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ABSTRACT

Abstract

Plant performance is the result of many individual processes which are influenced by
environmental factors. Flowering time and the production of secondary metabolites such as
anthocyanins affect plant performance. These specific and other related traits were
quantified on a new recombinant inbred line population of Arabidopsis thaliana derived
from a cross between Ler (Poland) and Eri-1 (Sweden). Altogether, 110 recombinant
inbred lines were grown under two contrasting environmental scenarios: i) high light
intensity and low temperature (HL4 for High Light 4°C) and ii) commonly used light
intensity and temperature when growing Arabidopsis thaliana in growth chambers. This
allowed us to detect QTL (Quantitative Trait Loci). In addition, Eri-1 accession was
sequenced to obtain polymorphisms between the parental accessions.

Mapped QTL indicated that Ler/Eri-1 variation in flowering time and/or anthocyanin
accumulation is mainly caused by three interacting QTL. One of these QTL is located on
chromosome III and is involved in flowering time in both tested conditions. Selected lines
were phenotyped for validation and fine mapping of this QTL, which lead to the
identification of two closely linked additive QTL. Candidate genes are proposed. Other
QTL is located on chromosome V and is involved in both flowering time and anthocyanin
accumulation under HL4 conditions. The validation and fine mapping lead to the
identification of the gene HUA2, a pre-mRNA processing factor, as being responsible for
flowering time variation observed for this QTL. HUAZ2 has previously been shown to
positively regulate a MADS box gene FLC, which is involved in the regulation of
flowering time. In addition, expression analyses strongly suggest that HUA2 is also
responsible for the variation of anthocyanin accumulation. Finally, in accordance with
epistatic interactions and sequence variation between the parental accessions, we propose a
model that explains how HUA2 could be involved in the regulation of late anthocyanin
biosynthesis genes via the MYB-bHLH-WDA40 transcriptional activation complex in HL4
conditions.

Sequencing accessions of Arabidopsis thaliana has become more accessible, facilitating
the identification of candidate genes for detected QTL, as could be shown in this study.
This project reveals a link between flowering time and secondary metabolism, highlighting
the power of using natural variation to dissect the genetic architecture of responses of

metabolic pathways to environmental scenarios.



ZLUSAMMENFASSUNG

Zusammenfassung

Pflanzenwachstum wird von verschiedensten Stoffwechselprozessen beeinflusst, welche
unter den stindigen Auswirkungen von Umweltfaktoren stehen. Blithzeit und die
Produktion von Sekundidrmetaboliten (z.B. Anthocyane) sind zwei Fakoren, die Einflu}
auf die Ausprigung des Pflanzenwachstums nehmen. Diese beiden und weitere verwandte
Merkmale wurden mit Hilfe einer rekombinanten Inzuchtlinienpopulation von Arabidopsis
thaliana quantitativ erfasst. Die Population stammt aus einer Kreuzung zwischen den
Okotypen Ler (Polen) und Eri-1 (Schweden). Das Wachstum von insgesamt 110
rekombinanten Inzuchtlinien erfolgte in zwei unterschiedlichen Umweltbedingungen: (i) in
Starklicht und niedriger Temperatur (4°C; ,,HL4*) und (ii) unter fir Arabidopsis thaliana
iiblichen Standardbedingungen. Wir waren dadurch in der Lage, verschiedene QTL zu
detektieren. Um Polymorphismen zwischen den elterlichen Linien bestimmen zu konnen,
wurde eine vollstindige Sequenzierung der Linie Eri-1 durchgefiihrt.

Durch die Kartierung der QTL fanden wir Hinweise, dass die beobachteten Unterschiede
zwischen Ler/Eri-1 in Blithzeit und/oder Anthocyangehalt vorwiegend durch drei
interagierende QTL hervorgerufen werden. Ein auf Chromosom III liegendes QTL nimmt
Einfluss auf die Bliihzeit in beiden Umweltbedingungen. Um dieses QTL zu validieren und
genauer zu kartieren, erfolgte eine Phédnotypisierung ausgewihlter Nachkommen. Dieses
fithrte zur Identifizierung von zwei nah beieinander liegenden, additiven QTL. Es werden
verschiedene Gene vorgestellt, die dem QTL Effekt zu Grunde liegen konnten. Ein
weiteres, auf Chromosom V lokalisierter QTL, nimmt Einfluss auf die Bliihzeit und den
Anthocyangehalt unter HL4 Bedingungen. Innerhalb diesem QTL konnte im Verlauf des
Validierungsprozesses und der genaueren Kartierung das Gen HUA2 als genetische
Grundlage fiir die unterschiedlichen Bliihzeiten identifiziert werden.

Es ist bekannt, dass HUA2, ein pra-mRNA prozessierender Faktor, eine positive
Regulierung des MADS-Box Gens FLC bewirkt, welches seinerseits FEinfluss auf
Bliihzeiten nimmt. Zudem haben Expressionsanalysen gezeigt, dass HUA2 in direktem
Zusammenhang mit dem Anthocyangehalt steht. In Ubereinstimmung mit epistatischen
Interaktionen und Sequenzunterschieden zwischen den parentalen Linien stellen wir ein
Modell vor, in dem HUA2 die Regulation der spiten Biosynthese von Anthocyanen,
abhingig vom MYB-bHLH-WD40 Transkriptionsaktivierungskomplex unter HL4

Bedingungen, beeinflusst. Sowohl die stindig steigende Menge an Sequenzinformation
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ZLUSAMMENFASSUNG

tiber Arabidopsis thaliana, als auch die vereinfachte Durchfiihrbarkeit von neuen
Sequenzierungen, sowie der kostengiinstige Zugang zu Sequenzierungsplattformen,
erleichtert, wie auch in dieser Arbeit, die Identifizierung von kausalen Genen innerhalb
eines ermittelten QTL. Die innerhalb dieser Arbeit vorgestellte Verbindung zwischen
Bliihzeit und Sekundirstoffwechsel veranschaulicht in welcher Weise die natiirliche
Variation innerhalb einer Spezies genutzt werden kann, um genetische Strukturen zu
erforschen. Die genetische Vielfalt ist vor allem vor dem Hintergrund der Plastizitit von
Stoffwechselwegen wichtig, die Einfluss auf das Pflanzenwachstum in unterschiedlichen

Umweltbedingungen haben.
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Chapter 1 INTRODUCTION

I. Introduction

I.1. Plant performance determinisms

Plant performance is not the result of a single parameter, but of the co-operation of many
components. In plants, the performance can be defined as the result of primary production
like carbon fixation, mineral uptake and photosynthesis followed by allocation, storage and
use of the produced assimilates. An important output of plant performance is its fitness,
usually measured as its capacity to produce numerous and viable seeds. To optimize all the
above mentioned processes and to increase fitness of a plant, the transition from the
vegetative growth phase to the reproductive phase has to occur at the most suitable time
(Koornneef et al. 2004, Ehrenreich and Purrugganan 2006). Indeed, one way of regulating
and controlling fitness of a plant is the timing of flowering. Appraising the right moment to
flower at the time when plants developed the optimal quantity of sources, can increase the
number of seeds. Due to the connection between source and sink organs during flowering
time, this trait can be quantified as one of the key traits for the estimation of plant
performance.

The capability of plants to reproduce depends on many other different processes occurring
during their life cycle. One important component that significantly affects plant
performance is growth during the vegetative phase. Plant growth can be affected mainly at
three levels: Firstly, at cellular level where growth can be quantified by cell proliferation
and/or cell expansion (Qi and John 2007). Secondly, plant growth can be measured at
organ level (Reymond et al. 2003). Plant organs like roots, leaves and flowers grow to
reach specific sizes and shapes that are dictated by the plants genotype and the identity of
the organ. All organs contribute to plant growth and can also be estimated at the whole
plant level. This includes plant size and architecture of the plant. The architecture of a
plant for example can be described by the number, size and shape of the leaves (Pérez-
Pérez et al. 2010). Absolute growth at the organ level is the result of direct relation
between source and sink organs. During the life cycle source-sink transitions of organs
occurs, as well as changes regarding to the sink strength of individual organs. This source
to sink relationship involves many biochemical processes such as photosynthesis.
Photosynthetic efficiency is characterized by building up photosynthates which are mainly
transported as sucrose. Sucrose is relocated to sink organs such as the roots, flowers, fruits

or seeds. Outcome of higher production of carbohydrates is also shown in increased growth
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rate and greater biomass production due to the induce of storage metabolism genes, such as
those of starch biosynthesis (Rook et al. 2006). An increased growth rate is linked to the
development of chlorophylls, a higher density of chlorophylls and light harvesting proteins
in the leaves that support the photosynthetic activity (Labate et al. 2004). Other important
traits of plant performance are time of maturation and time of germination of seeds, as well
as production of secondary metabolites like flavonoids (Willmann et al. 2011, Bentsink et
al. 2010, D" Auria and Gershenzon 2005).

Plant performance can be measured at different levels of organization and by using
different methods. Beside the measurement of growth by estimating the leaf weight/area
etc., biochemical traits related to the chlorophyll content, anthocyanin content, sugar cycles,
enzymatic activities, metabolic profiles and redistribution of carbons into seeds can also be
analyzed. Finally, the measurement of timing of germination, flowering and maturation can
be scored also, in days after sowing (DAS). At the same time point as scoring flowering
time (FT), other related traits can be scored like the number of leaves. In addition, in the
context of growth quantification, FT can also be considered as a growth related trait
because it is significantly correlated with the duration of the vegetative phase (Koornneef

et al. 1991, Pieper et al, 2009).

The values of the above mentioned traits can be influenced by three factors:

- environmental factors
- genetic factors

- the interaction between environmental and genetic factors, usually mentioned as G x E

The influences of these factors are introduced in the next paragraphs.
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1.2. Different factors influence plant performance traits
I.2.A. Response of plant performance to environmental factors and the effects of

oxidative stress

Plants are growing under variable environments and all the traits described above are
modulated under the effect of particular environmental parameters, affecting plant
performance. Environmental factors can be identified as biotic or abiotic factors.

An example of biotic factors influencing performance and fitness of a plant is pathogen
infection. Additionally, herbivores, especially insects, can reduce seed production and
other plant performance related traits. It has been demonstrated that initial herbivore
damage increased levels of chemical, physical and biotic defences. Glucosinolates play an
important role in these plant/biotic interactions as natural pesticides (Burow et al. 2010).
Plants have developed many defending mechanisms against fungal and bacterial infections
which are causing diseases and plant death. An important mechanism preventing bacterial
infection is the hypersensitive response (HR). The response of resistant plants to microbial
pathogens is programmed cell death in which the plant sacrifices a few cells under
infection, restricting pathogen growth into adjacent healthy tissues. The hypersensitive cell
death, the induced programmed cell death is one of the most efficient plant innate
immunity (Greenberg 1996). Several of the features diagnostic for programmed cell death,
such as nuclear condensation, DNA fragmentation and cytoplast shrinkage, have been
observed in plant cells undergoing HR (Lam 2004). Programmed cell death can also be
induced by oxidative stress (He et al. 2011), which is mainly a response to abiotic factors
like strong light intensities and excessive energy levels.

Abiotic factors also play a major role in influencing plant performance. These factors
include many different environmental variables like above mentioned light quantity and
quality, temperature fluctuations, changes in air humidity, drought, CO, availability and
nutrient deficiency. As an example the effect of light on plant development programs is
striking and illustrated by extreme morphological differences between plants grown in the
light (and exhibiting photomorphogenesis) and plants grown in the dark (and exhibiting
skotomorphogenesis). Proper regulation of these two developmental stages is important for
plants to optimize their growth (Casal et al. 2004). Photoperiod, light quality and
temperature are also influencing flowering time (Li et al. 2006, Balasubramanian et al.

2006). Variations in light intensity and quality can decrease the photosynthetic efficiency
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and consequently result in sugar limited conditions that down regulate biosynthetic activity
and thus influence leaf expansion and flowering time. Under high light conditions the
photosynthetic electron flow becomes oversaturated and can adversely affect the
photosynthetic system components like antenna pigments, reaction centres and more (Adir
et al. 2003). Due to the high amount of light energy plants have to deal with photo
inhibition and oxidative stress (Apel and Hirt 2004). As a consequence the accumulation of
reactive oxygen species (ROS) can be in increased. In plants, the link between ROS
production and photosynthetic metabolism are particularly important (Rossel et al. 2002).
Oxidative stress arises from an unbalance in generation and removal of ROS (superoxide,
hydrogen peroxide etc.). It is well known that plants increase the amount of ascorbate and
other antioxidants in order to remove the hydrogen peroxide and avoid cell damage by
ROS (Asada 1999). To build up ascorbate levels, accumulated carbohydrates, particularly
glucose, being the main carbon initial precursor for ascorbate synthesis, is converted to
ascorbate (Foyer and Noctor 2011). The protection process mentioned above is restricted
in cold temperatures. It was suggested by Lokhande et al. (2003) that the ascorbate
peroxidase level is decreased in cold environment even though the light intensity is high.
Additional antioxidants like glutathione and anthocyanin are produced. Anthocyanins play
a key role as ‘light filters” against high light stress. It has been shown that they absorb
more light in the green and yellow wavebands (500-600nm) than green leaves (Neill and
Gould 2002). The light filtering aspect has been indicated many times to reduce
photoinhibition and to accelerate photosynthetic recovery (Hatier and Gould 2009).
Another function has been shown in chilling resistance of the plants (Winkel-Shirley 2001,
Christie et al. 1994, Nozzolillo et al. 2002). The accumulation of anthocyanins in leaves,
shoots and roots is stimulated by various environmental factors. Beside low temperatures
and light stress conditions also biotic stressors lead to an accumulation of anthocyanins
(Chalker-Scott 1999).

Temperature is another environmental factor that plays an important role in plant plasticity
(Alonso Blanco et al. 2005, Alcazar et al. 2009). Low temperature is a major
environmental factor that limits the productivity of a plant. Cold response, the acclimation
of the plant to recent temperature can be also accounted as a trait related to plant
performance. Zhu et al. (2007) provide a snapshot of the complex transcriptional network
that operates under cold stress and changes the expression of hundreds of genes resulting in

the accumulation of protective proteins. Variation of plant performance and its response to
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environmental factors is much more subtly in the wild, where plants carry functional allelic

variants.

1.2.B. Genetic influences on plant performance

As mentioned before, one genotype can respond to a set of environmental factors. But
variation of plant performance can also be observed in the same environmental scenario
when studying a wide range of genotypes. Hence, genetic factors are also involved in the
performance of a plant. Indeed, mutations in genes which are involved in important
pathways can lead to a decrease of fitness and in some cases to extreme phenotypes like
dwarfism. An example for dwarfism in sunflower is dwarf2 (Fambrini et al. 2011), which
is generated by a deletion in the ent-kaurenoic acid oxidasel gene sequence. Mutations can
again react at different levels of plant performance. Mutations at the cellular level mostly
influence the whole plant growth for example the bui/ mutant (Yang et al. 2011) of rice
(Oryza sativa) displayed pleiotropic phenotypes, including bent uppermost internode,
dwarfism, wavy panicle rachis, and enhanced gravitropic response. Cytological
observation with this mutant indicated that the growth defects of buil are caused mainly by

inhibition of cell expansion.

1.2.C. Genetic x Environment interaction affecting plant performance

Plant performance can be affected by a combination of genetic and environmental factors
as explained above. Individual plants do not perform equally in one environment and they
might respond differently to environmental factors. This term is called GXE interaction. In
Prinzenberg et al. (2010) for example, two accessions of Arabidopsis thaliana have been
shown to respond differently to diverse potassium and phosphate levels resulting in a

variation of plant growth.
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1.3. Arabidopsis thaliana
1.3. A. Arabidopsis thaliana: a model plant

Arabidopsis thaliana (later A. thaliana) is a small crucifer with a vegetative growth period
that produces a leafy rosette followed by the bolting of an indeterminate reproductive shoot.
Since approximately two decades A4. thaliana is used as a model plant to analyze different
plant processes on the genetically and molecular basis. The choice of utilizing this plant is
based on its biological characteristics: Small size of the plant (20-25 cm height) makes
cultivation on a large scale in small space and growing many plants at the same time
possible. The short generation time that takes about six weeks from germination to mature
seed (www.arabidopsis.org) and being a self-fertilizer, which can be easily outcrossed are
two more advantages of using A. thaliana for genetic analysis. Another advantage is the
existence of a complete genome sequence (Kaul et al. 2000; Arabidopsis Genome Initiative
(AGI)) and the small genome size (five chromosomes of about 157 mega base pairs (Mbp)
DNA and approximately 30.000 genes (Bennett 2003)) and diploidy which makes it very
suitable for genetic studies. Resources of A. thaliana have been made available (Somerville
and Koornneef 2002) and a huge collection of gene mutations (TAIR -
www.arabidopsis.org) provide possibilities that are rare for higher plants. Natural variation
in this species is also well documented: Accessions of A. thaliana have been collected in
the north hemisphere and are available through stock centres (TAIR —
www.arabidopsis.org). New collections from other regions have recently become available
(Jorgensen and Mauricio 2004, Stenoien et al. 2005, Schmid et al. 2006, Beck et al. 2008,
He et al. 2007, Pic¢ et al. 2008). The complete sequencing of hundreds and soon thousands
of genomes from A. thaliana accessions (Weigel and Mott 2009) makes the analysis of
genome wide annotations of potential functional polymorphisms possible. Also the
availability of new molecular tools like ultra-high resolution microarrays and next
generation sequencing gives more informative input to dissect the genetic bases of traits in
A. thaliana. All molecular tools and biological resources and the two decades of
experiences in working with this plant summarize the attractiveness of 4. thaliana as a

model system (Alonso and Ecker 2006).
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1.3.B. Mutant approach in Arabidopsis thaliana

Continued progress in the area of genomics, new molecular technologies and database
management of the model plant 4. thaliana makes it possible to use a mutant approach for
almost every gene of interest. By comparing phenotypes of wild type and mutants in which
a particular gene is disrupted one can get information on the function of the genes. Among
the whole range of currently usable strategies, forward and reverse genetics are of the most
importance (Richmond and Somerville 2000). In the forward genetics approach, a
distinguished phenotype is observed when screening a population of mutants. The strategy
is to start from this peculiar phenotype to find the gene which encodes for this phenotype.
In the reverse genetic approach, the gene under study is already known and the strategy is
to reveal a variation at the phenotypic level encoded by a mutation of this gene. Reverse
genetics already provided mutants in nearly every gene in A. thaliana (Alonso et al. 2003).
The understanding of plant biology has benefited tremendously from work done with
artificially induced mutants and it still continues to be useful in the identification of gene
function in A. thaliana (Page and Grossniklaus 2002).

Photosynthesis research was mainly based on the isolation of 4. thaliana mutants via
forward genetics (Stitt et al. 2010). Its use was supported by the development of techniques
for chloroplast isolation and gas exchange analysis. Identification of photosynthetic
mutants could be performed by isolating mutants with alteration in photosynthetic
performance. The most common mutation is based on alteration in pigmentation and
chlorophyll fluorescence parameters (Meurer et al. 1998). Nevertheless, it is known that
mutations affecting photosynthesis do not necessarily have to show strong and obvious
phenotypes.

Seed development has been extensively studied using mutants deficient in various aspects
of this process (McElver et al. 2001). These studies showed that gene functions involved in
plant survival can be identified only partially by induced mutant analyses, where mutants

with reduced fitness are easily selected (Alonso-Blanco et al. 2009).
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I.3.C. Natural variation in Arabidopsis thaliana

Induced mutagenesis has proven to be a powerful tool for discovering the functions of a
gene (see paragraph above). However, there are some limitations in this approach. Genes
with low effect on trait variation or genes with lethal mutations would rarely be detected in
a mutant screen (see above). Furthermore, current mutant collections have typically been
derived from mutagenesis of a limited number of genotypes like laboratory strains such
Col-0 (Columbia) and Ler (Landsberg erecta) or Ws (Wassilevkajia) and C24 accessions
(Koornneef et al. 2011).

Genes with non-functional alleles already present in these accessions could also go
undetected in a mutant screen. Interestingly, even within species, the gene content between
accessions can vary substantially. Clark et al. (2007) showed that approximately 9.4% of
A . thaliana protein coding genes are naturally absent or lost in wild accessions, limiting
the mutant spectra that can be obtained from each accession. One way to solve those
problems is to make use of natural variation as a resource for genetic variation. 4. thaliana
has emerged as a powerful platform to study the genetic bases of naturally occurring
variation for different traits and this approach can be exploited to gain insight into the
control of important processes in plants (Koornneef et al. 2004).

The traits and genes for which natural variation is present differ from induced mutants by
the fact that they have been arisen spontaneously and have been selected by environmental
specificities of local habitats. Adaptation to different environments and thus natural genetic
variation has been found in 4. thaliana for many different traits. The study of A. thaliana
natural variation lead to the identification of hundreds of loci that are responsible for the
variation of an abundance of traits and more than 30 of the underlying genes (Alonso-
Blanco et al. 2009).

