

1 
(0.34) 

i Flow injection analysis (FIA) of {J-glucan 
j Phenotypic data from the Kanota x Ogle population were 
communicated by Dr. Howard Rines (USDA-ARS, University 
of Minnesota, St. Paul, MN) 



Figure 6.1 Diagram showing the layout used for each of 96 three-by-three blocks of 

printing positions making up an 864-spot array. Within each such three-by-three block, 

six of the nine positions were used for two replicate spots of each of three oat clones, with 

positions 1 and 8 used for one clone, positions 2 and 6 used for a second clone and 

positions 3 and 4 used for a third clone. Position 5 of each block was used for a human 

nebulin spot as an external control. Position 7 of each block was used for an actin clone 

spot as an internaI control. Position 9 was Ieft empty as a negative control. 
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Figure 6.2 Distribution of simple linear correlation coefficients for associations between 

spot intensity data oftwo sets of 76 macroarrays among cDNA samples. 
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Figure 6.3 Distributions of simple linear correlation coefficients for associations between 

spot intensity data oftwo sets of 76 macroarrays. Each polygon is the distribution ofthe 

coefficients for 288 oat clones for each offive variables (spot intensity and four 

transformations of spot intensity). 
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Figure 6.4 Scatter plots representing the distribution of correlation coefficients (r) 

between spot intensity data ofthe two sets ofmacroarrays versus the average IlE ofthe 

two replicate spots for each clone on an array. 
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Figure 6.5 Results of QTL mapping of expression levels of selected genes in the 

KanotaJOgle population. The clones selected showed a peak significant at P < 0.05 in the 

average IlE data, and did not map to an unlinked marker. The x-axis represents the 

cumulative genetic distance (in cM) on KO linkage group 29_43. The y-axis represents 

the test statistic divided by the 5% significance threshold obtained after 1000 data 

permutations. 
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Chapter 7 
General Discussion 

Most genetic variability has its source in sequence variation, but it can be 

manifested in the cell in different ways. The first possible manifestation is structural, and 

involves a variation in protein function or performance because of a change in the coding 

DNA level. Structural variability includes alterations of enzyme activityand specificity, 

or changes in protein structure or stability. An extreme case would be the total absence of 

the product of the gene. Structural variability can have repercussions on the proteome and 

metabolome of the cell. A second manifestation of genetic variability would be the 

control of gene expression. The gene products might not differ in their properties, but the 

level or timing of expression might be variable. This includes the control oftranscription, 

as weIl as splicing mechanisms and messenger RNA stability. Recent hypotheses consider 

variations in the regulation of gene expression as the main impact of genetic variability on 

phenotype (see review by Pomp et al., 2004). 

Both types of mechanisms are investigated in the work presented here. The first 

approach, investigating sequence variability at the structural gene level, consisted of 

evaluating sequence variability among cultivars in genes coding for enzymes involved in 

lipid and protein biosynthesis. The second approach was to investigate manifestations of 

genetic variability at the level of gene expression control. Therefore we surveyed genes 

that were differentially expressed between two oat cultivars at a defined development 

stage. Finally, we assessed the variability in levels of expression of genes across a RIL 

population of oat, and identified genome regions influencing those levels. 

One of the outcomes of the study of sequence variability among oat cultivars is the 

identification of SNPs and indels distinguishing cultivars. In the partial gene sequences 

studied here, the average frequency of SNPs and indels was low, similarly to what has 

been observed between cultivars groups of rice. As we did not analyse complete gene 

sequences, the average number of SNPs and indels reported is only an estimate of the 

number of SNPs and indels in the whole gene sequence, and could be lower or higher in 

other regions of the gene. The enzymes and proteins encoded by the studied genes are not 

only involved in storage compound synthesis, but also in several other key cellular 

processes. As variation in the activity ofthese enzymes would result in major effects on 
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the cell or plant, it is not surprising that the co ding regions of these genes are highly 

conserved. Intronic sequences were also conserved among cultivars, and sequence 

variation was mainly limited to SNPs. This would make the design of cultivar-specific 

markers challenging to design. 

Another result of the study of sequence variability among cultivars is that, for the 

eight studied genes the sequences analysed tend to c1uster into groups ofvery c10sely 

related sequences (families) originating from different cultivars, rather than according to 

the cultivar they were obtained from. Sequence variability inside sequence families was 

distinctly lower than among sequences from the same cultivar. For six out ofthe eight 

genes studied, three distinct families were observed, which may correspond to 

homeologous genes originating from the three subgenomes ofhexaploid oat. This could 

be confirmed by c10ning and sequencing the corresponding gene fragments from diploid 

or tetraploid oat. If it is verified that those sequence families correspond to homeologous 

genes, SNPs and indels distinguishing families would allow the design of genome­

specific markers. Those markers would allow the tracking of the expression of 

homeologous versions of the genes across different tissues and developmental stages of 

oat. This would help us understand how each subgenome participates in the development 

and metabolism of diploid, tetraploid or hexaploid oat, and maybe help formulate new 

hypotheses on why polyploidy is common in plants. 

Surveying sequence variability is an easy strategy to implement, as long as the 

target sequence is known. Gene sequences can be obtained by approaches relying on gene 

conservation among related organisms, such as the approach described in Chapter 3. For 

sequence variations affecting gene expression, it would be more difficult to proceed in a 

similar way. In general regulatory sequences such as promoters tend to be less conserved 

among organisms than structural gene sequences (Vikkula et al., 1992). Little is known 

still about sequences influencing gene expression in cis, and even less about those 

influencing gene expression in trans. The effects of genetic diversity acting on gene 

expression are therefore usually evaluated through the differential expression of genes in 

a particular tissue and at a particular developmental stage. One of the many difficulties of 

this type of investigations is the choice of appropriate tissues and stages. Another major 

difficulty is the identification of the genome regions influencing the expression of the 
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target genes. Os regulatory regions can be isolated by methods such as reverse PCR. 

Trans regulatory regions on the other hand can be located anywhere in the genome, and 

there are no direct methods to detect them. One way to identify such regions is to carry 

out a QTL study in a population in which this regulatory factor might segregate, by 

considering the expression levels of the target genes as quantitative traits. 

We chose to carry out our expression level study in young kernels of oat sampled 

eight days after the "yellow anther" stage (stage GRO:0007102 according to the Plant 

Ontology Consortium, http://dev.plantontology.org/docs/growthigrowth.html).This stage 

just precedes the accumulation of storage compounds in the kernel, and we speculated it 

would be an appropriate stage to detect variations in key factors influencing kernel traits 

such as protein and lipid content. In order to increase the chance of observing a 

segregation of expression level in the mapping population, we selected genes that were 

found to be differentially expressed between the two parents of the population. Most of 

the sequences obtained did not correspond to any known genesequence. For other 

sequences it was possible to associate a potential gene and gene function, through the 

annotation of their BLAST hits. Those gene functions seemed to indicate that cells of the 

young kernels ofKanota and Ogle were involved in different metabolic processes at this 

stage of development. Clones specifically expressed in Ogle included clones with 

homology to genes co ding for storage proteins and for products involved in 

photosynthesis and photorespiration. No gene category was exclusive to Kanota, but it 

showed a distinctIy higher number of differentially expressed retrotransposon-related 

sequences. The different patterns of gene expression were reflected in segregation of 

expression in the mapping population: among the 17 clones with BLAST hits for which 

an eQTL was detected, six had homologies to transposable elements, and two to enzymes 

involved in protein biosynthesis (alanine aminotransferase and NADH-dependent 

glutamate synthase). 

A striking result ofthis study is the co-location of nearly 82% ofthe detected 

eQTLs to a single locus on linkage group 29_43. Similar eQTL "hotspots" have been 

reported in mouse and Arabidopsis (Schadt et al., 2003, DeCook et al., 2005). In the 

mouse and Arabidopsis studies, the eQTLs overlapped with QTLs for traits segregating in 

the populations, but the oat linkage group 29_43 does not feature any QTL for the traits 
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that have been evaluated in the Kanota x Ogle population. cDNA clones mapping to this 

linkage group have homologies to puroindolins and an enzyme involved in amino acid 

metabolism, suggesting the involvement of genes on this linkage group in protein 

biosynthesis. 

Nevertheless, the lack of reported QTLs on this linkage group indicates that the 

genetic control exercised by that region do es not have a detectable impact on traits 

evaluated in the Kanota x Ogle population. This was disappointing, as by working with 

young kemels, we were hoping to identify genomic regions affecting traits such as protein 

and lipid content through their effects on the expression of candidate genes. However, it 

is possible that the eQTL on linkage group 29_43 influences one or more phenotypic 

traits that have not yet been evaluated in the population. This again raises the challenge of 

identifying the right stage and tissue to search for genetic variability influencing a 

particular trait, without complete understanding of the biochemical processes and 

developmental steps involved. 

This challenge is particularly strong when dealing with crop plants, for which 

most of the available phenotypic data is for economically important traits affecting 

agricultural productivity and end-use quality. Those traits often do not correspond to 

distinct physiological properties or anatomical characteristics of the organism. A typical 

example is yield: it is the sum of many different properties of the plant, including 

resistance to known or unknown pathogens, efficiency of different metabolic processes, 

amount of resources invested in the organ of agronomic interest, and many more factors. 