A. thaliana is naturalized at many contrasting habitats and shows a broad geographic
distribution among the Northern hemisphere (Al-Shebaz and OKane 2002, Hoffmann
2002). It has a wider climatic amplitude than other well-investigated species of
Brassicaceae and has an impressive latidunal range from 68°N (North Scandinavia) to 0°
(mountains of Tanzania and Kenya) (Koornneef et al. 2004). A habitat from which a
particular plant originates has its own specific environmental conditions. 4. thaliana plants
growing in different environments all over the world have adapted to those individual

habitats. This leads to accessions with different alleles at many loci in the genome.
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More than 750 natural accessions of 4. thaliana collected all over the world are publically
available at seed stock centres. Because these accessions are variable in terms of form,
development and physiology they are useful for analyzing plant performance related traits
and investigating the genetic basis of response to contrasted environments. Taken together,
natural variation provides a relevant complementary resource to discover also novel gene
functions as well as those allelic variants that specifically interact with the genetic
background and/or the environment or show small phenotypic effects particular related to

adaptation (Benfey and Mitchell-Olds 2008).

1.4. Analysis of the genetic and molecular bases of natural variation

1.4.A. QTL analysis and genome wide association mapping

Two sources of genetic variation are used to study the genetic variation of a trait. Observed
genetic variation within species is the result of mutations. In the wild, these mutations
spontaneously occurred and are targets for natural selection. Laboratory induced mutations
result mostly in the disruption of a single allele (monogenic variation). The resulting
phenotype of the obtained mutant is usually easily distinguishable from the wild type.
Distinct phenotypic classes characterise qualitative traits. However, in the wild in most
cases more than one gene is influencing the variation of a specific trait. This results in a
continuous distribution of the trait among the population. In natural variation most of the
variation is quantitative and determined by molecular polymorphisms at multiply loci and
genes (multigenic), which are referred to as quantitative trait loci (QTL) and quantitative
trait genes (QTGs) (Alonso-Blanco et al. 2009). The analysis of the genetic basis of
quantitative traits in populations derived from experimental crosses is known as QTL
analysis, QTL detection is a case of linkage mapping. QTL detection is a powerful
approach being used to characterize the genomic loci involved in the variation of a
quantitative trait. This procedure involves the evaluation of statistical and significant
associations between phenotypic variation and specific alleles at and in between marker
loci. QTL detection is of interest especially for plant performance related traits which are
usually caused by several genes. QTL detection bears, like any statistical test, the risk of
detecting false positives. This is less likely for major QTL than for those of small effects
(Kroymann and Mitchell-Olds 2005). Knowing the number of QTL that explain variation
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in the phenotypic trait reflects the genetic architecture of a trait. The contribution of
genetic factors to the total observed variation between different genotypes is often
expressed as the heritability of a trait. QTL analysis gives also information on the
contribution of each QTL in the observed variance of the studied trait among the studied
population.

The ultimate goal of QTL detection is the identification of the genes harbouring the DNA
sequence polymorphism(s) that cause the detected QTL effects. Quantitative natural
variation controls adaptive strategies to cope with biotic and abiotic factors. The
understanding of quantitative natural variation can provide insights in ecological
mechanisms and the evolutionary history of 4. thaliana (Tonsor et al. 2005, Mitchell-Olds
and Schmitt 2006). In the past five years there have been more than 300 articles published
on the analysis of natural variation of A. thaliana, including more than 30 reviews covering
this source of variation (Alonso-Blanco et al. 2009, Koornneef et al. 2011). Beside QTL
detection these articles deal with genome wide association mapping (GWA), which
involves searching for phenotype-genotype associations in a general population of
individuals whose relatedness is unknown. Thus, it is not restricted like in traditional QTL
mapping to the variation of segregation in a traditional bi-parental population (see below)
and allows searching without a priori for genomic regions that are associated with a trait of
interest in a set of several accessions. Association studies take advantage of the 4. thaliana
genome sequence information and recombination events which accumulated in the long
history of A. thaliana. Moreover, it has been shown to be a powerful approach because of
the increasing availability of natural accessions and high marker density (for instance
250.000 SNP Tilling arrays) to genotype these lines (Kim et al. 2007). Recently, Atwell et
al. (2010) revealed common variants responsible for the variation in 107 phenotypes in a
set of A. thaliana natural accessions. It was the first genome wide association mapping
performed in plants. A disadvantage of GWA is the detection of false positive associations
due to population structure. Statistical methods have been developed to control for
population structure and thus reduce false positives (Atwell et al. 2010, Yu et al. 2006,
Zhao et al. 2007). However, Brachi et al. (2010) introduced the complementary use of
traditional QTL (linkage) mapping in controlled crosses and NILs additional to GWA
mapping, as an alternative to the false positives reducing methods. They show that detected
associations in GWA mapping validated by QTL mapping results enhance the ability to

distinguish true from false associations. An advantage of traditional QTL mapping
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compared to GWA mapping is the identification of rare alleles. Rare alleles would be
diluted in the huge amount of accessions which are required for GWA. For QTL detection
the possibility would be only true, if the accession carrying the rare allele is selected as a

parent for the QTL detection.

1.4.B. Elucidating the genetic basis of a QTL

The genetic analysis of natural variation aims to determine the genetic architecture of
quantitative traits, including estimation of the number of QTL, their position, their relative
and absolute effects, their genetic interactions (QTL x QTL), and their interaction with
environment (QTL x E) (Alonso-Blanco et al. 2006). All this information is given by QTL
analysis. Mainly two things are important to perform QTL mapping: A mapping
population and genotyping of lines of the mapping population. Once a QTL is detected,
further analysis is required to underline the gene(s) which is/are responsible for the effect

of the detected QTL. All this points are developed in the following paragraphs.

1.4.BA. Mapping populations commonly developed to detect QTL

In order to observe segregation of a trait in a population and to define the chromosomal
regions involved in the variation of this trait, mapping populations are developed from
crosses between lines which show either contrasting genotypes or contrasting phenotypes.
Different approaches are commonly used to develop mapping populations. The presence of
genetic recombinant events is the basis of all the mapping populations. These
recombinations commonly occur during meiosis as chromosomal crossovers between
paired chromosomes. This process leads to an offspring having different combinations of
alleles from the parental lines and can produce new chimeric genotypes.

Only two generations are necessary to obtain such a mapping population. Two contrasting
genotypes are crossed to produce F; hybrid plants which are genetically identical and
heterozygous for all the loci of the genome. These F; plants are then selfed in the case of
F, populations or backcrossed with one of the parental line in the case of the backcrossed

(BC) populations. Most of the genetic background remains heterozygous but because of
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the presence of recombination events, the genotype of all the lines obtained differ. This can
lead to variation of the phenotype of the lines for a studied trait. F, and BC populations
have been used for QTL analysis of different traits (Kowalski et al. 1994, Kuittinen et al.
1997, Werner et al. 2005a, reviewed Koornneef 2011). A disadvantage of these early
mapping populations is the remaining heterozygosity, because the lines need to be
genotyped again in every study and the same set of lines cannot be tested in several
environments. This is a big disadvantage for studying GxE interaction in different
environments.

In contrast to the F, and BC populations, recombinant inbred lines (RILs) are homozygous
at almost all the loci in the genome. The main advantage of this homozygosis is that many
identical seeds can be obtained and the phenotype of the lines can be estimated in many
replicates and/or in contrasting environments. This makes these populations the most
commonly used for QTL detection. RILs derive from the F, generation by single seed
descendant and repeated selfing until F;-F;y generation (see Figure 1.1). During this
process, the level of heterozygosity per locus is halved in each generation, which is
resulting in nearly homozygous lines in the Fo/F ;¢ generation. Due to virtual homozygosity
of these lines, the genotype is not changing anymore and the lines can be referred to as
immortal populations. This is a great advantage as it allows the exact same genetic material
to be analyzed multiple times for different traits. Currently more than 60 RILs populations
have been produced in different laboratories, of those 23 A4. thaliana RIL populations are
published until now (reviewed by Koornneef 2011). Since beginning 2011, the used
Ler/Eri-1 RIL population is also publicly available. Recently, also advanced intercross
RILs (AI-RILs) are in use (Balasubramanian et al. 2009). The strategy increases the power
to detect small effect QTL by using an intercross approach before inbreeding.

Another kind of immortal mapping population are Introgression Lines (ILs) which are
obtained through repeated backcrossing and extensive genotyping. They are also named as
Near-Isogenic Lines (NILs) (Monforte and Tanksley 2000). An allele of one parental line
is introgressed into the other parental background (see Figure I1.1). In general,
recombination frequency in RIL populations is higher than the one observed in equally
sized NIL populations, that allows using reduced numbers of individuals in the analyses
(Keurentjes et al. 2007). In contrast to RILs, NILs contain only a single introgression from
one parent into the genetic background of another per line, which increases the power to

detect small effect QTL during QTL mapping. So far in 4. thaliana, there are three
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genome-wide IL-populations published involving the most common laboratory strains

(Keurentjes et al. 2007a, Torjek et al. 2008).

plant

o L AU sz [IF]. Y] -
| !

IIIII Fi — |100 % Heterozygote | BC1F1 I IIII
&
I l®

II!II F2 —— |50 % Heterozygote| - IIIII x IIIII o
®
|
nllll F3 BC2F1 I“II
el ow =

; g : F6
4 & 4 F7 BC2F2 IIIII NIL

R
IIIII nllll IIIII F10—>[1 % Heterozygote]

Figure 1.1: The production and use of recombinant inbred lines (RILs) (A) and near isogenic
lines (NILs) (B). The graphical genotypes of individual plants are depicted for all five
chromosomes of A. thaliana in coloured bars. RILs build by single seed descendant from the
second generation until the F4. NILs are obtained by recurrent backcrossing and selection, Idealy
only at one locus the NIL shows an introgression of a different allele.

1.4.BB. Molecular markers for genotyping mapping populations

To dissect the complexity in genetic involvement of quantitative traits, genotyping the line
of a mapping population by using molecular markers is a crucial step. Once all the lines are
genotyped, a genetic map for the studied population can be build. To detect the allelic
value at particular loci on the genome a lot of different markers are available. Molecular
markers are DNA markers. Several molecular marker techniques are used for genotyping,
such as microsatellites, short sequence length polymorphisms (SSLP), restriction fragment
length polymorphisms (RFLP), cleaved amplified polymorphic sequences (CAPS),
amplified fragment polymorphisms (AFLP): All these techniques are PCR-based and make
use of the polymorphisms occurring between the accessions of A. thaliana. Single

nucleotide polymorphism (SNP) markers experience an increasing popularity for mapping
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because of their frequency appearing in the genome (Delseny et al. 2010).To date, nearly
unlimited numbers of SNP marker can be obtained from resequencing of 876 fragments in
96 accessions (Nordborg et al. 2005) or from almost full genome resequencing of 20
accessions by high-density arrays (Clark et al. 2007, polymorph.weigelworld.org).
Additionally, many others were detected with next generation short read sequencing
(Ossowski et al. 2008, Weigel and Mott 2009, summarized by Koornneef et al 2011). The
accuracy of QTL mapping benefits from high resolution genetic maps of the analysed
populations, which is mainly a function of the number of evenly distributed markers and

the quality of the genotyping (Darvasi and Soller 1994, Charmet 2000).

Table 1.1: Different types of marker systems. The name and designation of the
marker is displayed as well as the appropriate method which is used. The
dominance explains if it is possible to identify heterozygous parts in the mapping

population.
Name Designation Method Dominance
RFLP | Restriction Fragment Length Polymorphisms| PCR +
Southern Blotting CD

RAPD| Randomly Amplified polymorphic DNA PCR (random primers) D
AFLP | Amplified Fragment Length Polymorphism | PCR of adaptor ligated restriction fragments | D
CAPS | Cleaved Amplified Polymorphic Sequences | PCR + restriction digest cb
SSR Single Sequence Repeat cDh

= Microsatellite PCR (specific primers) CD
SSLP | Single Sequence Length Polymorphism cDh
INDEL| Insertion — Deletion Polymorphisms cb
SNP Single Nucleotide Polymorphisms Various methods CD

1.4.BC. Toward the identification of the causal polymorphism(s): QTL validation and

fine mapping

The accuracy of QTL mapping depends on statistical factors such as size of the mapping
population and marker density of the genetic map (Price 2006). However, there is usually a
need for QTL validation and further fine mapping (Paran and Zamir 2003, Weigel and
Nordborg 2005). One common strategy makes use of near isogenic lines (NILs — presented

in L.4.BA. Figure 1.1), which carry an introgression of one genotype in the genetic
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background of the alternative genotype, in the region of the QTL. The trait difference
between those lines should only be due to the QTL effect, as it is the only genetic
differences between them. If the trait difference is significant, the QTL is then validated. A
validated QTL can be further fine mapped to unravel its genetic basis. A QTL region
includes several genes (hundreds) and fine mapping consists of narrowing down the QTL
region. It involves searching for lines with recombinant events within the QTL region. Co-
segregation of the phenotype and genotype variations of a set of distinct recombinant lines
(experimental population) allows the reduction of the size of the studied QTL. Thus, fine
mapping enables to identify the causing genes and nucleotide polymorphisms underlying
the QTL. Detecting polymorphisms and developing markers to perform in the experimental
population is essential for a successful fine mapping. When examined in natural
populations at high density, polymorphisms enable high resolution mapping through
linkage disequilibrium (Kim et al. 2006, Atwell et al. 2010, Brachi et al. 2010, Li et al.
2010). The goal however, is to find the polymorphism which is responsible for the
observed phenotypic variation. GWA studies point sometimes directly to the gene and thus
fine mapping, which is a long lasting procedure, is not required. Among accessions,
polymorphisms of sequences appear at an abundance of about one every 350 bp (Schmid et
al. 2003). Not all these polymorphisms are leading to modifications and most of
polymorphisms present between different accessions are neutral. However, some of them
cause changes in gene function or expression. In detail, null or loss of function mutations
derive from structural nonsense or insertions and deletions (indel) (Alonso-Blanco et al.
2005). Complete gene deletions caused by retro transposition can lead to a loss of function
allele. Missense mutations in coding sequences might produce a change of function allele
which alters protein structure, function or stability and might introduce phenotypic
variation. Polymorphisms in regulatory sequences like indels nearby or in promoter regions
of a gene might on the other hand result in differences in transcriptional efficiency
(Keurentjes et al. 2007, West et al. 2006). Intronic mutations on the other hand, including
insertions of transposons or differential expansion of microsatellite repeated sequences can
also affect the expression of a gene (Sureshkumar et al. 2009). One expects expression
differences or variation in mRNA stability caused by coding sequence polymorphisms,
giving high input to natural variation in A. thaliana (Chen et al. 2005, Keurentjes et al.

2007).

15



Chapter 1 INTRODUCTION

An alternative approach to the marker based fine mapping is the use of microarray
expression data or sequence predictions for highlighting inactivated genes within the QTL
intervals (Roosens et al. 2008, Verbruggen et al. 2009). First demonstrated in induced
mutations in A. thaliana is the use of direct sequencing instead of fine mapping of
segregating populations to identify causative mutations (Schneeberger et al. 2009, Laitinen

et al. 2010, summarized by Bergelson and Roux 2010).

1.4.BD. Candidate genes in QTL region and complementation

Fine mapping of QTL can allow narrowing down the region ideally to a single gene that is
underlying the trait variation. This is not the case in many studies due to a lack of
described polymorphisms and/or available recombinant lines. As a result, fine mapped
QTL regions still contain multiple candidate genes due to the presence of DNA
polymorphisms in genes of the region. As mentioned above, polymorphisms are rather
frequent between natural accessions. In this case, candidate genes are chosen based on
their functional annotation (Alonso-Blanco et al. 2005). However, one final proof to
identify a gene as causal to the QTL effect is required and can be provided by
complementation or allelism tests (Yano 2001, Salvi and Tuberosa 2005). Alleles from
candidate genes in the QTL region can be cloned and transferred into the respective mutant
line of the candidate gene or a line with a different allelic value at the QTL position. If the
gene is responsible for the QTL effect, we will see a change in comparison to the mutant
phenotype that is depended on the dominant nature of the allele. The trait value of the
transformed line will change accordingly in comparison to the mutant phenotype.
Complementation by plant transformation provides a convincing prove for the genetic
basis of the QTL. Another test is the allelism test. A mutant line will be crossed with
different parents to test the effect of the individual allele of each parent.

Once the genes responsible for the phenotypic variation have been described, the challenge
is to explain that their nucleotide polymorphisms are involved in adaptation to particular
environments and might not originate from spontaneous mutations that occurred during
laboratory multiplication (Koornneef et al. 2011). By combining population genetics,

evolutionary genetics with phenotypic studies, the composition of nucleotide variation
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analysed in accession collections has shown potential signatures of natural selection

(Koornneef et al. 2011).

L.5. State of the art concerning genetic determinism of flowering time in A. thaliana

The transition from the vegetative growth phase to the reproductive phase has to occur at
the most suitable time for the plant in order to increase its fitness. When flowering,
resources which accumulated in storage tissues during the vegetative growth phase are
reallocated to the production of seeds. Flowering time is well studied in A. thaliana and
nearly 70 genes involved in the variation of this trait have been identified via analyses of
mutants and natural variation (Koornneef et al. 1998, Simpson and Dean 2002, Boss et al.
2004, Turck et al. 2008). In connection with natural variation flowering time has been
analysed in nearly all A. thaliana mapping populations (Koornneef et al. 2011). A. thaliana
flowering time is regulated by a complex genetic network composed of four main
converging pathways (Roux et al. 2006): Vernalization pathway, photoperiod pathway,
autonomous pathway and gibberellin pathway. These pathways integrate environmental
and physiological factors in order to trigger the transition to flowering at an appropriate
time (Brock et al. 2009).

Two extreme flowering behaviours have been described among A. thaliana accessions
grown in laboratory conditions. These are winter (late) and spring (early) plants which
show strong and weak vernalization responses, respectively (Alonso-Blanco et al. 2009).
Most winter annual genotypes carry active alleles of FRI (Johanson et al. 2000) and FLC
(Michaels and Amasino 1999) interacting genetically to delay flowering time. FRI and
FLC were the first flowering time genes which were identified because of their natural
variation. Natural polymorphisms altering flowering time have been functionally validated
in greenhouse studies for nine flowering time genes: CRY2, FRI, FLC, FLM, HUA2, PHYA,
PHYB, PHYC and PHYD (see Figure 1.2). Interestingly, Weining et al (2002) detected
different QTL in a RIL population grown in natural field conditions than the ones detected
in controlled conditions. In studies of RILs grown in climatic chambers simulating the
natural conditions in Sweden and Spain significant QTL x environment interactions were
found. It gives way to the assumption that the genetic basis of flowering time is very

diverse in laboratory and field conditions (Li et al. 2006, 2010, Brachi et al. 2010).

17



Chapter 1 INTRODUCTION

It has been shown that GWA mapping is a powerful tool for detection of candidate genes
associated with a quantitative trait (Atwell et al. 2010). For 107 phenotypes, the highest
number of significant associations was found for flowering time related phenotypes,
whereas it most likely include a high number of false positives due to a clear geographical
structure in these phenotypes. It has been indicated that flowering time in A4. thaliana
exhibit a latitudinal cline, suggesting that natural selection has shaped flowering time along
a continental range to local climatic conditions (Caicedo et al. 2004, Lempe et al. 2005,
Stinchcombe et al. 2004). This cline most probably interferes with population structure,
which can be corrected by statistical models. Several of the most significant associations
found for flowering time matched with a priori candidates such as FRI and FLC. But also
some candidates like CRY2, FLM, HUA2 or MAF2 were not associated with flowering
time in association studies. All three genes carry rare alleles which are not found in many
accessions. Genome wide association studies fail when they include too few accessions
with functional variant alleles, or if too many of the functional variant alleles are distinct
from each other (Salomé et al. 2011). Increasing the sample size solves the problem like
shown in the study of Li et al. (2010). A new candidate which is emerging from GWA is
DOGI (Bentsink et al. 2006), which was not originally detected to be involved with
flowering, but is highly associated with flowering phenotypes. Variation in environmental
signals reveal new genetic loci associated with flowering time natural variation. For
example, in Brachi et al. (2010) most candidates were related to the circadian clock, thus
revealing a connection to the photoperiod pathway. They also found nine association peaks
(supported by similar QTL results) which were far from candidate genes associated with
natural variation in flowering, suggesting that GWA is beneficial in identifying genes that
have not been previously described as candidates. All studies showing associations with
flowering time and genes (previously not described as flowering related gene), highlight
the importance of analysing flowering behaviours of 4. thaliana in different environments

to get an overview about flowering time natural variation and adaptation.
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The flowering time genetic network.
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Figure 1.2. Flowering time genetic network based on Ehrenreich et al. 2009

I.6. State of the art concerning genetic and molecular determinisms of anthocyanin

accumulation in A. thaliana

Anthocyanins belong to the flavonoid family, consisting of a minimum of 6000 molecules.
Flavonoids are secondary metabolites involved in an abundance of mechanisms in plant
development, stress release and defence (Winkel-Shirley 2001, Lepiniec et al. 2006). They
play a protective role against several abiotic stress factors in A. thaliana. Light (quantity as
well as quality) is the key factor for anthocyanin accumulation. Anthocyanins accumulate
in leaf epidermal cells, where they act as UV-B filters or complex with DNA as protection
from oxidative damage (Sarma and Sharma 1999, Harborne and Williams 2000, Dixon
2005, Dixon et al. 2005, Aron and Kennedy 2008, Albert et al. 2009). In case of high light
they protect the photosynthetic apparatus against excess of light and thus prevent photo
inhibition. Other environmental cues like cold temperature, nutrient deficiency, water
status, wounding and pathogen attacks also lead to an accumulation of anthocyanins
(Christie et al. 1994, Leyva at al. 1995, Zhang et al. 2011, Bhattacharya et al. 2010). As

plants are not able to avoid the stress environments, the production of anthocyanins
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contributes to plant adaptation to these environmental conditions. To date the biosynthesis
of flavonoids and anthocyanins is well studied and described by many research groups
(Holton and Cornish 1995, Winkel-Shirley 2001, Koes et al. 2005). Flavonoids are
synthesized in the cytosol and derive from phenylalanine via the general phenylpropanoid
pathway in multiple enzymatic steps. The biosynthesis genes are divided into two
subgroups, early biosynthetic genes (EBGs) and late biosynthetic genes (LBGs) (Cominelli
et al. 2008; see Figure 1.3). The EBGs are CHS, CHI, F3H, F3'H, which are common to
different flavonoid sub-pathways and the LBGs: DFR, LDOX, ANR and UF3GT. In
A. thaliana, regulation of structural gene expression appears tightly organized in a spatial
and temporal way during plant development. It is organized by a tertiary transcription
factor complex involving a R2R3 MYB factor, a bHLH protein and a WD40 protein
(MBW complex) (Zhang et al. 2003, Cominelli et al. 2008, Gonzalez et al. 2008). The
MBW complex regulates only the LBGs and not EBGs in binding the promoter and
leading to the biosynthesis of anthocyanins. Each subunit of the MBW complex fulfils a
specific function (reviewed in Hichri et al. 2011). The MYB factor binds via its MYB
domain the cis-regulatory elements of the LBGs. The bHLH protein is responsible for the
activation of the target gene expression. Connection between bHLH protein and the MYB
protein and WD40 protein occurs at the MIR motif and WD40 motif, respectively. The
WD40 protein in the MBW complex is responsible for the stabilization of the factor
complex. It is assumed that WD40 proteins involved in anthocyanin content regulation do
not have any catalytic activity like DNA binding or regulation of expression. In A. thaliana
several genes encoding for members from the three transcription factor families are known
to be involved in the regulation of the anthocyanin accumulation. The WD40 protein
stabilizing the MBW complex in 4. thaliana is TTG1 (Walker et al. 1999), which is acting
as a physical link between MYB and bHLH domain (Baudry et al. 2004, Zhao et al. 2008).
The bHLH proteins are represented by TT8, GL3 and EGL3. It has been shown that they
assess redundant roles between each other and all of them bind to TTG1 (verified in yeast
2 hybrid tests — Baudry et al. 2004). The target gene specificity of the complex is conferred
by the MYB factor (Zhang et al. 2003). PAP1/PAP2, TT2 and GL1 are MYB proteins
initiating the anthocyanin or trichome production. There is evidence that the MYB factors
play a major role in the light induction of anthocyanin biosynthesis (Core et al. 1993,
Petroni et al. 2000, Piazza et al. 2002). It is worth noting that until now; only two studies

are dealing with natural variation in anthocyanin production. Both publications (Teng et al.
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2005 and Diaz et al. 2007) detected PAPI as the candidate gene for anthocyanin
production in two different RIL populations. In Teng et al. (2005) sucrose (Suc) induces
PAP1 to build the MBW complex and start the biosynthesis. Sugar is a common regulator
of a number of genes involved in photosynthesis, pathogenesis and anthocyanin
biosynthesis (Rolland et al. 2006, Teng et al. 2005, Solfanelli et al. 2006). It has been
indicated by Loreti et al. (2008) that plant hormones act in concert with sugar in the
presence of light to regulate anthocyanin accumulation. Ethylene has been verified as a
negative regulator of anthocyanin production (Jeong et al. 2010). It acts through the
regulation of MYBL2 and CPC, suppressing anthocyanin accumulation via MBW complex
blocking. Both proteins are R3 MYB factors, which are not able to bind DNA, but still
bind the bHLH transcription factor of the MBW complex. The anthocyanin accumulation
will break up because the MBW is not binding to the promoter of LBGs anymore. Plants
have evolved this positive and negative regulation system, because the accumulation of
anthocyanins involves an investment of energy that may reduce light capture and carbon
assimilation (Das et al. 2011). Therefore a down regulation of the anthocyanin biosynthesis
1S necessary in some environmental scenario. Even if the biosynthesis pathway of
anthocyanin production itself is quite well understood, its regulation is still poorly
understood, and the identification of new transcription factors involved in anthocyanin
biosynthesis should be conducted together with investigation of the parameters controlling

their expression (Hichri et al. 2011).
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Figure 1.3: Based on Grotewold 2006. Flavonoid biosynthetic and
accumulation pathway. Enzymatic steps leading to the major classes of end
products, anthocyanins, proanthocyanidins and flavonols, are presented and
identified with colour boxes. Enzymes are indicated with standard abbreviations in
bold; the encoding genes are indicated in italic and brackets. Abbreviations -
Enzymes: ANR, anthocyanidin reductase; C4H, cinnamate-4-hydroxylase; CHI,
chalcone isomerase; CHS, chalcone synthase; 4CL, 4-coumaryl:CoA-ligase; DFR,
dihydroflavonol 4-reductase; F3H, flavanone 3-hydroxylase; F3'H and F3'5°H,
flavanoid 3’and 3°'5’hydroxylase; FLS, flavonol synthase; GST, glutathione
transferase; LAR, leucoanthocyanidin reductase; LDOX, leucoanthocyanidin
dioxynase (also known as ANS - anthocyanidin synthase); OMT, O-
methyltransferase; PAL, phenylalanine ammonia-lyase; UFGT, UDP flavonoid
glucosyl transferase. Genes: ANL1, ANTHOCYANINLESS1; BAN, BANYLUS; TT,
TRANSPARENT TESTA.
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Figure 1.4: Based on Zhang et al 2003. Regulatory network model
of TTG1 dependent pathways. This reticulated model shows bHLH
and MYB transcriptional regulators that function the TTG1-dependent
pathways. The model illustrates the interactions among the proteins and
genes.
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Thesis aim

Accessions of A. thaliana from different habitats are publically available, offering a pool
of biological samples exhibiting a wide range of responses to environmental factors. The
accessions Ler (Landsberg erecta, from Poland) and Eri-1 (Eringsboda-1, from Sweden)
show variation in their responses of flowering time and anthocyanin accumulation when
grown in high light intensity and low temperature.

The aim of the present study is to decipher the genetic and molecular determinism of the
response of flowering time and anthocyanin accumulation to high light intensity and low
temperature using natural variation in 4. thaliana.

For this purpose, a new mapping population derived from the cross between Ler and Eri-1
was used. The 110 RILs (recombinant inbred lines) were genotyped using evenly
distributed markers along the genome of Arabidopis thaliana and a saturated genetic map
was built. In addition, quantification of flowering time and anthocyanin accumulation in
both conditions was carried out. Variation of phenotypic responses among this new
population allowed detection of QTLs (quantitative trait loci) involved in flowering time
and anthocyanin accumulation in each environment.

I developed and selected suitable lines in order to validate the presence of major detected
QTL. After validation, the QTL was fine mapped in order to reveal the gene(s) which is
(are) responsible for the effect of the detected QTL. Whole genome sequencing of Eri-1
was a crucial step to identify causal polymorphisms and to propose candidate genes. A
candidate gene was identified for one QTL responsible for flowering time under high light
intensity and cold environment. This QTL co-locates with another QTL responsible for
anthocyanin accumulation. Analysis of a loss-of-function mutant of this gene allowed
assessing whether the gene is also responsible for anthocyanin accumulation under this
environmental condition.

Finally, gathering all the results generated in this study in addition to published literature, I
propose a model explaining how anthocyanin accumulation could be regulated at
molecular levels under high light and cold environment in the Ler/Eri-1 mapping

population.
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I1. Materials and Methods

I1.1. Growth conditions and experimental design

Seeds were stratified for 3-5 days on filter paper moistened with demineralised water at
4°C in the dark before being transferred to soil. Stratification breaks dormancy and
synchronizes germination. All plants were grown on a mixture of weak to strong
decomposed bog peat supplemented with perlite and macro nutrients (PRO start, Gebr.
Brill Substrates GmbH & Co.). To investigate responses to environment, two different
growth conditions were set up. In the environment tested first (Figure 11.1.A), referred to as
“Control-CT” environment, the plants were subjected to long-day photoperiod conditions
(16 hours light and 8 hours darkness) provided by fluorescent tubes (Philips F25T8/TL741)
and incandescent light bulbs (regular 25W) with overhead lighting of the growth cabinet
(BBC York Brown Boveri international No: BBC30). Light intensity during the day
showed an average of 100 pmol m™ s™'. Growth cabinet temperature was maintained at
20°C during the day and 18°C during the night (Figure I1.2), and relative air humidity was
maintained at 70%. The second environment is referred as “HL4” (for high light at 4°C). In
this environment, plants were exposed to two environmental constraints: cold temperature
(4°C) and high light stress. In addition to the fluorescent tubes (Philips F25T8/TL741) of
the cold growth cabinet (Rivacold, Montecchio, Italy), four highlight lamps (workshop
MPIPZ) mounted above the trays (see Figure II1.1.B) were added. All the lamps in the
cabinet were set to long-day photoperiod conditions (16 hours light/high light and 8 hours
darkness). Light intensity during the day showed an average of 430 umol m™s™. Due to
heat generated by the high light lamps, the temperature at the level of the plants was
maintained at 11-12°C during the day and at 6-7°C during the night. Relative humidity
ranged between 60 and 70% during the day and between 45 and 50% during the night (see
Figure I11.2). Throughout all experiments positioning of the pots in the growth cabinet were
changed every second day in order to provide equal light distribution. The light intensity in
umol s m™ was determined from averaged values, measured with a light meter (LI-250A,
LI-COR Biosciences, Bad Homburg). Additionally, temperature, light intensity and
relative humidity were measured using a HOBO Data logger (onset® computer
corporation, Pocasset, MA), which was positioned between the plants. The recorded data
was checked every second day (see Figure 11.2). Before being transferred to the HL4, all

plants were subjected to CT condition for 10 days after sowing.
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Figure I.1: Contrasted environmental conditions monitored in different growth cabinets.

A: Control condition; Ten trays with 35 plants each (112 RILs * 3 repetitions + Ler * 7 repetitions +
Eri-1 * 7 repetitions) were growing in long-day photoperiod conditions (16h/8h day/night) at light
intensity of 100 umol m?s” and a cabinet temperature of 20C day/18 T night, 70% relative air
humidity B: HL4 condition; Ten trays with 35 plants each (112RILs * 3 repetitions + Ler * 7
repetitions + Eri-1 * 7 repetitions) were grown in long-day photoperiod conditions (16h/8h day/night)
at a light intensity of 430 umol m?s” and a cabinet temperature at 12C day/7 T night, 70%
relative air humidity during day/ 50% during night.
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I1.2. Plant Material
I1.2.A. Mapping population

For QTL detection, a population of 112 recombinant inbred lines (RILs) was used. These
lines have been generated at Wageningen University (Plant Genetics, Wageningen, the
Netherlands) from a cross between two accessions originating from different geographic
habitats. The Landsberg accession has been collected in western Poland in the Warta river
region (15.23° longitude; 52.74° latitude). Landsberg erecta (Ler) is a selected laboratory
strain (spontaneous mutation) which harbors a mutation in the erecta gene in the
Landsberg genetic background (Torii et al. 1996, van Zanten et al. 2009). This mutant
shows a phenotype with round leaves, short petioles, short pedicels, is 20-22 cm high and
the flowers are clustered at the top of the inflorescence. The Eri-1 accession originates
from Eringsboda in South Sweden (15.35° longitude; 56.43° latitude). Eri-1 has a medium

size rosette and is 42-50 cm in height. The progeny, derived from a cross between Ler and
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Eri-1, was grown through eight generations via self-pollinating, single seed descent
producing nearly homozygous lines. Seeds from the Fy progeny (F( plants) were grown

for QTL experiments.

I1.2.B. Other genetic materials

A Ler line with the wild type HUA?2 allele (Doyle et al. 2005) was provided by Dr. Rick

Amasino, University of Wisconsin, USA.

I1.2.C. Growing Eri-1 for DNA extraction in order to sequence its genome

Eri-1 seeds were sterilized in 1 ml Ethanol 96% for 5 min and with 1 ml sodium
hypochlorite solution 6% supplemented with 0.05% Triton X for 8§ minutes followed by
three washes with sterile water. The accession was grown for 4 weeks under sterile
conditions in MS media (Murashige and Skoog 1962) supplemented with sucrose 0.3%.

The recipe is written below.

1 I MS medium

4.3 g MS salts including vitamins (Duchefa Biochemie, Haarlem, the Netherlands)
0.5 g MES (Sigma-Aldrich, Munich,Germany)

3 g sucrose (Duchefa Biochemie, Haarlem, the Netherlands)

Adjust pH to 5.6-5.8 with KOH 1 N

8 g/L phytoagar (Duchefa Biochemie, Haarlem, the Netherlands)

Autoclave (121°C, 20 min)
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I1.3. Molecular analyses

I1.3.A. Deoxyribonucleic acid extraction

Large scale DNA extraction (plant material in boxes for 96 samples) was performed using
BioSprint 96 workstation (QIAGEN, Hilden, Germany) and BioSprint 96 DNA Plant Kit
according to the manufacturer instructions.

If only a few samples were analysed, the plant material was collected in Eppendorf
reaction tubes and DNA extraction was performed, using a protocol adapted from
Dellaporta et al. 1983. The samples were ground and 300 pl of extraction buffer (see recipe
below) was added. After homogenizing and centrifugation, 200 ul of the supernatant was
transferred to a new Eppendorf tube and precipitated with 20ul sodium acetate 3 M pH 4.8
and 400 pl ethanol 96% in -20°C between 1 h to overnight. After two washing steps with
70% ethanol, the DNA pellet was resuspended in 200 pl AE buffer.

The DNA extraction of the sterile grown plant material of Eri-1 accession for sequencing
experiments was performed with DNeasy plant Maxi KIT (QIAGEN, Hilden, Germany)

according to the manufacturer protocol.

DNA extraction buffer
200 mM Tris-HCI pH 8.0
250 mM NacCl

25 mM EDTA

0.5 % SDS

I1.3.B. Revealing polymorphism between Ler/Eri-1 using PCR based markers
I1.3.BA. PCR programs and gel-electrophoresis

For revealing polymorphisms between Ler and Eri-1, DNA of both accessions was
amplified in several PCR with different marker combinations. The PCR protocol (mix and
cycles) is detailed below. To amplify DNA fragments, the PCR thermo cycler (BioRad
DNA Engine Tetrad, Biozym Peltier Thermo Cycler 96 Block, Munich, Germany) was set
up with a standard PCR program. The general settings are shown in the table below.
Specific annealing temperatures of all primers used in different experiments can be found

in table A.1 in the appendix. To accomplish successful PCR, Tag-polymerase (5 u/pl) was
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used. Subsequent to the PCR polymorphism between PCR products were visualized by gel
electrophoresis. To identify polymorphism between Ler and Eri-1, DNA products were
loaded on a 3% agarose gel (my-budget Universal Agarose, Bio-Budget Technologies
GmbH, Krefeld, Germany) using gel-electrophoresis method (PEQLAB Biotechnologies
GmbH, Erlangen, Germany). When preparing the gel, electrophoresis-grade agarose and
compatible electrophoresis buffer were mixed. 1x Tris-Acetate-EDTA (TAE, see recipe
below) buffer was used as a running buffer. DNA samples were mixed with 1 ul gel
loading dye buffer (see recipe below) before loading on the prepared gel. To identify
polymorphism between Ler and Eri-1 DNA PCR products were loaded on 3% agarose
gels. By using high percentage gels, it is possible to separate small fragments of amplified
DNA (100 — 700 base pairs (bp)). Depending on the fragment size a 1 kb marker
(Invitrogen, Darmstadt, Germany) or a low range DNA ladder (Gene Ruler, Fermentas, St.
Leon-Rot, Germany) was used to assess the PCR product size. For photo documentation of
the samples the gel was stained during the run with ethidium bromide (2 pl stock
(10 mg/ml) in 100 ml gel; Roth, Karlsruhe, Germany). Pictures of the gel were taken on an
UV-screen with a digital camera (Gel Photodokumentationsanlage, INTAS, Gottingen,
Germany) and the software INTAS GDS Windows.

PCR Mix (20 ul sample)
13.5 ul Aqua dest.

2 ul PCR reaction buffer 10x (Roche Diagnostics GmbH, Mannheim, Germany)

2 ul ANTPs (stock 10 pmol/100 pl — ready to use 1:100 = 1 mM; Roche Diagnostics)
1 pl primer forward (10 uM), (Invitrogen, Karlsruhe, Germany)

1 ul primer reverse (10 uM)

0.1 pl Taq polymerase

PCR standard program

1) Reaction start: 3 min at 93°C

2) Denaturation of the DNA: 15 sec at 93°C

3) Annealing of the primers: 45 sec at 45-60°C

4) Elongation of the primer sequence: 1.30 min at 72°C

5) Reaction stop: 5 min at 72°C

Step 2-4 repeated for 34 cycles
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1% agarose gel

2.5 g agarose
250 ml 1x TAE running buffer
5 pl ethidium bromide

50x TAE-running buffer-stock solution (pH 8.5)
242 g Tris-Base

57.1 g Glacial acetic acid
100 ml 0.5 M EDTA (pH 8.0)

Distilled water to 1 1 final volume

10x Orange D loading buffer
0.5% Orange D

40% sucrose
10 mM Tris-HCI pH 8.5

Distilled water to 10 ml final volume

I1.3.BB. Designing polymorphic markers between Ler and Eri-1

Databases like TAIR (www.arabidopsis.org) provide potential PCR-based marker
information with known physical positions. From these databases, primer sequences for
microsatellite markers were obtained. Another source of SSLP markers is described in the
INRA MSAT database (http://www.inra.fr/internet/Produits/vast/msat.php). Because the
accession Eri-1 was not sequenced at the beginning of marker development, already
commonly available markers based on polymorphisms between Ler and other accessions
were tested for differences between Ler and Eri-1.

Table A.1 (in appendix) shows additional polymorphic markers used for validating and
fine mapping the QTL. Additionally to these already known markers, new molecular
markers were designed based on published sequencing data (www.1001genomes.org,
http://polymorph.weigelworld.org/cgi-bin/msqt-sbe.cgi). Taking newly released single
nucleotide polymorphism (SNP) data of Ler and Bur-0, Kro-0, C24 and already published
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data of Est-1 into account; the SNP data was scanned for rare Ler SNPs compared to the
other four accessions and the reference genome of Col-0. With SNPs only found in the Ler
accession we assumed to have also different SNPs in Eri-1 compared to Ler.

The SNPs were used for designing cleaved amplified polymorphic sequences (CAPS)
markers. CAPS are based on the digestion at the position of the SNP between the
genotypes. For designing marker primers the software Primer3 (Rozen and Skaletsky
1999) was used. Primers were designed to be between 18 bp and 25 bp in length with an
GC-content between 40% and 60%, and no hair pin or dimer formation that would affect
the 3’-end of the sequence. Due to the fact that most of the selected SNPs were carried
from both accessions Ler and Eri-1 and most of the developed markers were not
polymorphic between them, sequencing PCR products from Ler and Eri-1 respectively was
performed as a next step to find SNPs between Ler and Eri-1. Mainly intergenic regions
and introns at the locus of interest were sequenced, since a higher density of allelic
polymorphism is expected in those regions compared to exons. As a third step, the Eri-1
accession was sequenced and SNPs between Ler and Eri-1 were called (see paragraph
I1.4.F). The new developed marker primers are listed in Table A.1 in appendix. All the

marker primers were provided by Invitrogen (Karlsruhe, Germany).