Each ofthese "sub-traits" might segregate independently from each other, but the only 

phenotypic data available bulks themall in one complex trait. Evaluating the genetic 

variability at the origin of such composite traits is extremely difficult, mainly because of 

the multitude of weak effects involved. Decomposing sorne traits of economic importance 

in oat and other well-studied crop plants into genetically simpler component-traits would 

allow us to draw more conclusions from work such as that presented in this thesis, and 

help understand the genetic basis of important phenotypes. 
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Chapter 8 
Conclusions 

Sequence variability among cultivars of oat 

Sequences from eight oat genes coding for products involved in lipid and protein 

biosynthesis exhibit low frequencies of SNP and indel polymorphisms among oat 

cultivars (2.85% and 7.87%, respectively). 

Clustering of sequences into gene families 

Across oat cultivars, sequences from eight genes coding for products involved in 

lipid and protein biosynthesis c1uster in families of very c10sely related sequences, often 

in three distinct families. Within-cultivar sequence variability among these families is 

greater than among-cultivar sequence variability within sequence families. Sequence 

variability among homeologous oat sequences is greater than among homologous 

sequences. 

Potential for designing gene-targeted markers 

Single-nuc1eotide and indel polymorphisms among the component genomes of oat 

are frequent enough to support the design ofDNA markers capable of distinguishing 

among gene copies on different genomes. The design of cultivar-specifie markers would 

be more difficult, as only a few among-cultivar SNPs were discovered. 

DifferentiaI gene expression among oat cultivars and Hnes 

Oat cultivars and lines can exhibit differential gene expression in developing 

kemels. In this research, identified gene sequences expressed in developing kemels of 

Ogleoat exhibited homology mainly to genes involved in amino acid and storage protein 

metabolism, whereas identified gene sequences expressed in kemels of Kanota oat 

exhibited homology mainly to sequences implicated in the regulation of gene expression 

and to genes related to transposable elements. Most of the sequences that exhibited 

differential expression between these two cultivars also exhibited significant variation in 

expression among recombinant inbred lines derived from a cross between Kanota and 

Ogle. 
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Transcription of retrotransposons 

Retrotransposons are actively transcribed in young kemels of oat. 

Detection of eQTLs in oat 

A region on linkage group 29_43 of the Kanota x Ogle oat linkage map affects the 

expression level of numerous genes. This eQTL region is a potential "hot spot" for the 

regulation of gene expression in developing kemels of oat. Several individual DNA 

mark ers that have not been assigned to any linkage group in oat are associated with 

expression levels ofindividual sequences. None ofthese eQTLs coincided with 

previously detected QTLs in oat. 

Association of acetyl-CoA carboxylase expression with kernel shape 

The expression of an acetyl-CoA carboxylase gene exhibits a positive association 

with kemel plumpness and a negative association with kemellength. 

Reduction of the effect of exposure time on 32P-Iabelled arrays 

Effects of exposure time on the intensity of signaIs obtained from 32P-Iabelled 

arrays can be reduced by dividing the signal intensity of each individual spots on an array 

by the median background signal intensity of that array. 

123 



Chapter 9 
Contributions to knowledge 

When this project was started, public databases contained only few sequences 

from oat (889 nuc1eotide entries for Avena, and only 720 for Avena sativa in GenBank as 

of 15/11/01). This work contributed 2184 new oat sequences that will be added to public 

databases. 

Arnong those sequences, 1208 are genomic sequences, obtained by PCR 

amplification of genomic DNA from 10 different cultivars of oat with prim ers targeting 

conserved regions of genes involved in lipid and protein biosynthesis pathways. They 

constitute a valuable resource that can be mined for sequence polyrnorphisms, and used to 

design allele specific markers for the study of segregation or transcript expression. 

This is the first report of a multi-gene study of sequence variability arnong 

cultivars of oat. Sequence analysis showed similar levels of sequence variability arnong 

cultivars as has been reported between rice cultivar groups indica andjaponica. 

Phylogenetic analysis showed that sequences c1ustered in farnilies of c1ose1y related 

sequences, and that sequence variability arnong gene families was higher than sequence 

variability among cultivars. This is an important result that explains the difficulty of 

designing cultivar-specific markers in oat. We speculate that these farnilies correspond to 

homeologous versions of the genes originating from the three subgenomes ofhexaploid 

oat. If this is confirrned, the sequence variations among sequence farnilies will be useful 

to design markers specific to homeologous versions of these genes. 

This is the first time differential expression between two oat cultivars has been 

studied. It generated 976 sequences corresponding to cDNA sequences from cultivars 

Kanota and Ogle. Clones were isolated by SSH so that the selected genes were 

differentially expressed between young kemels of the two cultivars. Many of the 

corresponding genes did not have significant homology to known genes or proteins, and 

may represent novel genes that can be characterized more fully in future studies. 