I1.3.BC. Digestion of CAPS markers

To distinguish SNP polymorphisms in PCR products, amplified fragments had to be
digested with an enzyme with differential cutting sites at the position of the polymorphism.
The digestion was done with 10 ul PCR-product. 5 pul of a digestion mix were added to the

PCR-product, vortexed and incubated at the enzyme specific temperature overnight.

Digestion Mix (10 reactions)

35 ul Aqua dest. (LiChrosolv, Merck, Darmstadt, Germany)
15 pl buffer (10x buffer specific for the enzyme from New Englands Biolabs, Frankfurt am
Main, Germany)

0.5 pl enzyme (New England Biolabs)
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I1.3.BD. Sequencing single regions/candidate genes

To verify that only a single amplicon was produced PCR products were checked by gel-
electrophoresis before sequencing. 80 pul of the PCR products were cleaned according to
the protocol of the High Pure PCR Cleaning Micro Kit (Roche, Basel, Switzerland) or
Nucleo Spin Extract II (Macherey-Nagel, Diiren, Germany). Concentration of these
samples was determined (Nanodrop, ND-1000 Spectrophotometer, peqlab Biotechnologies
GmbH, Erlangen, Germany) and adjusted to the requirements for sequencing by the
MPIPZ DNA core facility on Applied Biosystems (Weiterstadt, Germany) Abi Prism 377,
3100 and 3730 sequencers using BigDye-terminator v3.1 chemistry. Premixed reagents
were acquired from Applied Biosystems. For DNA sequence alignments and analyses
MegAlign, Seqmen Pro and Segbuilder moduls of the Lasergene package (DNASTAR
Inc., Madison, WI) were used. Sequence analyses of different candidate genes in the
QTL3, QTLS5-1 and QTLS-2 region were performed in the Ler and Eri-1 accession by
sequencing the genomic loci of the genes. Overlapping primer combinations for
sequencing single genes are listed in Table A.2 in appendix. Each PCR product was
sequenced with forward and reverse primer. Predicted coding regions of genes in Ler and
Eri-1 as well as in the Col-0 reference sequence from TAIR were translated and aligned

with the software MegAlign.

I1.3.C. Whole genome sequencing of Eri-1 with Illumina platform

Genomic DNA of Eri-1 was sonified in a Bioruptor (Diagenode) to obtain fragments of
300-600 bp. Library preparation for Illumina sequencing was performed using the
NEBnext DNA Sample Prep Reagent Set 1 (NEB) according to manufacturer's protocol
with the following modification: Full length adaptors were used in the adaptor ligation step
and the PCR step to amplify adaptor ligated DNA was omitted. During the Illumina
sequencing procedure, adapter ligated single-stranded DNA was hybridized with a
universal sequencing primer and extended with modified nucleotides. Each modified
nucleotide acts as a terminator: it is labelled with a distinct fluorochrome that is chemically

cleavable, so that DNA synthesis is reversible stopped at each position. An image is
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recorded at each cycle in four channels so that the nucleotide incorporated can be
determined. Then the cleavable attachment of the nucleotide is removed and the cycle
repeated, thus allowing the incorporation of the next nucleotide (summarised by Delseny et
al. 2010).

Sequencing was performed on two lanes of a Genome Analyser IIx (Illumina, San Diego,
CA) using SBS v4 Cluster Generation and TruSeq Sequencing Kits (Illumina) at the Max-
Planck Genome Center, Cologne, with an output of 32.987.304 total reads.

To call SNPs from these reads between the accessions Ler and Eri-1 different software
packages were used (performed by Jia Ding, bioinformatician of Koornneef Department
MPIPZ, Cologne). The illumina sequence files are presented in a FASTQ format. The
quality of the sequencing was controlled by the software FASTQC
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) which provides a modular set of
analyses to check the raw sequencing data. It controls the sequence quality per base as well
as the sequence content per base and the GC content per sequence, respectively. The
mapping was performed with the software Burrows-Wheeler Aligner (BWA) (http://bio-
bwa.sourceforge.net). BWA uses an algorithm to align short (<200 bp) reads to the
reference genome of A. thaliana Col-0 (TAIRY).

BWA outputs alignments in SAM format which is supported by the SNP caller software
SAMTOOLS (http://samtools.sourceforge.net, Li et al. 2009). SAMTOOLS provides
various utilities for manipulating the alignments including sorting, merging, indexing and
generating the alignments in a per-position format. For the Eri-1 sequence alignment a
filter for mapping quality was used (q20 — low root mean square mapping quality) which
only uses alignments above a mapping quality of 20 bp. With the software PICARD
(http://www.picard.sourceforge.net/index.shtml) alignment duplicates were removed. After
manipulating the alignments, SAMTOOLS converted the SAM file into a pile up format
like BAM file which output can be visualized in the IGV browser
(http://www.broadinstitute.org/software/igv) to view the mapping result. To call SNPs
between the reference genome Col-0 and Eri-1 various filters were used additionally in
SAMTOOLS. The maximum read depth was set to 100 bp, the minimum read depth to
10 bp. The SNP quality was set > 50 reads for SNPs and > 20 reads for Indels. After
filtering, 397.836 different SNPs between Col-0 and Eri-1 were called. Adding published
SNP data of Ler (1001genomes.org), identical SNPs between Ler and Eri-1 but different to
Col-0 were removed (163042 SNPs). 184.924 different SNP between Ler and Eri-1 could
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be called whereas Ler carried the same SNPs than Col-0. 212.912 were highlighted

between Ler and Eri-1 where Eri-1 carried similar polymorphisms than Col-O0.

I1.3.D. Genotyping of the Ler/Eri-1 RIL population and building a genetic map

The 112 RILs generated from the cross between Ler and Eri-1 were previously genotyped
with molecular markers at the Wageningen University (Plant Genetics, Wageningen, the
Netherlands). In this analysis, amplified fragment length polymorphism markers (AFLPs)
were used to create a linkage map of these loci (Vos 1995). Using the AFLP-PCR
technique, it was possible to detect polymorphisms between the parental DNA of Ler and
Eri-1 and to assign to each of the 112 RILs alleles present at each locus. Ninety AFLP
marker fragments were amplified with these AFLP primer combinations (see Table 1I.1)
and used to build a genetic map. Using the computer software Joinmap® 4 (Van Ooijen
J.W. 2006), five 4. thaliana linkage groups with 90 AFLP markers were built. Since A.
thaliana has five chromosomes, each of the linkage groups generated represents one

chromosome. The constructed genetic map can then be considered as saturated.

Table I1.1: Primer and primer combinations used in the AFLP analysis performed at
Wageningen University.

Primer Selective M50 M60 M62
nucleotides CAT CTC CTT
E12 AC X X
E13 AG X
E14 AT X
E25 TG X X
E26 TT X

E, EcoRI primer GACTGCGTACCAATTC
M, Msel primer GATGAGTCCTGAGTAA

However, the AFLP markers are not anchored to the physical map of 4. thaliana and each
linkage group cannot be assigned to a specific chromosome. In addition to this AFLP
genotyping, a new genetic map of the 110 RILs population (2 RILs were excluded, see
results III.1.) was constructed including PCR-based markers which reveal a length-
polymorphism (SSLP = single sequence length polymorphism or microsatellite) with

known physical position. Several markers were designed by previous members of the
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research group in Cologne, and tested to reveal polymorphism between accessions other
than Ler and Eri-1. Not all makers could be used and finally, 39 polymorphic
microsatellite markers were chosen to genotype the 110 Ler/Eri-1 RIL population. The
segregation of the parental alleles for each marker locus was studied in detail and then all
genotyping data including the AFLP information was combined. The AFLP genotyping
was done in the Fg of Ler/Eri-1 population. By calculating the recombination fractions
between the markers, grouping trees could be build and due to known positions of the
SSLP markers, each chromosome could be identified. Grouping trees were converted into
map order and genetic distances (cM), using Joinmap® 4 (Van Ooijen J.W. 2006) to
construct a new genetic map of the Ler/Eri-1 RIL population (Ghandilyan et al. 2009).

Table A.1 in appendix presents the information concerning the 39 microsatellite markers.
These 39 microsatellite markers were also used to genotype the NILs and recombinant
plants during validation and fine mapping of the detected QTL. In addition to these 39
markers new markers were developed (see paragraphs II.3BB.) and included for fine

mapping of the recombinant plants.

I1.3.E. Selection of Near Isogenic Lines

For validation of the detected QTL near isogenic lines (NILs) with introgressions at QTL3,
QTL5-1 and QTLS5-2 region in a Ler or Eri-1 allelic background were generated by
backcrossing useful RILs either to one of the parental lines Ler and Eri-1 or to another
RIL. For the crosses flowering plants with only a few yet developed siliques were chosen.
Closed flower buds were taken as mother of the cross. The flower buds were opened with a
pair of tweezers (No.5; A. Dumont & Fils, Montignez, Switzerland) and the anthers of the
mother were removed, if possible, without removing the sepals and petals. Thereafter,
mature anthers were taken from the pollen donor to pollinate the stigma of the mother
plant. The NILs were then developed by marker assisted selection in the progeny of the
crosses. The validation of the QTL with the selected NILs was performed in both
environmental conditions to mimic the experimental design during QTL detection. The
selection of recombinant NILs was performed in a greenhouse under long day conditions.
The greenhouse was climate controlled for 20°C during the day and 18°C during the night

and for 60% relative air humidity.
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I1.3.F. Gene expression analysis

RNA was isolated from adult leaf material (after DAS 43) of Ler, Eri-1 and Ler HUA2
grown in HL4 condition (RNeasy, QIAGEN, Hilden, Germany). The RNA concentration
of these samples was determined by Nanodrop (ND-1000 Spectrophotometer, peqlab
Biotechnologies GmbH, Erlangen, Germany). For ¢cDNA synthesis around 500 ng of
isolated RNA was used as a template. First strand cDNA was synthesized with oligo dT
primers using the Superscriptll Kit (Invitrogen, Carlsbad, CA) according to the
manufacturers instructions. Quantitative real time PCR reactions were conducted in a
Mastercycler (ep realplex?, Eppendorf, Hamburg, Germany). A total reaction volume of
20 pl reaction was used for real-time PCR containing 1 pul cDNA, 0.5 pul of each (forward
and reverse) gene specific primer (10 uM), 8 ul IQ™ SYBR Green Super Mix (BioRad,
Hercules, CA) and 10 pl of water (Roth, Karlsruhe, Germany). The gene specific primers
were designed with ProbeFinder version 2.45 (www.roche-applied-
science.com/sis/rtper/upl/index.jsp), based on Primer3 software (Rozen and Skaletsky
2000). The primer combinations of the targeted genes were as listed in Table A.2 in
appendix. The qRT-PCR reactions were carried out following the thermal profile: 95°C for
2 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s and 68°C for 20 s. After 40
cycles absence of primer dimers and amplicon specificity was tested in a melting curve.
Data analysis was performed using the realplex software version 2.2. All amplification
curves were analysed with a normalized reporter (the ratio of the fluorescence emission
intensity of SYBR Green to the fluorescence signal of the background) threshold of 0.2 to
obtain the Ct-values (Cycle threshold). Quantification of expression differences of the
targeted genes were calculated using the standard curve method (Alcazar et al. 2009).
Standard curves for targeted genes and reference consisted of 1:2 serial dilutions of
template cDNA. All samples and standard curves were analysed in triplicates. The
expression data were normalized by subtracting the mean copy number of the reference

gene Actin2 from the mean copy number of the targeted gene.
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I1.4. Trait quantification for detection, validation and characterization of QTL3,
QTL5-1 and QTL5-2

I1.4.A. Quantification of flowering time related traits

During the QTL experiments the Fjo of the 110 RILs were phenotyped in a randomized
complete block display in triplicate (three plants observed per line). Flowering time was
scored by daily inspection in each of the two environments as the number of days from
sowing till opening of the first flower bud. The total leaf number (TLN) i.e., rosette leaf
number (RLN, excluding the cotyledons) plus cauline leaf number (CLN) were also
scored. Approximately 10 to 14 days after flowering, between three to four (dependent on
plant size) rosette leaves were harvested from each plant for biochemical tests such as
determination of the chlorophyll a (Chla), chlorophyll b (Chlb) and anthocyanin content.
Figure 1.3 shows images of different flowering plants growing in the HL4 environment.
At the date of harvesting, RILs showed variation in accumulation of anthocyanins, noted
by the different coloration of the leaves. After harvesting, leaves were directly frozen in
liquid nitrogen and stored at -80°C until the anthocyanin and chlorophyll content

measurement.

RIL 65-1
RIL 48-1 RIL 69-2

RIL 108-3

Figure I1.3: Image of different flowering RILs and Eri-1 as an example for scoring FT in TLN.
The five displayed plants are of the same age, the photos were taken with a digital camera (Sony
Cybershot DSC F-828) on the same day (41 days after sowing). On the picture are RIL 48 (first
plant repetition), RIL 65 (first plant repetition), RIL 69 (second plant repetition), RIL 108 (third plant
repetition) and the parental line Eri-1 (left to right, up to down). Flowering started at different time
points. RIL 65 started to flower one day before the photo was taken. Eri-1 flowered at the same day
the photo was taken.
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During validation experiments flowering time was also quantified in DAS when flowering
occurred. The number of rosette and cauline leaves were counted after flowering had
commenced. During experiments aimed at the selection of recombinant NILs all plants
were phenotyped for flowering time related traits. The effect of the introgression in the
NILs on the different traits was tested in comparison to the parental accessions Ler and

Eri-1.

I1.4.B. Quantification of biochemical — pigmentation related traits

To quantify the chlorophyll and the anthocyanin content from the same sample at the same
time, a protocol was used which enabled the subsequent extraction. The protocol is based
on purification of plant pigments with acetone and subsequent isolation of anthocyanins
with chloroform. After extraction of chlorophylls and anthocyanins the content was
quantified by a photometric test. The harvested rosette leaves of the CT, HL4
environments were freeze-dried (Christ lyophilizer Alpha 1-4 LSC, Osterode, Germany)
for three days. Depending on the harvested samples, three to four lyophilized leaves were
ground with a mixer mill (Retsch MM 300, 220-240 V, 50/60 Hz laboratory mixer mill).
Two steel beads (5 mm) were added to the leaves in 2 ml tubes (Eppendorf, Hamburg,
Germany) before the tube rack was placed between adapter plates of the TissueLyser
Adapter Set 2x96. The samples were homogenized two times for 1 min at 30 Hz. Because
of the instability of Chla and Chlb, the samples were kept on ice and in the dark during the
entire extraction process. Before this experiment was started, preliminary tests were
performed with only the parental accessions Ler and Eri-1, in order to determine the
correct amounts of sample weight (2-10 mg) that should be used for quantifications and
photometric analysis. During this pilot test, it was determined that plants grown in the CT
condition; 10 mg of material was required to reach the level of detection (for anthocyanins)
in the photometric test. From the plants grown in the HL4 environment, only 2 mg of leaf
sample were needed. We showed that with an amount exceeding 2 mg, it is necessary to do
extra purification steps to extract all anthocyanins from the weighted sample. Samples in
the HL4 environment were collected in two times 2 mg and were weighed, extracted and
quantified (technical replicate; two tests of the tissue material of the same plant). For

calculating the chlorophyll and anthocyanin content the exact weight of the plant samples
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was recorded. The powdered samples were purified with 100% acetone (Sigma-Aldrich
Laborchemikalien, Seelze, Germany), vortexed (Heidolph RFAX 2000, Germany) and
mixed (HLC Thermomixer HTMR 2-133, Bovenden, Germany) for ten minutes at the
maximum speed level (9000g). After a centrifugation step for 5 min at 9000 g (Biofuge
fresco, Heraeus instruments, Osterode, Germany), the green supernatant was kept and
transferred to fresh 2 ml tubes. The remaining pellet was washed twice with 70% acetone
and all the supernatants were mixed. To separate the anthocyanins from the chlorophylls
chloroform 1:1 (Merck KGaA, Darmstadt, Germany) was added to the supernatant. The
centrifugation step separated the chloroform phase and the water containing phase.
Anthocyanins were dissolved in the aqueous phase and the organic phase comprised the
chlorophylls. The organic phase was suitable to quantify the chlorophylls directly in these
samples. For the quantification, the absorption at different wavelength of the samples was
measured in a multiscan spectrophotometer (Thermo Electron Corporation, Dreieich,
Germany). Because the chlorophylls were dissolved in chloroform, special photometer
plates were required (PP microplate 96 well flat bottom, Greiner bio-one GmbH,
Frickenhausen, Germany). In order to have a measurement replicate, each sample was
added twice to the plate. For Chla, the absorbance at the wavelength of 663 nanometre
(nm), for Chlb, the absorbance at 646 nm was measured. The additive measurement of the
absorbance of 750 nm allowed the subtraction of the disturbance background. Porra (2002)
reported the following equations to calculate the Chlorophyll a and Chlorophyll b content

in 80% acetone.

CthI‘OphyH a (ug/ml) =12.25 (A663 — A75()) —-2.55 (A646 - A75())
CthI‘Ophyll b (ug/ml) =20.31 (A646— A750) -4.91 (A663 - A75o)

With A = absorbance at the subscript number in nm.
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In order to quantify the anthocyanins samples were dissolved in 80% methanol / 1%
hydrochloric acid (Merck KGaA, Darmstadt, Germany) and measured in PS microplates
(96-well flat bottom, greiner bio-one GmbH). An example of a PS microplate filled with
samples for anthocyanin quantification is displayed in Figure I1.4. Owing to the extraction
the anthocyanins were dissolved in water. With the use of a vacuum centrifuge, water was
evaporated after at least twelve hours. The measurement has been carried out in the same
photometer, measuring the absorbance of 530 nm for anthocyanins. Sims and Gamon

(2002) reported equations for determining anthocyanin in methanol/HCL/water.
Anthocyanin (ug/ml) = (As3o/ weight of used sample)* 1000
A blank with 80% methanol / 1% hydrochloric acid was measured at the same time point.

The value of the measured blank was subtracted from the absorbance value at 530 nm to

negate the error of background.
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Anthocyanin quantification

Figure 11.4: Image of a PS microplate for quantification of anthocyanins by photometric tests
(top) and schematical display of the PS microplate (bottom). Top: The extracted anthocyanins
from RIL leaves and the parental lines are dissolved in 80% MetOH/1% HCL. This plate shows the
samples of the RILs 97-112 plus Eri-1 1-4 and Ler 1, 2 dissolved in 80% MetOH/1% HCL. For each
RIL a technical replicate was desired (two analysis (A, B) of one plant) and a measurement
replicate (two photometric measurements of the same sample). Beside the photometric test of
absorbance at 530 nm for anthocyanins the different level of the anthocyanin concentration in the
RILs is obvious by the coloration of the samples. Bottom: The schematic display shows the filling
order of the anthocyanin samples of RIL 97-112, Eri-1 1-4, Ler 1, 2 in the wells of the PS

microplate.
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I1.5. Statistical analyses
I1.5.A. Statistics

All statistical analyses were performed using SPSS 13.0 for Windows (SPSS inc., Chicago,
IL). Broad sense heritability (h?) of the different FT related and pigmentation related traits
were estimated as the proportion of variance explained by between- RILs differences based
on measurements of three plants per genotype. The correlation between traits was obtained
using principle component analyses (PCA) in the statistical package of SPSS. To test
significant differences in the trait values of the parental lines in comparison to the NILs
and recombinant lines a Student-Newman-Keuls test (SNK) or the univariate linear model

of SPSS was used.

I1.5.B. QTL mapping

For each RIL the mean value was taken for each measured trait in the two different
environments for QTL analysis with the software package MapQTL® 5.0 (van Ooijen,
2004). MapQTL® 5.0 was used to detect QTL on the genetic map by using interval
mapping (IM) and multiple-QTL model (MQM) mapping methods. For each environment
a separate QTL detection was performed. In a first step, putative QTL involved in the
variation of the traits were identified using interval mapping (Lander and Botstein 1989,
also described by van Ooijen 1992). In IM the information of the data supporting presence
of a QTL in a defined region of the genome is given by a likelihood ratio statistic, the LOD
score (Alonso-Blanco et al. 1998). LOD = log (likelihood for the presence of a segregating
QTL / likelihood for no segregating QTL). The LOD significance threshold was calculated
by a permutation-test analysis (Churchhill, G.A. and Doerge, R.W. 1994) implemented in
MapQTL®5.0 using at least 1000 permutations of the original data set for each trait,
resulting in a 95% LOD threshold at 2.1. In IM the entire linkage map was scanned for
QTL effects and the LOD score was calculated at every marker position and between
markers (e.g. every cM). At the position where a QTL was expected to be located (with a
LOD > 2.1) the LOD profile showed a peak at this position and low LOD values outside
the QTL regions. In a MQM the search for a single QTL is enhanced by taking into

account all the previously detected QTL in the statistical model. This is done by using
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markers closely linked to the previously detected QTL as cofactors. If a QTL explains a
large proportion of the total variance, then the use of a linked marker as a cofactor will
considerably enhance the power in the search for other segregating QTL. With MapQTL
an automatic cofactor selection (ACS) is possible. The software uses a backward selection
procedure to eliminate the markers with low association with the trait until only the
markers involved significantly in the variation of the trait remain. The ACS procedure was
applied chromosome per chromosome where QTL where obvious after the IM test to select
markers to be used as cofactors for the MQM mapping method. Starting with the
chromosome where the most significant QTL was detected during IM, the ACS was
performed. Then the ACS was used at the next chromosome where also significant QTL
was/were found, while keeping the resulting final selection of the previous chromosome.
Markers that were selected during ACS but did not result in QTL with significant LOD
scores were discarded. The final set of cofactors was used for MQM mapping. The results
of MQM mapping also provided the estimates of total variance explained by each QTL as
well as the additive allelic effect of each QTL.