In this work, we report the detection of eQTLs in the Kanota x Ogle mapping 

population. This makes oat one ofthe few plant species, with maize and Arabidopsis, in 

which quantitative gene expression has been mapped. We identified 33 significant eQTLs 
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(P < 0.05). We report the clustering of several eQTLs to a single genomic region; similar 

clustering has been observed in mouse and Arabidopsis. 

This work presents the first comparison of data transformation methods for 

standardizing data originating from different 32_p labelled hybridization events. We report 

a novel data transformation method consisting of dividing signal intensity by the median 

background of the array. This method resulted in the highest degree of correlation 

between replicate arrays. We show that this method also reduces the effect of different 

exposure time on the measure of radioactive signal intensity. 

125 



Chapter 10 
Suggestions for future research 

In this work, l have taken several approaches to examine genetic variation in oat. 

Each of these could be carried further in future research. The work could also be extended 

to examine the impact of the identified genetic variability on the phenotype. Sorne 

suggested extensions of this work are listed below. 

1. The panel oflines and cultivars for which sequence variability was evaluated 

could be extended. This would allow confirmation of the grouping of sequences in 

families, as well as Jhe number ofthese families. Inc1uding diploid and tetraploid oat in 

the panel would allow testing of the hypothesis that the identified sequence families 

correspond to the subgenomes of oat. Of the three families appearing for sorne genes in 

hexaploid oat, only two should appear in tetraploid oat, and only one in diploid oat. 

2. A few cultivar-specifie markers could be derived from the sequence information 

obtained in this work. Additional markers might be obtained from a wider panel of lines. 

3. The eight genes inc1uded in this study could be mapped and their position 

compared to existing QTLs and eQTLs. 

4. Markers that are specifie to sequence families could be designed. If the 

correspondence between sequence families and homeologous genomes is confirmed, 

those markers could be used to map specifie homeologous versions of the genes, and to 

associate the linkage groups on which they map with the corresponding genomes. 

5. The cDNA corresponding to the eight genes studied in Chapter 3 could be 

amplified by RT -PCR and c10ned from different genetic backgrounds of oat, different 

tissues and different developmental stages in order to determine which homeologous 

versions of these genes are transcribed and when they are transcribed. 
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6. In order to understand why the plant tolerates abundant expression of 

retrotransposon-related genes, the expression levels of such genes could be evaluated 

across different genetic backgrounds, different tissues and different developmental stages 

of oat to deterrnine where and when they are expressed, and to understand why sorne 

genotypes tolerate abundant expression of these transcripts. 

7. Genes for which significant eQTLs were detected could be mapped to compare 

their map location with the eQTL location. 

8. The eQTL results obtained through macroarray hybridization could be confirrned 

by Northem hybridization. 

9. Homologous regions corresponding to the eQTL hot-spot on linkage group 29-43 

in other crosses of oat or other cereals could be exarnined by comparative mapping, and 

genes present in this area considered as potential candidate genes influencing gene 

expression. 
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Appendix B: Sequence alignments 

Partial alignments showing examples of nucleotide polymorphisms in oat 

sequences from six ofthe eight genes co ding for products involved in lipid and protein 

biosynthesis, and not featured in Fig. 3.2. Identity to a standard sequence is shown by a 

dot and a missing nucleotide by a hyphen. Each sequence in these alignments is 

designated by the name of the cultivar from which the sequence was obtained, followed 

by a number to designate a particular sequence obtained for that cultivar. Family numbers 

on the left represent sequence families highlighted by the phylogenetic analysis of these 

sequences. Only a limited portion of the total alignment is represented for each gene. 

Only 44 of the 66 oat sequences included in the phylogenetic analysis of acetyl-CoA 

carboxylase are represented. 
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Family1 

Family2 

Family3 

Rice root 

Og1e1 
Da12 
Marionl 
Exeter1 

110 110 120 130 140 150 160 170 180 190 200 

1··· ·1··· ·1··· ·1····1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1····1····1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1·· ··1 
ATCATGCATGAAAGTCTTGTTTGGAAGCAT--AGTACGGAACCTAACCTGACCAAATAGCTCAAGGATCCCAACGGGTTGTGGTAACAAACTTTT-AGTG 

.............................................................. 
G ..................... T ...... AGC ..... CA ...................... G ........ T .. T .. AC .. C .. G ..... T ..... T ... . 
G ..................... T ...... AGC ..... CA ...................... G ........ T .. T .. AC .. C ........ T ..... - ... . 

Hinoat2 G ..................... T ...... AGC ..... CA ........... G .......... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Hinoat4 G ..................... T ...... AGC ..... CA ........... G .......... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Hinoat5 G ..................... T ...... AGC ..... CA ........... G .......... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Dal1 G ..................... T ...... AGC ..... T ....................... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Exeter2 G ..................... T ...... AGC ..... T ....................... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Exeter3 G ..................... T ...... AGC ..... T ....................... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Francis1 G ..................... T ...... AGC ..... T ....................... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Francis2 G ..................... T ...... AGC ..... T ....................... G ........ T .. T .. AC .. C ........ T ..... - ... . 
Hinoatl G ..................... T ...... AGC ..... T ....................... G; ....... T .. T .. AC .. C ........ T ..... - ... . 
Hinoat3 G ..................... T ...... AGC ..... T ....................... G ........ T .. T .. AC .. C ........ T ..... - ... . 
OSJ GATG.CATGC.T.TGG ...... T ... CT.AGC .. C .. CTT ...... AT.TT.T.T ... TT.TGG .. GC.TG .. TA.T.GTATCCTTGT .. TCAA.TT.GC 
OSI GATG.CATGC.T.TGG ...... T ... CT.AGC .. C .. CTT ...... AT.TT.T.T ... TT.TGG .. GC.TG .. TA.T.GTATCCTTGT .. TCAA.TT.GC 

Acyl-carrier protein (part of intron 3) 
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Family 1 

Family2 

Family3 

Rice root 

Dall 
Hinoat2 
Newman 1 

DaI3 

410 420 430 440 450 460 470 480 490 500 

.. ··1····1····1····1····1····1····1····1····1····1····1····1····1····1 .... 1····1····1····1····1·· ··1 
GTCTCACATCGCTGTCAAGTTTTCTGAGATCCAGACCAAGGTTGACAGGCGTTCTGGCAAGGAGATTGAGTCCTTCCCCAAGTTCCTCAAGAACGGTGAT 
... C •........•..•.... C ..•................. C .........•.........•.....................•..........•.... 

•..•..... T ..•.. G ..... CG ..... C .GGT ...•••. A ..••..• A •. A .....••.•.•......• AAGGAG ........••. G ...........• 
Francis1 •...•.... T ..... G •....• G ..... C.GGT ....•.. A. C ..... A .. A .•....•.•.•....... AAGGAG ........... G ..... T ..... . 

DaI2 T .. G •.•.. T .•.•.......• G ..... C.GGT ...•••. A ....... A .. A •.........•...•... AAGGAG ..•..... T .. G .••.. T .•..•• 
Francis2 T .. G ..... T ..... G .•.... G ..... C.GGT ...•... A ....... A .. A .................. AAGGAG ..•.....•.. G •.•.. T ...•.. 
Francis3 T .. G ...•• T ..... G ...... G ..... C.GGT ....... A .•..... A .. A .•................ AAGGAG ........•.. G ••... T ..... C 
Hinoat1 T .. G ..... T ..... G ...... G ..... C.GGT ....... A ..•.... A .. A .••............•.. AAGGAG .......•... G .•... T ..... . 

OSJ 3 1 C •• C ..... T •• C ........• G ..... C.GGT ...•.•. A.C ..... A .. A ..... T ...•.. C.G ... AAGGAG ........•.......•....... 
OSJ 3 2 C .. C ....• T .. C ..•.....• G ..... C.GGT •...... A.C ..... A .. A ..... T •..... C.G •.. AAGGAG .•••........••........•. 
OSJ 3 4 C .. A ••... T .• C .•••..... G ....• C .GGT ....... A.C ..... A .. A •. C ......... C .G ... AAGGAG ...•.......•...........• 
OSJ 3 3 C •• C ...•. T ..•••....... G .••.. C .GGT .•.•... A ....... A .. A ..........•. C .G ... AAGGAG ......•.. T .G ...........• 

Protein elongation factor 1-a (part of exon 2) 
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Family 1 Kanotal 
Kanota2 
Ogle1 
Terra1 
Marion1 
Dall 
Da12 
Da14 
Exeter1 
Exeter2 
Francis4 
Rigodon5 
Hinoatl 
Hinoat2 

Family 2 Hinoat3 
Hinoat4 
Hinoat5 
Hinoat6 

Family 3 Kanota3 
Da13 

370 380 390 400 410 420 430 
.. 1 .... 1·· . ·1··· ·1· ... 1 ... ·1· . ··1· .. ·1· ... 1 .... 1 .... 1 ... ·1····1· .. 
-----------------TGTGCATTGTTCTGAATCACCTGAATCCGTGTCTTTGT--TACAGGAGT 
----------------- .....••••......••....••....••........• -- .. . C •.... 
----------------- · .. . . .. ..... .. .. .... . . . . . . .. .. . .. .. . .. .. .. .. . . . . . . ... . ........ . 
----------------- • ................................................. o •• 

----------------- · ................................................... . 
----------------- ...................................................... 
----------------- · .................................................... . 
----------------- · ................................................... . 
----------------- · .................................................. .. 
----------------- · .................................................. .. 
----------------- ............................................. . 
----------------- .............................................. . 
----------------- · ................................... . 
----------------- · ................................... . 
- - - - - - - - - - -- - - - - - •....•.•.......• G .••.........••... A ... - - ........ . 