I1.5.C. Two-way marker interaction

Detection of significant pair-wise interactions between all the markers used to genotype the
RILs were performed using the software Epistat (Chase et al. 1997). Both interacting and
main effect QTL were then statistically tested using the general linear model module of
SPSS 13.0. QTL models were composed of all statistically significant (P<(0.05) main and
interacting QTL.
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II1. Results
II1.1. Genotyping of the RILs and construction of a Ler/Eri-1 genetic map

The 112 RILs derived from the cross between Ler and Eringsboda (Eri-1, Sweden) which
were analysed in this study have been previously genotyped with 89 AFLP markers at the
University of Wageningen (Wageningen, the Netherlands) in order to build a genetic map
for this population. Most of the AFLP markers were not anchored on the reference physical
map of A. thaliana (www.arabidopsis.org) leading to some difficulties in assigning
different linkage groups obtained to the corresponding chromosomes. In addition, this set
of AFLP markers was not evenly spread along the genetic map, resulting in chromosomal
regions without genotyping information. In order to encompass these problems, a set of
physically anchored SSLP markers have been selected. The selection of the SSLP markers
was done according to (i) their physical position, in such way they are equally distributed
across the A. thaliana genome; (ii) the high quality and specificity of their PCR products
(e.g. good amplification; no unspecific amplifications); (iii) their level of polymorphism
(difference in size of PCR product between the allele of Ler and Eri-1). According to these
criteria 39 SSLP markers (Table A.1 in appendix) were selected and used to genotype the
112 RILs in addition to the 89 AFLP markers. Closely linked markers (absence or low
level of recombination observed among the population of RIL) were underlined and a set
of thirteen AFLP markers was removed for further analysis. In total 115 markers were used
to build the genetic map. The first genetic map created for the cross between Ler and Eri-1
(Ghandilyan et al. 2009) resulted in a genome of 365 centi-Morgan (cM) (Figure II1.1).
This is in accordance with the genetic maps of 4. thaliana obtained from different crosses
(Alonso-Blanco et al. 1998, Loudet et al. 2002, El Lithy et al. 2006). The selected markers
are evenly distributed along the five chromosomes of 4. thaliana with an average genetic
distance between two successive markers of four cM. Nevertheless, it is worth noting
chromosomal regions of more than 12 ¢cM without markers (chromosome II between
T2N18 and F17A22; chromosome III between DF.76L and BH.120L-Col; chromosome IV
between markers M4-36 and G3883; Figure III.1). No significant allelic distortion was

observed for this new mapping population.
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Figure lll.1: Genetic map of the Ler/Eri-1 RIL population genotyped with 115 markers. The
map combined 76 AFLP markers used in the previous mapping (University of Wageningen,
Wageningen, the Netherlands) and the 39 SSLP and microsatellites (displayed with rose ellipses).
The figure shows the five chromosomes of A. thaliana and the genetic positions of the different
markers in centi Morgan (cM).

Using the selected SSLP markers, we observed two RILs (RIL22 and RIL68) which scored
different product sizes than those of the parent lines Ler and Eri-1 (see Figure II1.2). These
unexpected results suggested strongly that these lines did not belong to the progeny of the
cross between Ler and Eri-1. Both lines were removed from the analysis when developing

the genetic map.
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Figure lll.2: Images of fragment separation of PCR products from Ler/Eri-1 RILs populations
on a 3% agarose gel.

A: RIL 46 to RIL 91 DNA plus parental line DNA of Eri-1 and Ler were amplified with SSLP marker
M3-32 in a PCR reaction and displayed on 3% agarose gel. The larger fragment in the gel shows
the allelic value from Eri-1 whereas the smaller represents the allelic value from Ler. RIL 68 shows
a larger fragment size than both parental lines (red ellipse).

B: RIL 47 to RIL 91 DNA plus parental line DNA of Eri-1 and Ler were amplified with SSLP marker
M3-20 in a PCR reaction and displayed on 3% agarose gel. The bigger fragment in the gel shows
the Eri-1 genetic background, the smaller fragment represents the Ler background. RIL 68 shows
again a different fragment size than both parental lines (red ellipse).

C: RIL 1 to RIL 45 DNA plus parental line DNA of Eri-1 and Ler were amplified with SSLP marker
M5-9 in a PCR reaction and displayed on 3% agarose gel. The bigger fragment in the gel shows
the Ler genetic background, the smaller fragment represents the Eri-1 background RIL 22 shows a
different fragment size than both parental lines (red ellipse).
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I11.2.Phenotyping the RILs of the Ler/Eri-1 mapping population

III.2.A. Genetic variation in flowering time and number of leaves

In both environments (CT and HL4) Eri-1 flowered 4-6 days later than Ler (see Table
III.1). The average time of flowering among the RILs occurred between the dates observed
in Ler and Eri-1, although transgression was present in both directions. Indeed, some RILs
flowered before Ler and some after Eri-1. Thus, variation of flowering time in this
population was observed in both of the analysed environments. In the control environment,
a 1.7-fold variation (from 21 to 35 days after sowing) and in the HL4 a 1.8-fold variation
(from 31 to 55 days after sowing) was observed. Interestingly, the widest range of variation
was found in high light with cold environment, where flowering time was delayed
compared to the control environment. Heritabilities (broad sense; h?) were calculated to
determine the genetic contribution to the observed phenotypic variance. Overall the h* in
both environments was high (0.77 and 0.76 for the CT and HL4 environments
respectively). These high values suggest that the variations of flowering time observed in
these environments are driven by a strong genetic determinism. Variation in the number of
leaves (RLN, CLN and TLN) was also observed among the RILs in both tested
environments. Consistently with FT, the number of leaves of the parental lines differed
among the environments (with Control<HL4- Table IIL.1). In the control environment, the
number of rosette leaves varied from 5 to 12 leaves, the cauline leaf number from 1-5
resulting in a variation from 6-16 of the total leaf number. Interestingly, only in a small
subset of lines the number of leaves was increased in the HL4 environment. The
heritability of RLN, CLN and TLN was even higher than that of FT (0.82, 0.79, and 0.84,
respectively in the control environment and 0.81, 0.78, 0.84, in the HL4 environment).
Here again, these high values of h? suggest variations of these traits are under a strong

genetic determinism.
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I11.2.B. Genetic variation in pigmentation and photosynthetic related traits

Quantification of Chla, Chlb, Chla+Chlb and anthocyanin content was carried out for all
RILs grown in CT and HL4 environments. In the CT environment no striking differences
in chlorophylls and anthocyanin content between Ler and Eri-1 were detected (see Table
[I1.1). Only in the HL4 environment were anthocyanin contents different between Ler and
Eri-1, where Eri-1 showed double amount of anthocyanin compared to Ler. Even in the
absence of differences between the parental lines, variations in chlorophyll content (Chla,
Chlb, Chla+Chlb in pg/ml) was observed among the RILs in both environments. The range
of the Chla content varied from 4.86 to 7.62 ng/ml in the CT and from 1.20 pg/ml to
5.03 pg/ml in the HL4 environment. Similarly, the content of Chlb decreased in the HL4
compared to the CT environment (see Table III.1). In the CT environment, the anthocyanin
content varied only from 0 to 2.92 ug/ml among the RILs (see Table III.1) whereas it
varied greatly in the HL4 environment (from 1.24 to 128.31 pg/ml). In the latter
environment, the average of anthocyanin content among the RILs occurred between the
content of the parental accessions, and a wide transgression for values lower than Ler was
observed. Indeed, some RILs had a very low content of anthocyanins (even lower than the
value for Ler) and some others a very high content (almost similar to the value of Eri-1).
This suggests that the alleles responsible for the high values of anthocyanin content
observed in some RILs under the HL4 environment are originating from Eri-1 only.

It is worth noting that the chlorophyll content in HL4 decreased for both parental lines and
the RILs, whereas the anthocyanin content increased at the same time. Heritabilities for
Chla, Chlb, Chla+Chlb and anthocyanin content were 0.51, 0.55, 0.50, and 0.56
respectively, in the CT environment and 0.78, 0.70, 0.78 and 0.92 respectively, in the HL4
environment. In the HL4 environment the higher heritabilities observed for all
pigmentation and photosynthetic related traits are probably due to the low ranges of
variation observed for these traits in the CT environment. Nonetheless, the high estimated
heritabilities indicated that variations of these traits are under strong genetic determinism.
The amount of the total observed variation that could be explained by genetic variation

indicated for all the quantified traits QTL are likely to be revealed.
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Table IIl.1: Parental values and RILs, averages and ranges of FT etc. and heritability (h?) in
the control (CT) and in the high light and 4C (HL4 ) environments.

Trait Environment  Ler value Eri-1 value Average Range RILs h?
RILs
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II1.2.C. Phenotypic correlations between flowering-, pigmentation- and

photosynthetic related traits over the two studied environments

Pearson correlation coefficients (R?) between the flowering and pigmentation related traits
in the CT and HL4 environments are presented in Table III.2. All correlations between the
traits were analysed within and between the CT and HL4 environment (see principle
component analysis (PCA) plot in Figure III.3). Most variation was explained by PCA1
with 56.73%. PCA2 and PCA3 explained 11.92% and 8.73% of the variation, respectively.
Clustering in the correlation structure in this mapping population reflected the fact that
variation of clustered traits can be driven by similar genetic determinism.

In 4. thaliana, a high correlation is usually observed between flowering time and total leaf
number formed prior to flowering. In this new mapping population, strong positive and
significant correlations (from 0.45 to 0.99 respectively) between FT and leaf number traits
were observed in both tested environments. The highest positive correlation between all
flowering related traits was detected in the HL4 environment, due to the presence of more
extreme values in this condition. The high genetic correlation suggested that a common
genetic determinism for FT and RLN, and FT and TLN could be expected. Between the
environments the correlation of the RLN and TLN was found to be consistent. In the PCA
plot the flowering related traits quantified in both environments clustered tightly together.
This positive correlation again suggests a common genetic factor driving the variation of
FT related traits, which is expected in both environments.

In the HL4 environment strong negative and significant correlations between the pigment-
(anthocyanin content) and the photosynthetic related traits (chlorophyll content - Chla,
Chlb, Chla+Chlb) were detected (from -0.64 to -0.76 respectively). In the PCA plot (Figure
I11.3) the anthocyanin content of the HL4 environment was isolated from the cluster of
Chla, Chlb and the sum of both chlorophylls. In CT environment, no significant
correlations between anthocyanin content and chlorophyll content were detected. In
contrast with the FT related traits, the photosynthetic and pigmentation related traits did
not cluster in both environments (see Figure I11.3). However, the Chla content showed a
weak positive correlation between the environments, whereas the Chlb content showed a
negative correlation (see Table II1.2). This denoted that the variations of photosynthetic
and pigmentation related traits is dependent of the tested environments. Environmental

interaction was also evident between FT related traits and anthocyanin content as well as
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for FT related traits and chlorophyll content. Interestingly, significant correlations between
FT related traits and the anthocyanin content was only found under HL4 condition
(R?: 0.54-0.66, see Table III.2). In both environments photosynthetic related traits were
negative correlated and isolated from FT related traits in Figure III.3. The spatial
distribution in the three first components of the PCA of the traits quantified in a mapping
population reflected that the variation of these traits is driven either by similar or by
diverse genetic determinism. For instance, collocated QTL are expected for FT related
traits quantified in both environments, whereas specific QTL are expected for anthocyanin

content in each environment.
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Figure 1I.3: Principle component analysis plot of flowering, pigmentation and
photosynthetic related traits in CT and HL4 environments. Principle component analysis (PCA)
plot of flowering time related traits (FT, RLN, CLN and TLN), pigmentation (Antho) and
photosynthetic related traits (Chla, Chlb and Chla+Chlb) that were quantified in the control (CT)
and high light/cold (HL4) environment in Ler /Eri-1 RIL population.

Table Ill.2 <on the following page>: Pearson correlation between the traits in the analysed
environments. The traits are plotted against each other and the correlation coefficient R? of the
trait, as well as the 2-tailed significance is displayed.
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I11.3. QTL mapping

Due to the correlation of traits between and within environments, common genetic
determinism and consequently, common QTL are expected for (i) FT related traits in both
environments, (ii) chlorophyll content in the HL4 environment (iii) FT related traits and
chlorophyll content in the HL4 environment with opposite effects (iv) FT related traits in
both environments with anthocyanin content in HL4 condition and (v) chlorophyll content
with anthocyanin content in the HL4 environment with opposite effects. QTL were
detected for all analysed traits for the Ler/Eri-1 RIL population (except for anthocyanin
content in the CT environment). The results of QTL mapping are summarized in Table
I11.3 and Figure II1.4. Due to the G x E interaction for some traits, there were QTL detected

specifically in an environment.

II1.3.A. Detection of QTL involved in the variation of flowering, pigmentation and

photosynthetic related traits in the CT and HL4 environments

Common QTL were mapped under both studied environments at the very top of
chromosome V (from marker NGA225 to marker FLC; 0.0 to 4.9 cM respectively). At this
locus, QTL for flowering time, RLN and TLN in CT and RLN and CLN in HL4 were
detected with Ler alleles leading to earlier flowering time. These QTL explained between
3.5% and 5.9% of the explained variance, whereas RLN in the HL4 environment explained
up to 28.2% of the flowering variation. Another co-locating QTL detected in both
environments was also mapped to chromosome V, around the marker CIWS8 (14.9 cM). At
this position QTL for all analysed traits (flowering, pigmentation and photosynthetic
related traits) were mapped. In the case of flowering related traits and anthocyanin content
the Ler allele induced earlier flowering and decreased the anthocyanin content, whereas
Chla content showed increased values. It is worth noting that anthocyanin content QTL at
this position was the major QTL for that trait and was specific for the HL4 environment. It
explained 32% of anthocyanin content variation. In contrast, QTL for flowering related
traits in both environments were mapped at this locus. However, the percentage of
explained variance for these QTL was highly dependent of the tested environments. The

QTL detected in the CT environment only explained from 12.6% to 25.1%, whereas the
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QTL for RLN in the HL4 explained up to 54% of the variation for flowering time.
Interestingly, right above the QTL detected for Chla content in the CT condition, which
mapped to the QTL close to marker CIWS8 for all analysed traits, another major QTL for
Chla content was mapped. In this case the Ler allele decreased Chla content and the QTL
explained up to 51.5% of the observed variation of Chla content in the CT condition. A
third co-locating QTL for all flowering time related traits detected in both environments
was mapped to chromosome V at the marker M5-9 (41.5 ¢cM): At this locus, QTL for FT,
RLN and TLN in the CT condition, as well as RLN in the HL4 environment were detected.
These QTL for flowering related traits explained only 3.7% to 4.7% of the variation
observed in the CT environment and up to 16% in the HL4 environment. Similarly to the
other QTL presented above, the Ler alleles led to an earlier flowering time phenotype.

QTL specific for an environment were also detected: Two QTL for all flowering and
photosynthetic related traits were mapped only in the HL4 environment. On the top of
chromosome III (from marker DF.252 to marker F22F7; 0 to 3.2 cM) the Ler alleles
increased values for all flowering time related traits and decreased chlorophyll contents.
The explained variances for flowering time related traits ranged from 5.1% to 19%,
variances for chlorophyll content from 8.7% to 8.8%. The second co-locating QTL for
flowering related traits and chlorophyll content specific to the HL4 environment mapped to
chromosome V in the chromosomal region flanked by the markers SO262 and BH.96L
(20.9 to 22.8 cM). The explained variances for the flowering related traits ranged from
6.1% to 52.7%, where RLN again gave the highest percentage of the explained variance in
the HL4. In all QTL of the cluster flowering was induced by the Ler alleles and at the same
time chlorophyll content levels were increased. In the CT environment two clusters of
minor QTL, each co-locating for the rosette and total leaf numbers were detected. One of
them mapped to chromosome II (in the vicinity of the marker F17A22; 62.7 cM), which
explains only 2.9% to 3.2 % of variance of those traits and where the Ler alleles decreased
the number of leaves. The second minor QTL was mapped to chromosome V (marker
DF.119L; 60.2 ¢cM) and explained 3.8% to 3.95% of variance and where the Ler alleles
increased the number of leaves. Interestingly in both cases no QTL for flowering time (in
DAS) was mapped to these positions. Some minor isolated QTL was detected depending
on the trait and the environment. It is worth noting that the second QTL detected for
anthocyanin content is on chromosome I close to the marker NF19K23 (66.0 cM). Similar

to the other one for anthocyanin accumulation detected on chromosome V, the Ler allele
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decreased the anthocyanin content value (see Table II1.3). Surprisingly, there was no co-
locating QTL detected for chlorophyll content and anthocyanin content in HL4
environment, whereas the previous correlation test revealed a strong negative and
significant correlation between both traits. On the other hand colocalization of flowering
related QTL and chlorophyll content QTL were shown in the previously described region
between markers SO262 and BH.96L (20.9 to 22.8 ¢cM) specific for HL4 condition. The
anthocyanin content QTL was detected just above this region around marker CIWS
(14.9 cM). Due to the high Pearson correlation one would expect that the QTL of these
traits cluster together in the same region and do not separate in two regions. It is also worth
noting that the explained variation for chlorophyll content QTL at marker SO262 and the
variation for anthocyanin content QTL at marker CIW8 showed almost the same
percentage.

In the progress of this work, I will focus on the three QTL where flowering related traits
are colocalized with pigmentation and photosynthetic related traits. The clusters of QTL
for different traits (see Figure II1.4) refer to QTL3 (chromosome III; from DF.252 to
FF2F7), QTL5-1 (chromosome V; CIWS8) and QTLS5-2 (chromosome V; from SO262 to
BH.96L). These QTL were focused on because they were only detected in the HL4
environment and thus show QTL x E interaction. The QTL5-1 was detected in both
environments, but colocalized with the anthocyanin QTLS5-1 specific for the HL4

environment.
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Table lIl.3: Characteristics of the detected QTL explaining flowering time, flowering time
related traits, photosynthesis related traits and anthocyanin content (Antho) in Ler/Eri-1 RIL
population in CT and HL4 environment

Trait Environ QTL at Map LOD score % of Additive
ment nearest position1 explained allele
marker variance effect’
FT . H4

HL4 CH.318E

CT CIwW8

HL4
-cT
RLN -cr 32 034
HL4 .
- 042
HL4
*_
- Hu
HL4 S0262 V: 20.9 17.60 52.2 -3.60 .
. 360
HL4 SO191 V: 34.6 6.23 23.0 -2.40 .
- 049
HL4 M5-9 V: 41.5 417 16.0 -1.90
~CT  DFM19L |

CLN ___*_I

TLN

- M59
cT DF.119L V: 60.2 3.95 4.6 0.62

Chia *____I

V:11.4 51.5 -2.00

-cr

HL4 BF.216E V: 26.4 3.26 7.2 0.19
Chib . HW4  DF252L o0 360 88 002

HL4 F22F7 lll: 3.2 3.36 8.3 -0.02 .

- 150 014

HL4 BH.96L V:22.8 2.56 6.9 0.03
Antho ~ HL4  NF19K23 1660 218 59

HL4 ciws Vi 14.9 9.61 32.0 -33.00

'Y Chromosome nb is given followed by marker position in cM
2) Positive values indicate that Ler alleles increased the trait value
Values in bold indicate QTL detected in both environments
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Figure lll.4 <on the previous page>: Ler/Eri-1 linkage map showing the locations of QTL for
the analysed traits in control (CT) and high light and cold (HL4) environment. Chromosomes
I, I, Il and V of A. thaliana are represented as bars with their number indicated on the bottom of
each bar. Marker positions are indicated with lines. The arrows indicate the regions where
significant QTL have been detected (LOD>2.1; see materials and methods) with corresponding
marker on the left. The direction of the arrows indicates the allelic effect: upward, Ler increases and
Eri-1 decreases, downward, Eri-1 increases and Ler decreases. The different shading of the arrows
refers to the percentage of variance explained by each QTL (see legend). QTL3, QTL5-1 and
QTL5-2 cluster are high lighted with grey boxes.