----------------- •...••••.....•.. G .••.••.....•.••.• A ..• -- ..•.••.•. 

----------------- •..•.•••...•••.• G ..•....... T .....•...• -- •.•.•.... 
- - - - - - - - - - - - - - - -.- •....•••..•..... G ..••...••..•....••... - - ..••••... 

----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 

Francis1 ----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
Francis2 ----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
Francis3 ----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
Rigodon6 ----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
Hinoat7 ----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
Newman1 ----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
Newman2 

Rice root OSJ 2 
OSJ 3 

----AGCACGCTGCCTTGCATTC ........... G ...... . C . . A.C .. GCAT.ACA.GT.TGA. 
AATTCATGTCAAATTACAAGT.C.GT.CA .... AA .. AGCTGAATT.CATG.C.AAA .. AGTCCTG 
---------tgtatacac.cat.cgccegccgt .. gt.gatcgatcg.ctagcc.ace.tga .. te 

Glutamine synthase (part of intron 9) 
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Family5 

Family 1 

Family2 

Family3 

Family4 

Rice root 

Kanota3 
Kanota4 
KanotaS 
Oglel 
Ogle3 
TerraI 
Marionl 
Marion2 
Dall 
Da13 
Da14 
DalS 
Da16 
DallO 
Exeterl 
Exeter2 
Francisl 
Francis2 
Rigodon2 
Hinoatl 
Hinoat2 
Newmanl 
Newman2 
Marion4 
Marion5 
Da18 
Exeter8 
Da19 
Hinoat3 
Hinoat4 
Kanotal 
Kanota2 
Marion3 
Da17 
Da1l2 
13Dal 

110 120 

.,. ·1··· ·1··· ·1··· ·1·· 
GGTCTGCTTACACGTGAAGATTT 
......••..... C .•...•.•• 
....•..•..... C .....•.•. 
.•.....•••... C .......•• 
....•..••••.. C .....•. C. 
.......•.• , •• C •.......• 
....•........ C ..•...... 
............• C •.••..... 
............. C ..•••..•. 
............. CG ....... . 
...........•. C ........ . 
.......•.•... C ........ . 
............. C .......•. 
.••..• . G ...•. C •••..•..• 
.•..........• C ........ . 
............. C •........ 
............. C ........ . 
............. C ..• G .... . 
............. C ..•.. - .. . 
............ . C ........ . 
.. ' .......... C ........ . 
............. C ........ . 

............. C ........ . 

.. , .......... C ........ . 

............ . C ........ . 

............. C ........• 

............ . C ........• 

.........•.• . C ........• 

600 610 620 630 640 650 860 870 880 890 900 
1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .. · · .. ·1· .. ·1·· .. 1· .. ·1·· .. 1·· .. 1·· .. 1·· .. 1·· .. 1 
CTATGTTGGTGCTGCTACTGTTGAATATCTCTACAGCATGGAGACTGGTGAATACTATT CCAGGTAATAATAATATCATCATAAATTTT-CAGTTTCTGTCTCA 

· ........................... C. - ............. . 

. ..... A .... T .. G ..... C ....... T .G ............. T ...... TC.T ... . T ...•......... C .•..•.....•..•. - ........... C .. 

· ..•.•..................... C .• - ............. . 
.....• C .•........•............•....................•....... . ........................... CAT ............. . 

· .CC •......................... - .G ........... . 
. ............................................... C ......... . 

... . A ..................................................... . · ..... T ....................... - ............. . 

• •••.•.•.•......•..•. G ...•.•. A- ••....•.... C .. 
............•........ G ....... A- ........... A .. 
. .................... G ....... A- ........... C .. 
.........•........... G ....... A- ........... C .. 

T .....................••••....................•. C ..•••..... .......•............. G ....... A- ......•..•. C .. 
............. C......... T ............................................... C.......... . .................... G ....... A- ........... C .. 
.......... --.C ..... T ... T ............................................... C ............................... G ....... A- ........... C .. 
.......... --.C ..... T ... T ..•.•..........•..........•..•••.............•. C ........•...........•.•.•...... G ......• A- ..•......•. C .. 
........ -.--.C ..... T ... T .................................. ' ............ C ............................... G ....... A- ........... C .. 
... AC ..... -- .C ..... T... T ............................. TC ................ C ....... C. . . .................... GA ...... A- ........... C .. 
........ -.--.C ..... T ... T ............................................... C ............................... G ....... A- ........... C .. 
.. , ....... --.C ..... T ... T ............................................... C ............................... G ....... A- ........... C .. 
.......... --.C ..... T ... T ............................................... C.......... . .................... G ....... A- ........... C .. 

ExeterS .......... - - . C ..... T . . . T ............................................... C ......... . • .................... G ....... A- ........... C .. 
Exeter6 .. , .C ..... --.C ..... T ... T ................ A .............................. C ....... C .. . .................... G ...•... A- .........•. C .. 
FrancisS ......... - - - . C ..... T. . . T ............................................... C ......... . • ............•...•... G ...•..• A- •........•. C .. 
Rigodonl .......... - - . C ..... T. .. T ............................................... C ......... . • •.........•.••..•... G ....... A- •..•....... C .. 
NewmanlO .......... --.C ..... T ... T ............................... G ............... C ......... . . ................... TG ....... A- ........... C .. 
Dal11 .......... --.C ..... T ... T ............................................... C ......... . . •............•...... G ..•.... A- ........... C .. 
14Dal .......... --.C ..... T ... TC .............................................. C .............. , ................ G ....... A- ........... C .. 
Newman9 
08J_10 
081_10 

.......... -- .C ..... T... T ................... " ............................ C.......... . .................... G ....... A- ........... C .. 

AA.A.AAA.TTT.T .. G.ATCAG T ..... G ........... A .. A ...... T.G ........... A .. A .. A ............ T .... --TG.C.AT.TCA .. AGT.AC .. GATTG .. GGTGAAAT 
AA.A.AAA.TTT.T .. G.ATCAG G.GG .. GCTGCTACAGTAGAA.ATT.G.ACAGCAT.G.AAC .. GAGAA.ACTATT.TC. AG.TCAG.CGC.TT ... GGAATGG.GCA.GGTG .. GGT.ACGATG 

Acetyl-CoA carboxylase (part of intron 5, exon 6 and exon 7) 
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Family 1 

Family2 

Family 3 

Rice root 

Kanota3 
Terra3 
Francis1 
Francis7 
Francis8 
Newmanl 
Dal3 
Kanota1 
Ogle1 
TerraI 
Terra4 
Dall 
Dal2 
Exeterl 
Exeter3 
Exeter2 
Hinoatl 
Kanota2 

110 120 130 140 150 160 170 180 190 2bo 

... ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· ·1··· .1··· ·1····1 
CAAGTAACATCAGATCAGAGAAGTAGAGAACACCTGCGAAATGTAACATTCTATACGAAAGTGAGCGAAC--------------------------CTTT 
.......................................... o ............ o......... ... --------------------------
..•.••.•• C ••••••••••••••••••.•••.•..•••••••••.••..•..•••••••••••• ;.. --------------------------

... ...... .... ............... . ... ... ....... ...... . ...... .......... ... --------------------------

... .. .... .... ................ ...... ... .... ....... ...... ....... ... ... --------------------------

......... o... ................ ... ... ....... ...... ....... ...... .... ... --------------------------
••••••••••••••••••••••••••••••••••• '" •••••••••••••••••••• o •••• ,. ••• --------------------------

· ....... " ............ G .. C ... C ... - - - . AT ...... A ....... C ... T. G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
· ...................... C ... C ... - - - . AT ...... A ....... C ... T. G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
· ...................... C ... C ... - - - . AT ...... A ....... C ... T. G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
· .... G ................. C ... C ... - - - . AT ...... A ..... C. C ... T. G ............ - - - - - - - - - - - - - - - - - -- - - - - - - - ... . 
· ...................... C ... C ... - - - . AT ...... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
· ...................... C ... C ... - - - . AT ...... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
· ...................... C ... C ... - - - . AT ...... A ....... C ... T. G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
· ...................... C ... C ... --- .AT ...... A ....... C ... T.G ............ -------------------------- ... . 
· ...................... C ... C ... - - - . AT ...... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
· ..... G ................ C ... C ... - -- .AT ...... A ....... C ... T.G ............ -- -7 --- -- - - -- - - -- - -- - - - -- - .••• 

A ............................... A ... T .. G ... A ....... C ... T.G ............ -------------------------- ... . 
Terra2 A ............................... A ... T .. G ... A ....... C ... T.G ............ -------------------------- ... . 
DalS A ............................... A ... T .. G ... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - 7 - - - - - - - - - •••• 