I11.3.B. 2-way QTL interactions mapping

For most of the studied traits, the sum of R? of the main effect QTL could not explain all
the variation which was observed in the RIL population, although the heritability of most
quantified traits was high. This likely means that part of the genetic determinism has not
been revealed with the main effect QTL detected. In order to encompass this problem, a
further analysis with genome wide pair wise marker interaction was performed. The
interaction affecting the variation of the studied traits was performed for both HL4 and CT
environments separately (Figure IIL.5).

In both environments and for all analysed traits, significant interactions on chromosome V
were detected. The strongest interaction, which explains 29% of the variation of FT in the
CT condition was detected between the marker NGA225 (0.0 ¢cM) and marker CIWS (14.9
cM). This interaction was also significant in the HL4 condition, but rather weak explaining
only 7.7% of the observed variance. At both positions main effect QTL were previously
detected for FT, RLN and TLN. Additional interaction on chromosome V for both
environments was detected between marker CIWS8 (14.9 ¢cM) and marker M5-9 (41.5 cM)
in CT condition with an explained variance of 23% and in HL4 condition with an
explained variance of 20%. A third strong interaction (27%) in the CT condition was
detected between marker CIW8 (14.9 ¢cM) and marker SO191 (34.6 cM). This interaction
was not detected in the HL4 environment. Surprisingly, at the SO191 region no main effect
QTL was detected in CT environment but only in HL4. Interactions between chromosomes
were also detected between chromosome III and chromosome V for the traits FT, RLN and
TLN. For the leaf numbers it was found in both environments between the marker NT204
(chromosome III- 14.1 cM) and CIWS8 (chromosome V- 14.9 cM). The interacting loci
mapped at the QTLS5-1 locus and a bit below the QTL3 locus. Also on chromosome III, a

weak interaction for FT in the HL4 condition was mapped. The previous mentioned region
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around the marker NT204 (chromosome III- 14.1 cM) interacted with the QTL3 region at
marker F22F7 (chromosome III- 3.2 ¢cM). Additional interactions between chromosomes
were also detected between QTLS5-1 (CIWS8) and chromosome I, II and IV. On
chromosome I at marker NF19K23 (66.0 cM) an interaction explained 7.2 % for the
variation in leaf numbers in CT condition. This interaction could not be shown in HL4
environment. The interaction between chromosome II (marker F12A246; 18.5 ¢cM) was
detected in both environments and explained 11% and 19% of the variance in CT and HL4
condition, respectively. Close to marker position F9D16 (44.1 cM) on chromosome IV
again an interaction in both conditions was detected. It contributed 16% and 8.4% to the
variation in RLN in CT and HL4 condition, respectively. A summary of all detected
interactions for FT in both environments is displayed in Figure IILS.

For anthocyanin content only one major QTL and one minor QTL in the HL4 condition
were previously mapped. Epistat revealed interactions which explained additional
phenotypic variation and which could not be explained only by the previously main effect
QTL detected. Two of the interactions on chromosome V and the interaction between
chromosome III and the QTL5-1 region detected for FT were also identified for
anthocyanin content. The interactions between the top chromosome V (NGA225) and M5-
9 and the QTL5-1 region were detected in the HL4 environment and explained 14% and
8.5% of the phenotypic variance for anthocyanin content. The interaction on chromosome
IIT and QTL5-1 for anthocyanin content was mapped below (MQCI12; 19.2 cM; 6.1%
explained variance) the interaction detected for FT (NT204; 14.1 cM). An additional
interaction on chromosome V was detected in the HL4 environment for anthocyanin
content between the QTL5-2 (S0262; 20.9 cM) and the bottom of Chr5 (K8A10;
69.6 cM). This interaction explained 18% of the variation in anthocyanin content in the
RIL population in this environment. The region on chromosome III which already
interacted with QTL5-1 showed a second interaction with chromosome II at the marker
position M2-17 (29.7 cM) and explained the variation in anthocyanin content by 13%. An
additional interaction between the QTLS5-1 region (CIWS; 14.9 ¢cM) and the region around
marker T2N18 (42.0 cM) on chromosome II was detected in HL4 and explained 7.8% of
the anthocyanin phenotype in that environment. The last minor interaction explaining only
6.6 % of anthocyanin content variation was found between CIW8 and F9D16 (44.1 cM) on
chromosome IV. All these interactions for anthocyanin content detected in the HL4 are

displayed in Figure IIL.5.
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For FT in the CT condition a heritability of 77 % was detected. This percentage was not
reached by the main QTL for this trait in this condition (21.8% in total). By including the
2-way interactions in the QTL model, the amount of the variation explained by the QTL
was similar to the heritability. For anthocyanin content in the HL4 environment the
heritability reached 92 %. Only 32 % and 5.9 % were explained by the main effect QTL
detected in this condition. In total, 54% of the phenotypic variation was explained by the
2-way interactions for this trait. Thus, when the minimum effect and interacting QTL were
considered jointly, the percentage of explained variance was similar to the estimated
heritability for this trait. Remarkably, the heritability for RLN in the HL4 environment
equalled to 84 %, but the percentage of explained phenotypic variance by the QTL was
already much higher.

A FT HL4| B RLN HLa| C CLN HL4

Chla+Chlb  n Anth

2 3 4 2 3 4

Figure lIl.5: Heat map of the log likelihood ratio (LLR) from pairwise epistatic interactions
detected by Epistat for all flowering related traits and chlorophyll and anthocyanin content
detected under CT and HL4 conditions. (A- FT for flowering time, B- RLN for rosette leaf
number, C- CLN for cauline leaf number, D- TLN for total leaf number), photosynthetic related traits
(E- chlorophyll a + chlorophyll b) and pigmentation-related traits (F-Antho for anthocyanin content)
detected under control (CT) and high light/low temperature (HL4) conditions. In each panel (A-F)
the significance of the occurrence of an interaction between each couple of markers in the five
chromosomes is plotted. Presence of epistatic 2-way interactions with an LLR >6 and >12 are
indicated in orange and red respectively. The values below the diagonal represent the interaction
detected in the CT condition and the ones above the diagonal stand for the interactions in the HL4
condition.
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II1.3.C. QTL x environment interactions

Phenotypic variation over contrasted environments can also be under strong genetic
determinism and this is commonly referred as GXE for genetic by environment interaction.
Deciphering this genetic determinism can lead to better understanding of adaptation to
specific environments. Thus, we tested every detected QTL within the three revealed QTL
cluster for its QTL x E interaction by an analysis of variance between the tested
environments (data not shown). No significant interaction between the QTL3 and the
environment was revealed for the flowering related traits. One could expect a QTL x E
interaction as most of the QTL were only mapped in HL4 condition. In contrast, the QTL3
detected for Chla and Chlb content in the HL4 environment showed an interaction to the
environment. In both QTLS5-1 and QTL5-2 on chromosome V nearly all mapped QTL
showed a significant interaction with the environment. The only exception in QTLS5-1 and
QTLS5-2 on chromosome V was the QTL for the Chla content for which no interaction with

the environment was revealed.

I11.4. Validation and characterization of the flowering QTL3
I11.4.A. Selection of NILs in Ler or Eri-1 genetic backgrounds to validate the presence

and effect of flowering QTL3

The QTL mapping resulted in the detection of collocating QTL for flowering related traits
located on chromosome III named QTL3 (see result above I11.3.A.). A way to confirm the
presence and the effect of this QTL would be to observe significant phenotypic differences
between the parental accessions and near isogenic lines (NILs). The NILs carry the genetic
background from the one parental accession with a small introgression of alleles from the
other parental accession in the region of the QTL3. In addition to validate the effect of a
QTL, near isogenic lines provide a suitable genetic material to fine map a validated QTL.
Ideally, narrowing down the size of the introgressed region in the NIL by successive
backcross with the corresponding accessions would lead to the identification of the gene(s)
underlying the effect of the QTL. Such NILs were selected from successive backcrosses

between selected RILs and either Ler or Eri-1.
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We selected appropriated lines from the remaining 110 Ler/Eri-1 RIL population which
after backcrossing either to the parental lines Ler or Eri-1 or to another RIL would lead to
the selection of lines with introgressions at only one, two or all three detected QTL.
Backcrossing (BC1F1) the RIL 31 with the parental line Ler resulted in a line with Ler
background and heterozygous introgressions on chromosome III from 0 to 5.6 Mbp
(including the QTL3) (see Figure I11.6). More heterozygous introgressions not expected to
be involved in the variation of the studied traits were on chromosome IV and
chromosome V. In the progeny of this line, a clean NIL referred to Ler NIL QTL3 could
be selected.

The RIL 38 was backcrossed to Eri-1 in order to produce NILs with Eri-1 genetic
background. The BCI1F1 line carried Eri-1 alleles over the full length of chromosome I,
except on the top of the chromosome and chromosome II and smaller or bigger
heterozygous introgressions on the chromosome III, chromosome IV and chromosome V —
from the progeny of this line an almost clean line could be selected which is named Eri
NIL QTL3. The heterozygous introgression at the top of chromosome III also from 0 to 5.6
Mbp included the QTL3 (see Figure I11.6). The BC1F2 populations (192 plants) from each
cross were grown in CT condition to select suitable near isogenic lines for the validation of
QTL3. The progeny was genotyped with the SSLP markers which were previously used to
build the genetic map of Ler/Eri-1 and additional markers found to be polymorphic
between Ler and Eri-1 (see marker Table A.1 in appendix). Lines were selected according
to the following criteria: (i) for marker elsewhere than in the QTL3 region, the allelic value
should be similar than the one of the corresponding genetic background; (ii) for marker
located within the QTL3 region, the allelic value should be from the other parent than the
one of the genetic background (heterozygous or homozygous stage). None of the BC1F2
plants genotyped carried only an introgression in the QTL3 locus. In an attempt to select
cleaner NILs the progenies (BC1F3; 25 plants) from each BC1F2 selected line were grown
in the CT condition. All plants were not only genotyped but also phenotyped (flowering
time and numbers of leaves) in order to test the co-segregation between the variation of
these phenotypes and the allelic values of segregating markers. Due to the different allelic
value of the lines and remaining heterozygous parts in the BC1F3 a phenotypic variation of
the analysed traits was expected and observed. In the BC1F3 of the cross between RIL 31
and Ler, a clean Ler NIL QTL3 (Ler NIL 97-3) could be selected (see Figure I11.6). Ler

NIL 97-3 carried an Eri-1 introgression on the top of chromosome III at marker F14P3
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(0.42Mbp) and a second Eri-1 introgression from marker F7018 (1.23Mbp) until marker
position NT204 (5.6Mbp — marker Table A.1 in appendix).

To narrow down the QTL3 region, the progeny of an Eri NIL QTL3 line with smaller Ler
introgression at chromosome III (from 0 to around 1.6 Mbp — Eri NIL 67-4) was selected
and the BC1F4 (15 plants) of the Eri NIL 67-4 were additionally grown and phenotyped in
the HL4 condition. All the lines were also genotyped. Based on the combination of
genotyping and phenotyping data the clean Eri NIL 67-4-2 which only carried one
introgression of the Ler alleles on the very top of chromosome III and in a small region on
chromosome IV was selected. Additionally Eri NIL 67-4-10 was chosen which was
isogenic to NIL 67-4-2, except for heterozygous alleles at the top of chromosome III. The
selection and genotype of both NILs are shown in Figure I11.6.

The clean Eri NIL QTL3 (Eri NIL 67-4-2) carried a Ler introgression at the top of
chromosome III from marker T4P13-0.014Mbp (first marker on top chromosome III) to
FTN3-175-1.75Mbp (see marker table A.1 in appendix) including the QTL3. The offspring
of the heterozygous sister line Eri NIL 67-4-10 was used for later fine mapping
experiments. Both Eri NILs carried a Ler introgression on chromosome IV marker position
M4-25 (6.97Mbp) where no QTL for flowering time were detected.

Both NILs, Ler NIL and Eri NIL carried bigger and smaller introgressions including
QTL3, respectively. The progeny of both clean NILs was grown in both environments
under the same conditions which were used for the QTL mapping experiment in order to

validate the effect of the QTL3.
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Figure I1.6: Selection strategy and genotype of Eri NIL QTL3 and Ler NIL QTL3. The five bars
indicate the five chromosomes of A. thaliana, the dark grey box highlights the position of the QTL3,
and the colours represent the allele (red-Eri-1, green —Ler, blue heterozygous, grey-missing
values). For developing the Eri NIL QTL3 (Ler introgression at QTL3 in Eri-1 background) the
RIL38 was backcrossed to the parental line Eri-1. In selection steps an almost clean Eri NIL QTL3
(NIL67-4-2) was selected. For developing the Ler NIL QTL3 (Eri-1 introgression at QTL3 in Ler
background) the RIL31 was backcrossed to the parental line Ler. In selection steps a clean Ler NIL
QTL3 (NIL97-3) was selected. The names of the NIL lines are printed below the respective
genotypes.

I11.4.B. Validation of flowering QTL3

The performed QTL detection and 2-way marker interaction study showed that the allelic
values at the marker F22F7 (1.6 Mbp) on chromosome III could significantly explain parts
of the phenotypic variation for the traits FT, RLN and TLN of the Ler/Eri-1 RIL
population grown in HL4 environment. At this position the Ler alleles delayed the FT in
HLA4 for an average of about 5 days and increased the RLN and TLN on average for about
3 leaves compared to the Eri-1 alleles. In the CT environment the allelic value at marker
F22F7 could not explain variation in leaf numbers and resulted in not significant changes.
However also in this condition the Ler alleles delayed the FT on average around 1.5 days
and increased the leaf numbers around 0.5 leaves. The tendency that the Ler alleles at
QTL3 delayed FT was also present when phenotyping the NILs. The Ler NIL97-3 (Ler
NIL QTL3) which carried the bigger Eri-1 introgression on top chromosome III showed an
earlier flowering (in RLN) compared to Ler (see Figure II1.7). The leaf numbers in both
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environments were significantly decreased, whereas the differences in the leaf numbers
between the Ler NIL97-3 and the Ler parent were exacerbated in the HL4 environment
(see next paragraph). The RLN and TLN were on average 1.5 leaves decreased in the Ler
NIL97-3 compared to Ler. In the HL4 the RLN and TLN were on average 2 to 2.5 leaves
decreased in this NIL compared to Ler. The QTL mapping only highlighted significant
effects of QTL3 in the HL4 environment, but interestingly the QTLXE analysis did not
show any interaction between QTL3 and the tested environments, which indicated that
QTL3 is probably independent from the environmental condition and would be detectable
in both conditions if we would have more power for QTL detection. When validating
QTL3 by phenotyping selected NILs, we could univocally confirm the effect of QTL3 in
both environments. However, in the CT environment the effect of the QTL3 has a lower
impact on FT related traits. While analysing heterogenous RILs the low effect of QTL3 in
CT condition was perhaps masked by other flowering time QTL. Different allelic value
combinations in the RILs could lead to a higher impact of other QTL related to flowering.

Additional to the Ler NIL97-3 the Eri NIL67-4-2 (Eri NIL QTL3) which carried a smaller
introgression of the Ler allele on the very top chromosome III in an Eri-1 background also
validated the late flowering caused by the Ler allele at QTL3. In both environments the Eri
NIL67-4-2 showed a much later flowering phenotype compared to Eri-1. In the CT
environment the RLN and TLN of this NIL were increased on average around 6-7 leaves
compared to Eri-1. Again, in the HL4 environment the effect was amplified and the RLN
and TLN were increased on average around 12-15 leaves compared to Eri-1. According to
a Student-Newman-Keuls test the leaf numbers of Ler, Eri-1 and the selected NILs could
be significantly divided into four different groups, with a likelihood of 95% (Figure I11.7).
The phenotypic values of Eri NIL67-4-2 were very interesting due to the fact that the allele
of the earlier flowering parent Ler even delays the flowering of the later flowering parent
Eri-1. This later flowering can be only explained by a combination of the Ler allele at
QTL3 and another region or other regions in the Eri-1 background. This combination could
already be seen in the RIL population. An interaction between the marker NT204
(chromosome III 5.6 Mbp), located a bit below the QTL3 region and CIW8 (chromosome
V 7.5 Mbp) segregating marker of the QTLS5-1 was previously detected (see above,
paragraph II1.3.B.). Indeed, almost all later flowering RILs carried the Ler alleles at the
QTL3 region and Eri-1 alleles at the QTLS5-1 region. The interaction between the QTL3

and chromosome V will be described and discussed in a following chapter.
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Figure lll.7: Rosette leaf numbers and total leaf numbers of Ler, Eri-1, and the selected NiLs
Ler NIL QTL3 (Ler NIL 97-3) and Eri NIL QTL3 (Eri NIL 67-4-2) in CT and HL4 environment.
Ler, Eri-1 and the two NILs, which were derived from backcrosses between the parental lines and
RIL31 and RIL38, were grown in CT condition (left panel) and in HL4 environment (right panel).
The boxplots represent the median surrounded by the lower and upper quartile and the lowest and
highest trait value. The data was derived from an average of two independent experiments and the
n indicates the number of plants that were used. The letters indicate the four different groups
(a,b,c,d) identified by the Student-Newman-Keuls test (95% confidence interval). The genotypes of
the lines are indicated below with Ler alleles in green, Eri-1 alleles in red and missing values in

grey.
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I11.4.C. Characterization of the validated flowering QTL3

During the validation of the QTL3 for flowering time, the phenotyping of the NILs showed
the independency of QTL3 to the environment the plants were growing in. In both
environments we saw a decreasing or increasing of the leaf numbers dependent on the Ler
or Eri NIL QTL3, compared to the parental lines Ler and Eri-1. Interestingly HL4
condition intensified the effect of QTL3. The Ler NIL QTL3 (Ler NIL97-3) showed even
less leaf numbers than Ler grown in the CT condition, whereas the Er1i NIL QTL3 (Eri
NIL67-4-2) showed a much higher leaf number grown in the HL4 condition. The mapping
experiment and the validation was performed in long day (LD) light conditions (16 hours
light and 8 hours dark) to prolong the time span in which the plant is exposed to the high
light. However, both NILs and the parental lines were additionally grown in short day (SD)
light conditions (8 hours light and 16 hours dark) in moderate temperature to see if the
prolongation time span of vegetative growth and the therefore deferred time of flowering,
will influence the effect of the QTL3. Compared to Ler the Ler NIL97-3 showed still an
earlier flowering time phenotype, whereas the Eri NIL67-4-2 showed a delayed flowering
phenotype to Eri-1 (see Figure IIL.8; Schmalenbach personal communication). Thus the

growth in different day lengths does not affect QTL3.
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Figure 1Il.8: Flowering time

Short Day condition (DAS) of Ler, Eri-1, and the

selected NILs Ler NIL QTL3

60 ‘ (Ler NIL97-3) and Eri NIL
= QTL3 (Eri NIL67-4-2) in short

5] = day light condition. Ler, Eri-1

and the two NILs, which were
derived from  backcrosses
between the parental lines and
n= RIL31 and RIL38, were grown
_ in SD light (8 hours light and
: 16 hours dark) condition. The
b boxplots represent the median
Y surrounded by the lower and
35 ﬁ upper quartile and the lowest

and highest trait value. The n
30 indicates the number of plants
I 0 I I that were wused in the
Ler Ler NIL 97-3 Eri-1 Eri NIL 67-4-2 experiment. The letters

| indicate the four different
I U”| |H| groups (ab.c,d) identified by

%)
o
|

Flowering time (DAS)
] .
1

-

the Student-Newman-Keuls
test (95% confidence interval).
The genotypes of the lines are
Tegend indicated below with Ler alleles
B atele in green, Eri-1 alleles in red
Oieraiieie and missing values in grey.

ﬂmissing values|

I heterozygous

I11.4.D. Fine mapping of the flowering time QTL3

Fine mapping of the QTL3 region was performed to pinpoint the gene(s) which is (are)
underlying the effect of this QTL. Validation of QTL3 with the Eri NIL67-4-2 could
already show that the QTL3 is located at the very top of chromosome III between 0.014
Mbp (and maybe even above) to 1.75 Mbp. The region contains 708 genes according to the
predicted genes in the reference sequence of Col-0. For the fine mapping experiment the
progeny of the Eri NIL67-4-10 (isogenic sister line of 67-4-2 with heterozygous
introgression on top chromosome III; see Figure I11.6) and the parental lines were grown in
CT condition to select lines carrying recombinant events within the QTL3 region. The
recombinant lines were selected in the fifth generation of the first backcross of the RIL38
and Eri-1 (BC1F5) NIL67-4-10. While the plants were growing, flowering time and leaf
numbers were scored for all plants. It is worth mentioning that a significant effect of the

experiment (location in the greenhouse, time of the year, growth condition) was a
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contributing factor of flowering time variation in the experiments. During the fine mapping
experiment the RLN of the Eri NIL67-4-10-26 (Ler introgression from T4P13 to FTN3-
175; see marker Table A.1 in appendix) in an Eri-1 background (similar genotype to
NIL67-4-2 in validation) was compared with the RLN of Eri-1. The leaf numbers of Eri-1
were lower than in previously carried out experiments (RLN average 14 leaves) and
especially compared to the validation experiment (RLN average 20 leaves). Nevertheless,
the tendency of flowering difference between Eri-1 and the Eri NIL QTL3 was similar and
comparable to the validation experiment.

All the recombinant lines carrying the Eri-1 allele (homozygous or heterozygous stage) on
the top of chromosome III (from marker T4P13 — 0.014 Mbp to F14P3 - 0.42 Mbp,
respectively) produced similar numbers of rosette leaves as Eri-1 (line R6 to R10, see
Figure I11.9). Due to the fact, that the lines with heterozygous alleles showed similar RLN
as the lines with homozygous Eri-1 alleles at top chromosome I1I, it can be concluded that
the Eri-1 allele is dominant in promoting flowering (early) and decrease RLN.
Recombinant lines with Ler alleles or heterozygous alleles at the top of chromosome III
(lines R1 to RS) presented two different phenotypes. R2 carried fixed Ler alleles from
marker T4P13 to F14P3 and showed a similar increased RLN than the control Eri NIL67-
4-10-26, suggesting that QTL3 can be fine mapped between 0.014 Mbp and 0.42 Mbp,
which further supports the aforementioned conclusion. However, the lines R1, R3, R4 and
R5, which carried recombinant events in this region, showed an intermediate RLN
phenotype between Eri-1 and the Eri NIL67-4-10-26. Because of this intermediate
phenotype one could raise the hypothesis of the presence of two additive QTL affecting
rosette leaf number. Only the combination of Ler alleles at both QTL3 regions was
responsible for the very late flowering phenotype of QTL3. These results are based on
single recombinant plants. To conclude the hypothesis additional replicates of the
recombinants have to be grown and analysed. To find the location of both QTL we
compared the pheno-and genotypes of lines R1 to R5. Line R2 which showed a similar
phenotype as the Eri NIL QTL3 had the same genotype as line R3, but line R3 showed an
intermediate phenotype between Eri-1 and the NIL. This would suggest that one of the
genes responsible for the effect of QTL3 would be located in the region flanked by
markers F14P3 (0.42 Mbp) and F7018 (1.23 Mbp). In the following text, the region
between 0.014 Mbp to 0.42 Mbp will be referred as QTL3-1 and the region from 0.42 Mbp
to 1.23 Mbp as QTL3-2 (see Figure II1.9). Line R3 showed an intermediate phenotype to
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Eri-1 and R2, whereas it carried the same allelic values as R2. At QTL3-1 R2 and R3
carried Ler alleles and thus increased the leaf numbers compared to Eri-1. In the QTL3-2
region both lines carried recombinant events between the two flanking markers. Due to the
lack of markers in between F14P3 and F7018, the positions of the recombinant events in
both lines were not ascertained. However, from the data available it appears that in R2 the
recombinant event is more closely located to marker F7018. That would mean that R2
carried Ler alleles at the QTL3-2 compared to R3 and therefore delaying flowering time.
The recombinant lines R4 and RS with an intermediated phenotype showed similar data as
R3 - fixed Ler alleles at the QTL3-1 and heterozygous or Eri-1 alleles (in case of RS) at
the QTL3-2 (see Figure I11.9). Line R1 showed also an intermediate phenotype attributed
to Ler alleles at QTL3-2 and heterozygous alleles at the QTL3-1. This R1 line indicates
that QTL3-1 is located between 0.014 Mbp and 0.20 Mbp. To summarize the first fine
mapping results of QTL3: QTL3 can be split in two QTL (QTL3-1/QTL3-2) with additive
effects to each other in which the Ler allele is recessive and responsible for increased
RLN. QTL3-1 is located between the markers T4P13 (0.014 Mbp) and the F4P13 (0.20
Mbp); QTL3-2 is located between the markers F14P3 (0.42 Mbp) and F7018 (1.23 Mbp).
The introgression that caused the increased RLN phenotype could be reduced to a region

between 0.014 Mbp to 1.23 Mbp.
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Figure I11.9: Fine mapping of QTL3 with progeny (BC1F5) of Eri-NIL QTL3 (Eri NIL 67-4-10)
The rosette leaf numbers of the parents Ler and Eri-1, Eri NIL67-4-10-26 and the recombinant lines
are presented in the bottom panel on the right. The lines differ in their genotype on chromosome Il
which is schematically presented on the top right panel: green represents Ler-allele, red Eri-1 and
blue heterozygous alleles. The numbers (n) of genotypes and phenotypes analysed are presented
below the phenotypic data. The physical distance between the markers T4P13 and FTN3-175
amounts 1.75 Mbp.

II1.4.E. Reducing the size of the QTL with additional markers

As the first fine mapping analysis was mainly based on the values of few recombinant
plants, the BC1F6 of the cross between RIL38 and Eri-1 — (progeny of Eri NIL 67-4-10-36
— recombinant line R7) were additionally grown in CT environment and analysed. In the
first fine mapping experiment we excluded the region between the markers F7018
(1.23Mbp) and FTN3-175 (1.75Mbp) as being responsible for flowering variation in
Ler/Eri-1 population. The Eri NIL 67-4-10-36 carried fixed Eri-1 alleles from F7018 to
FTN3-175 and a heterozygous introgression at the top of chromosome III until marker
F7018 (R7; see Figure I11.9). A co-segregation analysis between rosette leaf numbers and

allelic values at different markers indicated that the QTL is located between the markers
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T4P13 and F7018. As in the fine mapping experiment three phenotypic groups were
identified. The first group contained early flowering plants with rosette leaves from 8 to 19
leaves (red parable in Figure I11.10). The second group contained very late flowering plants
with rosette leaf number up to 43 (green parable) and an intermediate phenotype from 19
to 25 leaves (black parable). Interestingly, in this experiment flowering variation was

enhanced (with RLN reaching 43) compared to previous CT experiments.

BC1F6 of line R7 (NIL67-4-10-36)
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Figure lll.10: Frequency distribution for RLN in progeny of the line R7 (NIL67-4-10-36) grown
in CT condition. On the x-axes the rosette leaf numbers (RLN) are displayed. On the y-axes the
number of lines are displayed. The parabolics indicate three segregating groups in the RLN leaf
numbers. In red the group with less leaf numbers (early flowering plants), in green the group with a
lot of rosette leaves (very late flowering plants) and in black the intermediate group. In total 170
plants of the BC1F6 were grown. The arrows indicate the RLN of the parental lines (green Ler and
red Eri-1).

To verify the hypothesis that two additive QTL were responsible for the flowering
variation at QTL3, the segregating BC1F6 was genotyped with the already used markers
and newly developed markers in that region. The associated gene of QTL3-2 was expected
between the markers F4P13 (0.42 Mbp) and F7018 (1.23 Mbp). In that region new
markers based on the rare Ler SNP strategy (explained in material and methods) were
developed. SNPs specific for Ler compared to five other accessions, in that region were

used to design CAPS markers. As the Eri-1 genome was not sequenced at the time of the
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presented study, we hoped that the SNPs used in CAPS markers would be polymorphisms
between Ler and Eri-1. However, of 18 developed CAPS markers only 5 CAPS markers
(see in marker Table A.1 in appendix) carried a different SNP in Eri-1 compared to Ler in
that region. With the 5 polymorphic CAPS markers the recombinant region between
0.42Mbp and 1.23Mbp, of QTL3-2 could be narrowed down. The CAPS markers amplified
regions located on the edges of the recombinant region and limited the size of QTL3-2
region from 0.45 Mbp to 0.92 Mbp. To identify the SNP which is responsible for the
flowering time variation in the Ler/Eri-1 population and to develop new polymorphic
markers, the accession Eri-1 was sequenced with an Illumina platform (see next paragraph

and materials and methods).

I11.4.F. Sequencing of Eri-1 accession

The sequencing of Eri-1 accession was performed with a Genome Analyser IIx from
[llumina in the Max Planck Genome Centre Cologne. The Illumnia sequencing resulted in
32.987.304 single reads (additional information can be found in materials and methods
section). After quality control and several optimization steps, the sequence reads could be
mapped to the reference genome Col-0 (TAIR9, www.arabidopsis.org) and visualized with
the IGV browser (http://www .broadinstitute.org/software/igv). By visualization, structural
variation in the genome of Eri-1 compared to Col-0 could be highlighted. The coverage of
the mapped sequence reads to the reference varied from ca. 0 - 40 with an average depth of
18. Deletions of DNA regions in Eri-1 in comparison to Col-0 could be identified from the
absence of sequence reads of Eri-1 in that particular region. In addition to the Col-0
sequence other sequenced accessions can be compared to Eri-1 in the IGV browser. With
this method structural variation between Eri-1, Col-0 and Ler could be depicted (see
paragraph I11.4.G). The sequence reads were also analysed to call SNPs between Ler and
Eri-1 which could be used for marker development and further fine mapping of QTL3. The
SNP calling pipeline is described in material and method section. The quality control of the
sequencing was performed with the software FASTQC
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). An overview of the range of
quality values across all nucleotide bases at each position in the FastQ file is displayed in

Figure III.11. The mean quality scores of the sequences ranged very high from 32 to 38,
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whereas the score of 38 was stable until a read length of 80 bp, then the quality decreased
to 32 with a read length of 118bp. Overall the quality of the I[llumina reads of Eri-1
accession was very good. A quality score of 20 referred to as low quality sequencing data
and all the reads below a quality score of 20 would be usually discarded from the analysis.

Thus, in this sequencing experiment no read data were excluded from the analysis.

Figure Il.11 <on the following page>: Per base sequence quality of sequencing Eri-1
illumina reads. The x-axis represents the read position; the y-axis represents the quality scores.
The central red line is the median value and the yellow box represents the inter quartile range (25-
75%). The upper and lower whiskers represent the 10% and 90% points. The blue line represents
the mean quality.
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After quality control the sequence reads were mapped to the reference genome Col-0
(TAIR9). Additional filtering checked the mapping quality and removed duplicates. In the
end 397.836 SNPs could be called between Eri-1 and Col-0. The Figure III1.12 displays
sequence reads of Eri-1 in the region 485.494 bp to 489.804 bp on the top of chromosome
[T visualized by the IGV browser. This region is also included in the QTL3 region.
Displayed by the gray arrow bars (single sequence reads) a sequence depth of around 20-
40 could be obtained in that region. SNPs differences between Eri-1 and Col-0 which are
detected in all reads in that region are indicated by coloured lines (red = T, green = A, blue
= C and orange = G). No sequence gaps of Eri-1 sequences were presented in that region,

therefore no deletion of genomic parts of Eri-1 was detected in that region.

Chr3:485,494-489,804
1

4.296 bp
486.000 bp 487.000 bp 488.000 bp 489000 bp
1 1 |

DLAT A FILE
DATATYPE

NAME

!

AT3G02380.1 AT3G02390.1

Figure IlI1.12: IGV browser image of lllumina sequence reads of Eri-1 aligned to the region
485.494 bp - 489.804 bp of chromosome lll of the reference genome Col-0 based on TAIR9
information. Reads are displayed in grey bars. The gene model AT3G02380 and AT3G02390 are
located in the region, displayed below the reads in blue. Different SNPs compared between Eri-1
and Col-0 are indicated with coloured lines in the grey bars (red = T, green = A, blue = C and
orange = G).
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Figure II1.13 displays a zoom in of the Figure III.12. The region 487.403 bp to 487.469 bp
on chromosome III is presented. With zooming in the region, SNPs in the Eri-1 sequence

can be compared in detail with the sequence of Col-0 and respective gene models.

Chr3:487,403-487,469
1

68 bp

487 410 bp 487 420 bp 487 430 bp 487 440 bp 487 450 bp 487 460 bp 487 .4
1 1 | | 1 1 1 1 1 1 I
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Figure 111.13: Zoom in of Figure lll.12. IGV browser image of lllumina sequence reads of Eri-1
aligned to the region 487.403 bp — 487.469 bp of chromosome Il of the reference genome
Col-0 based on TAIR9 information. The nucleotide sequence of the gene model of AT3G02380
in Col-0 is displayed at the bottom of the screenshot. In case of nucleotide changes in the Eri-1
sequence compared to Col-0 reference, the different nucleotide is displayed (here a C in Eri-1
reads and a T in the Col-0 reference, as well as an A in Eri-1 and a G in Col-0.

To produce polymorphic markers between Ler and Eri-1 we identified SNP between Ler
and Eri-1. To compare all three accessions (Col-0, Eri-1 and Ler) the public available SNP
data of Ler (www.1001genomes.com) were added to the SNP call analysis. The SNPs
which were similar between Ler and Eri-1, but different between Col-0 (163.042 SNPs)
were removed from the analysis because they were not useful for later marker design.
184.924 different SNPs were detected between Ler and Eri-1, whereas Ler carried the
same SNPs than Col-0. On the other hand 212.912 different SNPs were detected between
Ler and Eri-1, whereas Eri-1 carried the same SNP than Col-0. The high SNP number plus
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indels which could be detected between the three accessions highlighted differences which
can be found in natural occurring accessions. The high number of SNPs between Ler and
Eri-1 is promising for designing marker for fine mapping of detected QTL. Additionally,
direct comparison of the structure of genes in Ler and Eri-1 can be easily performed with

the IGV browser in order to find polymorphisms in candidate genes

II1.4.G. Candidate genes for flowering time — genes in the region of QTL3-1 and
QTL3-2

After the fine mapping results the region of QTL3 was narrowed down to 900Kb. This
region contained 373 genes, but only 4 of them were obvious flowering time genes. The
genes are COL2 (Ledger et al. 2001), MBD9 (Peng et al. 2006), VGT1 (Aluri and Biittner
2007) and AGL4 (Pelaz et al. 2000). COL2 is homologous to the flowering time gene CO
encoding zinc finger proteins (Putterill et al. 1995). CO is a main player of the photoperiod
pathway and involved in the regulation of flowering under long days. The CO mutant
phenotype showed a delayed flowering in long days (Putterill et al. 1995). COL?2 is located
at 0.42 Mbp on chromosome III and included in the QTL3-2 region. The sequence region
of COL2*" and COL2"™ was compared with COL2°"” and between each other in the
IGV browser. No nucleotide differences or indel between Ler and Eri-1 alleles for COL2
gene and putative promoter region were detected. This result suggested that COL2 can be
excluded for being the gene responsible for the effect of the QTL3-2.

Using the same procedure we checked for differences between Ler and Eri-1 in the other
three candidates. First a comparison only of the SNP data for MBDY, located at 0.17 Mbp
in the region of QTL3-1 resulted in only one SNP difference between Ler and Eri-1. The
SNP was located in the non-coding region (first intron) of the gene. A second comparison
of the MBD9 sequence of Ler, Eri-1 and Col-0 in the IGV browser revealed structural
differences in the first exon of Eri-1. Some parts of the exon did not show any or only 1-2
sequence read alignments of Eri-1 sequences compared to Ler or Col-0. This absence of
reads suggested that parts of the first exon in Eri-1 is deleted and led to protein changes
and function. MBD9 is part of the vernalization pathway and known to enhance the

expression of the flowering repressor FLC (Peng et al. 2006).
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Comparison of the VGTI sequence between the three accessions did not give any
nucleotide difference between Ler and Eri-1, but several SNPs between Col-0 and both
accessions. The gene is located at 0.72 Mbp on chromosome III and therefore in the region
of QTL3-2. However a deletion in the third intron and fourth exon was detected in both
accessions Ler and Eri-1, indicating that differences in flowering time between them were
not caused by VGT1.

The last candidate in the region is AGL4 located at 0.46 Mbp in the vicinity of QTL3-2.
Although only three differences in the non-coding region of this gene between Ler and Eri-
1 were detected, it appeared to be a good candidate for QTL3-2, displaying large deletions
in Ler in the putative promoter region. This deletion could lead to changes in the
expression of AGL4*". To confirm the presence of the deletions in MBD9*™ exon
(candidate gene of QTL3-1) and AGL4* promoter (candidate gene of QTL3-2), the
regions including the deletions need to be checked by PCR, as the absence of sequence
reads could also be due to low quality sequencing. Additionally the expression of these

genes needs to be tested by qRT-PCR.

80



Chapter 111 RESULTS

I11.5. Validation and characterization of QTL5
ITL.5.A. Selection of NILs in Ler or Eri-1 genetic backgrounds to validate the presence

and effect of 2 linked QTL on chromosome V

The QTL mapping resulted in the detection of two closely linked QTL located on
chromosome V named QTL5-1 and QTL5-2 (see result above 1I1.3.A.). A way to confirm
the presence and the effects of these linked QTL would be to observe significant
phenotypic differences between the parental accessions and NILs carrying introgression of
alleles from one parental accession at QTLS5-1 and/or QTL5-2 in an otherwise genetic
background from the other parental accession. Such NIL have been selected from

successive backcrosses between selected RILs and either Ler or Eri-1.

ITL.5.AA. Selection of NILs in Eri-1 background

The RIL 103 (Figure II1.14 upper panel) carried a Ler introgression at both QTLS regions
in an almost clean Eri-1 genetic background and thus was appropriate for the development
of a so called “Eri NIL QTLS5” after backcrossing this RIL with Eri-1. In addition to the
QTLS5-1 and QTLS5-2 loci (from 5.6 Mbp to 15 Mbp on chromosome V), the BCIFI
(Figure III.14 upper panel) carried additional introgression of Eri-1 alleles (heterozygous
state) elsewhere in the genome: two small on top chromosome III (0.085 Mbp and 5.6
Mbp) and bigger regions on the top (0.0 Mbp to 7.0 Mbp) and the bottom (16.4 Mbp to
17.6 Mbp) of chromosome IV. In the BC1F2 progeny, a clean NIL which carried only the
small heterozygous regions at 0.085 Mbp and 5.6 Mbp on chromosome IIl and a Ler
homozygous introgression at chromosome V including both QTLS5 regions in an otherwise
Eri-1 allelic background was selected (Figure I11.14 upper panel). This line was called Eri
NIL QTLS (Eri NIL53).

In order to analyse QTLS5-1 and QTLS5-2 separately and to narrow down the QTL regions,
the Eri NIL53-6 (isogenic to Eri NIL53, but homozygous Eri-1 on region 0.085 Mbp and
still heterozygous on region 5.6Mbp on chromosome III — Figure III.14 upper panel) was
used for a second backcross with the parental line Eri-1. The resulting and selected BC2F1
(Eri NIL53-6xE 3L, Figure III.14 upper panel) carried exclusively heterozygous
introgression at the region including QTLS5-1 and QTLS5-2 in a clean Eri-1 background. In
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the BC2F2, recombinant events allowed us to select NILs with smaller heterozygous
introgressions at only QTL5-1 or QTL5-2 (Figure III.14 lower panel), enabling us to
validate the effects of each QTL separately. The Eri NIL QTLS5-1 53-6xE 3L-8
(abbreviated Eri NIL53-8, heterozygous introgression from marker NGA106 (5.4 Mbp) to
marker NGA139 (8.43 Mbp)) was selected to validate the effects of QTL5-1 and to narrow
down the region for fine mapping. The Eri NIL QTL5-2 53-6xE 3L-60 (abbreviated Eri
NIL53-60, heterozygous introgressions between NGA139 (8.43 Mbp) and SO191 (15.0
Mbp) carried heterozygous alleles only at the QTLS5-2 region and was selected for
validation and further fine mapping of this QTL. Self pollination of these two lines
(BC2F3) allowed us to generate similar introgressions of Ler alleles at homozygous state
in Eri-1 genetic background (Eri NIL QTLS5-1 53-6xE 3L 8-118 abbreviated Eri NIL8-118
for QTL5-1 and the Eri NIL QTLS5-2 53-6xE 3L 60-22 abbreviated Eri NIL60-22 for
QTLS5-2; Figure II1.14 lower panel).