Dal4 A ....... G ....................... A ... T .. G ... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
Exeter4 A ............................... A ... T .. G ... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
ExeterS A ............................... A ... T .. G ... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
Francis2 A ............................... A ... T .. G ... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
Francis3 A ............................... A ... T .. G ... A ....... C ... T.G ............ -------------------------- ... . 
Francis4 A ............................... A ... T .. G ... A ....... C ... T . G ............ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
FrancisS A ............................... A ... T .. G ... A ....... C ... T.G ............ - - -- - -- --- --- - -- - --- --- -- - ... . 
Francis6 A ............................... A ... T .. G ... A ....... C ... T.G ............ -- -- --- --- - -- - -- ---- --- - - - ... . 
Newman2 A ............................... A ... T .. G ... A ....... C ... T.G ............ - - --------- --- ------ --- --- ... . 
Newman3 A ............................... A ... T .. G ... A ....... C ... T .G ............ -- -------- - -- - --- --- - -- --- ... . 
Newman4 A ............................... A ... T .• G ... A ....... C ... T.G ............ -- -------- --- - --- --- - -- --- ... . 
NewmanS A ............................... A ... T .. G ... A ....... C ... T.G ............ -- -------- - --- ------ ------ ... . 
N ewman6 A ............................... A ... T .. G ... A ....... C ... T . G ... C ........ - - - - - - - - - - - - - - - - - - - - - - - - - - ... . 
Newman7 
OSJ_4 
OSI_4 
OSJ 6 

A ............................ G .. A ... T .. G ... A ....... C ... T.G ............ -- --------- -- - --- --- --- -- - ... . 
G ... A .... AGCC .. A .... G.AG.C.ACTACAAATT.GC.CT.TC ..... A.A.GA.TTTATG.AATG.CATGTTGTAGATGAAAATGTGCAAAC ... C 
G ... A .... AGCC .. A .... G.AG.C.ACTACAAATT.GC.CT.TC ..... A.A.GA.TTTATG.AATG.CATGTTGTAGATGCAAATGTGCAAAC ... C 
G.TTGT.TTAGGA.GGCA.TGTA ... TCTC.TTGAATTTGGA.GT.A.ACAC ... A.G .. CAT.AAAGCAC------------------------- ... G 

B-ketoacyl-ACP synthase 1 (part of intron 6) 
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10 20 30 40 50 60 70 80 90 
100 

.... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / .... / 
Family1 Kanota1 TTATAGTCTATAGGGTATTACAATGCAATTTGTTTTATTACAGGCATGGAAGTGTTGGGTGGTGTGACATTCTATTATGCAAAATCTTTCTGCCATTTCT 

Rigodon4 AC ................................ G ...................... , ........ G ....... A ........................ . 
Family2 Exeter2 GC ....... G.T ..... AG ............... G ............................... G ....... A.T ...... G ..... -----------

Franc i s 1 GC ....... G . T ..... AG ............... G ............................... G ....... A. T ...... G ..... - - - - - - - - - - -
Franc i s 3 GC ....... G . T ..... AG ............... G ............................... G ....... A. T ...... G ...... - - - - - - - - - -
Hinoa t 1 GC ....... G . T ..... AG ............... G ............................... G ....... A. T ...... G ..... - - - - - - - - - - -
Hinoat2 GC ....... G. T ..... AG ............... G ............................... G ....... A. T ...... G ..... - - - - - - - - - --
Rigodon1 GC ....... G . T ..... AG ............... G ............................... G ....... A. T ...... G ..... - - - - - - - - - - -
Rigodon2 GC ....... G . T ..... AG ............... GC .............................. G ....... A. T ...... G ..... - - - - - - - - - - -
Rigodon3 GC ....... G . T ..... AG ............... G ............................... G ....... A. T ...... G ..... - - - - - - - - - - -

Family 3 Exe te r 1 GC....... G . T. . . . . AG. . . . . . . . . . . - . . . G. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . G. . . . . . . A . T. . . . . . G. . . . . - - - - - - - - - - -
Francis2 GC ....... G. T ..... AG ........... - ... G ............................... G ....... A. T ...... G ..... -- - -- - - - ---

Rice root OSJ 4 .G.GC ... CCAT.CT .. AGTTGG.TTTCA.A.ACCAT.GTTG .... AAC.T.ATAATTTATA.A.TG .. ACTGTA .. GTGGT.CG.A .. G.A.ACAA .. . 
OSJ PUT .G.GC ... CCAT.CT .. AGTTGG.TTTCA.A.ACCAT.GTTG .... AAC. T.ATAATTTATA.A. TG .. ACTGTA .. GTGGT.CG.A .. G.A.ACAA .. . 
OSI4 .G.GC ... CCAT.CT .. AGTTGG.TTTCA.A.ACCAT.GTTG .... AAC.T.ATAATTTATA.A.TG .. ACTGTA .. GTGGT.CG.A .. G.A.ACAA .. . 

6-ketoacyl-ACP synthase III (part of intron 5) 
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Appendix C: Phylograms 

Phylograms of oat sequences for the six target genes coding for products involved 

in lipid and protein biosynthesis and not feathured in Fig 3.3. Each sequence in these 

alignments is designated by the name of the cultivar from which the sequence was 

obtained, followed by a number to designate a particular sequence obtained for that 

cultivar. Boxes represent sequence families. OSI and OSJ sequences are Oryza saliva 

sequences, respectively from cultivar groups indica andjaponica, used as outgroups. 
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