While selecting these NILs in the BC2F2, another line carrying solely an introgression of
Eri-1 alleles at both QTLS5 was selected and named Eri NIL QTLS5 53-6xE 3L-7
(abbreviated Eri NIL53-7, Figure I11.14, upper panel). In addition, Eri NIL QTLS5-1 53-6xE
3L 8-96-27 (abbreviated Eri NIL8-96-27) with a small Ler introgression in the QTL5-1
region from marker ICES (7.71 Mbp) to marker CDPK9 (7.95 Mbp) was also selected
(Figure III.14 lower panel).
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Figure IlIl.14: Selection strategy and genotype of Eri-1 NIL QTLS5, QTL5-1 and QTL5-2. The five
bars indicate the five chromosomes of A. thaliana in both panels, in the upper panel the dark grey
box highlights the position of the QTL5 and in the lower panel the grey boxes indicates the
separation of QTL5-1 and QTL5-2. The colours represent the allele (red-Eri-1, green —Ler, blue
heterozygous, grey-missing values). For developing the Eri NIL QTLS5 (Ler introgression at QTL5 in
Eri-1 background) the RIL103 was backcrossed to the parental line Eri-1. In selection steps a clean
Eri NIL QTL5 (Eri NIL53-7) was developed. In separation steps clean NILs for both QTL5-1 and
QTL5-2 were created (Eri NIL8-118 and Eri NIL60-22) and a NIL with a very small introgression of
Ler in Eri-1 background was developed (Eri NIL8-96-27). The names of the NILs are printed below

or beside the respective genotypes.

83



Chapter 111 RESULTS

IT1.5.AB. Selection of NILs in Ler background

For developing a Ler NIL QTLS5 (a line with Eri-1 introgressions at the QTLS in a Ler
allelic background) two RILs were crossed (RIL67 and RIL10) and an F2 plant 67x10-1
was then backcrossed to the parental line Ler (see Figure I11.15). The selected BC1F1 (Ler
NIL 67x10-1xL 10) resulted in a line with several heterozygous regions in a Ler
background. After two generations of self-pollination, four almost clean Ler NILs QTLS5
were selected (see Figure II1.15). The Ler NIL QTLS 41(3) carried an Eri-1 introgression
on chromosome V from marker NGA106 (5.4Mbp) until marker MOK?9 (13.67Mbp) (both
markers fixed Eri-1) in an otherwise Ler background with additional heterozygous regions
on top chromosome I and top chromosome II. The Ler NIL QTLS5 37(1) carried the same
Eri-1 introgression on chromosome V and an additional Eri-1 introgression on top
chromosome I in a Ler background. Both NILs carried introgression of Eri-1 alleles in a
region including the QTL5-1 and the QTLS5-2 (see Figure II1.15).

In addition, two Ler NILs QTLS5 with smaller Eri-1 introgression were selected in the
BCI1F3. The Ler NILs QTLS5-1 84(1) and Ler NIL QTLS5-1 18(2) both carried the Eri-1
alleles between the markers NGA106 (5.4Mbp) and SO262 (9.8Mbp). In these two NILs,
only the QTL5-1 carried the alleles from Eri-1 whereas the QTL5-2 was fixed with Ler
alleles. The Ler NIL84(1) carried an additional Eri-1 introgression at top chromosome I in
the Ler background and a heterozygous region on chromosome III at marker NT204. The
NIL18(2) was the cleanest Ler NIL QTL5-1 with only Eri-1 introgression at QTLS5-1 (see
Figure III.15).
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Figure 111.15. Selection strategy and genotype of Ler NIL QTL5 and QTL5-1. The five bars
indicate the five chromosomes of A. thaliana, in the dark grey box highlights the position of the
QTLS. The colours represent the allele (red-Eri-1, green —Ler, blue heterozygous, grey-missing
values). For developing the Ler NIL QTL5 (Eri-1 introgression at QTLS in Ler background) the
RIL67 and the RIL10 were crossed with each other and the second generation of the cross was
backcrossed to the parent Ler. In several selection steps two almost clean Ler NIL QTL5 (NIL41(3),
NIL37(1)) and two Ler NIL QTL5-1 (NIL84(1) and NIL18(2)) were developed. The names of the
NILs are printed below the respective genotypes.
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I11.6.A. Validation of the flowering and pigmentation effects of QTLS

QTL detection with the Ler/Eri-1 RIL population revealed QTL for flowering related traits
in both environments on chromosome V. Analysis of variance indicated that in CT
condition the lines with Eri-1 alleles at QTLS (big region including both linked QTLS5-1
and QTL5-2) showed significant delay in FT on average about 3.5 days and increased the
leaf numbers RLN and TLN on average for about 3 leaves compared to the lines with Ler
alleles at this locus. In the HL4 condition, the flowering time was delayed compared to the
CT condition for all RILs and the flowering differences associated with the QTLS were
also increased. Compared to the Ler alleles, the Eri-1 alleles at QTLS delayed the
flowering time on average 6 days and the RLN and TLN increased on average 7 and 9
leaves, respectively.

In order to validate the effect of closely linked QTL for flowering time related traits and
anthocyanin content at QTLS, the progeny (8 plants) of Eri NIL53 was grown in the HL4
condition. These plants were grown in HL4 condition and their leaf numbers as well as
their anthocyanin content were quantified. As expected (Ler alleles present at QTLS), all
these plants showed a decrease in RLN compared to Eri-1 (Figure II1.16). In the genetic
context of Eri-1 background the effect of Ler alleles at this locus was even higher than
expected from the QTL detection. Ler alleles at the QTLS5 region decreased the RLN on
average around 13 leaves compared to Eri-1. Similarly to Ler which has 8 RLN in this
condition, the NIL53 flowered after producing on average 9.5 rosette leaves, whereas Eri-1
produced on average 23 rosette leaves before flowering (Figure I11.16).

While the flowering time QTLS was detected in both environments, the anthocyanin
content QTL at the same position (nearest marker CIW8 7.5 Mbp) was only detected in the
HL4 environment. RILs carrying the Eri-1 allele at this locus increased significantly their
anthocyanin content (49 pg/ml on average) compared to those carrying the Ler allele
(17 pg/ml).

Anthocyanin content of Eri NIL53 grown in HL4 condition (here in 4 replicates) was also
quantified to verify the effect of QTLS (Figure II.16). Compared to Eri-1 which
accumulated on average 120pug/ml anthocyanin, the Eri NIL53 with Ler introgressions on
QTLS decreased this content to 60pg/ml on average. This observed effect in the NIL was
again higher than the one expected from the QTL detection (17 and 49 pg/ml). The QTL

detection as well as the 2-way marker interaction analysis revealed that more loci are
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involved in the variation of anthocyanin content under HL4 condition than only QTLS. For
all other loci, only Eri-1 alleles increased the value of this trait. The second anthocyanin
QTL on chromosome I at marker position NF19K23 (22.9 Mbp) detected in the HL4
environment is an example for this. The presence of other loci increasing the anthocyanin
content in the Eri NIL53 could explain the higher values in this line. It would explain the
significantly higher anthocyanin accumulation of the Eri NIL53 with a clean Eri-1
background compared to the parental line Ler.

In summary, the flowering time QTLS5 (including QTLS5-1 and QTLS5-2) as well as the
anthocyanin QTLS could be validated by phenotyping the Eri NIL53 in the HL4 condition.
As a next step to analyse the effect of QTLS5 without additional loci affecting the
anthocyanin variation in the Eri-1 background, Ler NILs QTLS5 with a clean Ler
background were selected (see Figure III.15) and analysed together with the selected
smaller region NILs (Ler NILs QTL5-1 and Eri NILs QTL5-1 in another validation
experiment (see paragraph I11.6.C).
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Figure 111.16: Rosette leaf numbers and anthocyanin content of Ler, Eri-1, and the selected
Eri NIL QTL5 (NIL53) in HL4 environment. Ler, Eri-1 and the NIL, which was derived from a
backcross between the parental line Eri-1 and RIL103, were grown in high light/cold environment.
The boxplots represent the median surrounded by the lower and upper quartile and the lowest and
highest trait value. The n indicates the number of plants that were used for the test. The letters
indicate the different groups (a and b) for rosette leaf numbers) and (a,b and c) for anthocyanin
content, identified by the Student-Newman-Keuls test (95% confidence interval). The genotypes of
the lines are indicated below with Ler alleles in green, Eri-1 alleles in red and heterozygous alleles
in blue.

I11.6.B. Characterization of validated flowering QTLS

QTLS for flowering related traits was detected in both environments tested. In the HL4
environment QTLS5 has been validated using Eri NILs. To validate QTLS also in the CT
condition and to compare the effect of QTLS in both environments, Ler NILs QTLS5 and
Eri NILs QTLS were analysed. The Ler NILs QTLS, NIL41(3) and NIL37(1) were grown
in both conditions. Eri NIL QTLS5 NIL53-7 was also analysed together with both parents in
both environments. The Eri NIL53-7 showed the same phenotypic responses for flowering
related traits which were previously recovered in the QTLS validation with Eri NIL53.
Comparison of the Ler NILs with Ler showed significant differences in leaf numbers in the
HL4 environment (Figure III1.17, right panel). The Eri-1 alleles at the QTLS5 (including
both QTL5-1 and QTL5-2) in Ler NIL41(3) and Ler NIL37(1) showed significant
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increases of around 5 RLN in the HL4 environment. Thus the flowering time QTLS5 could
be also validated in the Ler genetic background in HL4 condition. In the CT environment
the differences in leaf numbers between the Ler NILs and the parental line Ler were not
significant (see Figure III.17 left panel). In accordance with results obtained in HL4
condition, the Ler introgression in the Eri NIL53-7 was responsible for a decrease in leaf
number (on average RLN=9.4 and TLN=12.7) compared to Eri-1 (RLN=19.6 and
TLN=24.6) in the CT environment. Therefore the QTLS5 for flowering time related traits in
the CT environment could only be validated in the Eri NIL QTLS. In the HL4 environment
for each line the leaf numbers were increased compared to CT environment. Eri-1 delayed
flowering on average 2 leaves and Ler on average 1 leaf. The leaf numbers of the Ler NILs
increased a bit more, between 2 and 3.8 leaves in the HL4 environment. Consequently
these NILs grouped together in a different class than Ler for RLN and TLN. All NILs used

in this experiment carried introgressions which encompassed QTL5-1 and QTLS5-2.
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Figure lll.17: Comparison of rosette leaf numbers and total leaf nhumbers of Ler, Eri-1, and
the selected NILs Ler NILs QTL5 (NIL41(3) and NIL37(1)) and Eri NIL QTL5 (NIL53-7) in CT
and HL4 environment. Ler, Eri-1 and the three NILs, that were derived from a cross between
RIL67 and RIL10, followed by a backcross with the parental lines Ler and a backcross between
RIL103 and the parental line Eri-1, were grown in CT condition (left panel) and in high light/cold
environment (right panel). The boxplots represent the median surrounded by the lower and upper
quartile and the lowest and highest trait value. The n indicates the number of plants that were used.
The letters indicate the three different groups (a,b,c) identified by the Student-Newman-Keuls test
(95% confidence interval). The genotypes of the lines are indicated below with Ler alleles in green,
Eri-1 alleles in red, heterozygous alleles in blue and missing values in grey.
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I11.6.C. Validation of separated flowering and anthocyanin QTLS-1 and flowering
QTLS-2

An additional validation experiment in order to confirm QTLS5-1 and QTLS5-2 separately
was performed (see Figure II1.18). Selected Ler NIL QTLS (NIL37(1), Ler NIL QTL5-1
(NIL18(2)), as well as Eri NIL QTLS5 (NIL53-7), Eri NIL QTLS5-1 (NIL8-118) and Eri NIL
QTL5-2 (NIL60-22) were grown in 10-11 replicates in the HL4 environment and

phenotyped for flowering related traits and anthocyanin content.

I11.6.CA. Validation of flowering related trait QTL5-2 in HL4 condition

Analysing the RILs for flowering related traits resulted in a QTL referred as QTLS5-2 (see
II1.3.A. above), mapped below QTL5-1. The associated marker to QTLS5-2 was located at
20.9 cM (S0262 / 9.8 Mbp), closely linked to the marker CIWS associated to the QTLS5-1
(14.9 cM / 7.5 Mbp). The Eri-1 alleles at both QTLS5-1 and QTL5-2 were responsible for a
delayed flowering and increased leaf numbers in the RIL population. Because these
markers were linked on the genetic map, we investigated if QTL5-2 was indeed present in
addition to the QTL5-1 or a unique QTL. To elucidate the question, the Ler NIL QTLS -
NIL37(1) (introgression at both QTL5-1 and QTL5-2) was compared to the Ler NIL
QTL5-1 - NIL18(2) (introgression only at QTLS5-1) and to Ler. In the Eri-1 genetic
background the Eri NIL QTLS5 — NIL53-7 (introgression at both QTL5-1 and QTLS5-2) was
compared to the Eri NIL QTL5-1 - NIL8-118 (introgression only at QTL5-1) and the
selected Eri NIL QTLS5-2 - NIL60-22 which carried the Ler introgression only at QTLS5-2
and to Eri-1 (Figure III.18). Even though the Ler NIL QTLS5-1 (NIL18(2)) showed on
average a decreased rosette leaf number (less 2 leaves) compared to the Ler NIL QTLS
(NIL37(1)), the difference was not significant and according to a Student-Newman-Keuls
test (confidence interval 95%), both NILs were grouped together. Comparison of Eri NIL
QTLS (NIL53-7) with Eri NIL QTL5-1 (NIL8-118) resulted in no significant differences
between the NIL QTLS5 and the separated NIL QTLS5-1; whereas comparison between
NIL53-7 with Er1 NIL QTLS5-2 (NIL60-22) resulted in a significant difference between
these two NILs. The Eri NIL QTL5-2 (NIL60-22) increased the RLN around 10-11 leaves
compared to the Eri NIL QTLS in the HL4 environment. Compared to the Eri-1 parent, Eri
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NIL60-22 decreased the rosette leaf number about 1.7 leaves (Figure I11.18). However the
RLN differences between Eri NIL QTL5-1 and the parent Eri-1 were not significant and
both lines fell into the same phenotypic group analysed by a Student-Newman-Keuls test.
In summary, the Ler alleles at the QTL5-2 did not significantly influence the flowering
phenotype in both parental lines. This result did not validate the flowering time effects of
QTLS5-2 and strongly suggest the presence of a unique flowering time QTL on the top of

chromosome V.

I11.6.CB. Validation of flowering and anthocyanin QTLS5-1 in HL4 condition

Ler NIL QTLS (NIL37(1)) and Eri NIL QTLS5 (NIL53-7) carried introgressions at the full
QTLS (including both QTL5-1 and QTLS5-2, see II1.3.A.). Ler NIL QTLS5-1 (NIL18(2))
and Eri NIL QTLS5-1 (NIL8-118) carried introgressions only at the QTLS5-1 region.
Comparison of the Ler NILs with Ler showed significant increases of 3 to 5 rosette leaves.
The full Ler QTLS NIL37(1) increased the RLN about 5 leaves and the Ler QTLS5-1 Ler
NIL18(2) about 3 RLN (Figure II1.18). Thus the flowering time QTL5-1 could be validated
in the Ler genetic background. All Eri NILs QTLS5/QTLS-1 showed a decreased RLN
compared to the parental line Eri-1 (Figure II1.18). They flowered after developing only 9-
10 rosette leaves and fell into the same group of the parental line Ler in the Student-
Newman-Keuls test (with a likelihood of 95%). This result confirmed the previous
validation experiment of flowering time QTLS and showed that only the narrowed QTL5-1
from 5.4 Mbp to 8.43 Mbp is responsible for the variation in flowering time of Ler/Eri-1
population. Studied anthocyanin content test revealed that lines with increased leaf
numbers also have increased anthocyanin content: Both Ler NILs QTLS5/QTLS5-1 studied
increased anthocyanin content on average to 24.5 ng/ml (NIL37(1)) and 16.6 pg/ml
(NIL18(2)) compared to Ler (3.05 pg/ml). These differences are not significant. According
to the Students-Newman-Keuls test, both NILs group together with Ler in class A.
However the "tendency’ of higher anthocyanin accumulation in the Ler NILs QTLS5/QTLS5-
1 compared to Ler parent is obvious, due to a second grouping in class B. Both Eri NILs
QTLS5/QTLS5-1 decreased anthocyanin content on average between 24.5 ug/ml to
41.2 pg/ml compared to the Eri-1 mean value of 89 pg/ml (see Figure II1.18). Overall,

results from this experiment convincingly confirm the presence of the QTLS5-1 in HL4
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Figure 111.18: Rosette leaf numbers and anthocyanin content of Ler, Eri-1, and the selected
Ler NILs QTL5 NIL37(1); Ler NILQTL5-1 NIL18(2) and Eri NIL QTL5 NIL53-7; Eri-NIL QTL5-1
NIL8-118 and Eri NIL QTL5-2 NIL60-22 in HL4 environment. Ler, Eri-1, the Ler NILs QTL5;
QTL5-1 and Eri NILs QTL5, QTL5-1, QTL5-2, which either were derived from a cross between
RIL67 and RIL10 and a following backcross with the parental line Ler or from a backcross between
the parental line Eri-1 and RIL103, were grown in high light/cold environment. The box plots
represent the median surrounded by the lower and upper quartile and the lowest and highest trait
value. The n indicates the number of plants that were used for the test. The letters indicate the
different groups (a, b, ¢ and d) for rosette leaf numbers) and (a,b and c) for anthocyanin content,
identified by the Student-Newman-Keuls test (95% confidence interval). The genotypes of the lines
are indicated below with Ler alleles in green, Eri-1 alleles in red, heterozygous alleles in blue and
missing values in grey.

I11.6.D. Fine mapping of QTLS5-1

Fine mapping of the QTL5-1 region was performed to narrow down the QTL region and to
define the gene(s) which is (are) underlying the effect of the QTL. The validation of the
QTLS5-1 with smaller introgression NILs indicated already that QTLS5-1 is located between
marker NGA106 (5.4 Mbp) and marker NGA139 (8.43 Mbp).
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The region contains over 1000 genes, according to the predicted genes in the reference
sequence of Col-0. This region was deemed too large to name candidate genes already.
Therefore it was required to scale down via fine mapping. To perform the fine mapping
experiment, progeny (BC2F3) of the Eri NIL QTL5-1 NIL53-8 (see Figure II1.14 in the
previous paragraph) and Eri-1 were grown and lines carrying recombinant events within
the QTL5-1 region were selected. While the plants where growing, flowering time and the
leaf numbers were scored. In the QTL detection as well as in the validation experiment the
presence of pleiotropic effects of QTLS5-1 has been observed. QTLS5-1 explained
phenotypic variation for flowering time as well as anthocyanin content in the Ler/Eri-1
population grown under HL4 conditions. Until now, we cannot conclude if these effects
are due to a pleiotropic gene or linked genes in the region of QTLS5-1. Because
Anthocyanin quantification cannot be accurately estimated on a single plant, only
flowering related traits were quantified in this fine mapping experiment (Figure III.19).
After narrowing down the region, anthocyanin production would be quantified on smaller
introgression lines to check if the effect on anthocyanin production is still present. The
region of QTLS5-1 was bounded by the flanking markers NGA106 (5.6 Mbp) and NGA139
(8.5 Mbp). To find recombinants in between these two markers, already existing markers
with polymorphisms between Ler and Eri-1, as well as newly developed markers (see
marker list A.1 in appendix) were used to genotype the 185 segregating plants of the
BC2F3 of Eri NIL QTL5-1 NIL53-8. During the fine mapping experiment the RLN was
compared between recombinant Eri NILs QTLS5-1 and NIL8-118 which carried a whole
Ler introgression between the two flanking markers and Eri-1. The NIL8-118 showed a
significantly lower number of rosette leaves than the parental line (Figure I11.19). Among
the recombinant lines, only the R15, R22 and R23 produced a similar number of rosette
leaves than Eri-1. These three lines harboured Eri-1 alleles at the homozygous state at the
bottom of the region, from marker CIWS8 (7.5 Mbp) to marker hua2-5n (7.85 Mbp). The
recombinant lines which carried homozygous Ler alleles in the 0.32 Mbp region (R1; R7-
R11) produced a similar rosette leaf number as the Eri NILQTLS5-1 NIL8-118. This result
strongly suggested that the gene responsible for the effect of QTLS-1 is located within this
region.

Lines with heterozygous alleles between CIW8 and hua2-5n (R2-R6; R14; R16-R21)
presented an intermediate rosette leaf number between the RLN of NIL8-118 and that of

Eri-1. This intermediate phenotype indicated that the alleles are semi-dominant. The lines
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R12 and R13 carried a recombinant event in the above described region. Both lines
presented low RLN of the Eri NIL8-118 and shared Ler alleles between the marker ICES
(7.71 Mbp) and hua2-5n (7.85 Mbp). Consequently the genes present in the region between
CIWS8 and ICES could be excluded as candidate genes. To summarize the fine mapping
results of QTL5-1: The flowering QTLS5-1 could be narrowed down to a region of 0.11
Mbp and the effect of Eri-1 allele is semi-dominant for the gene responsible for the
QTLS5-1 effect.

The recombinant line R16, which carried the Eri-1 alleles from the top of the introgression
(marker NGA106) until marker CIWS8 and heterozygous parts from CIWS until the bottom
of the introgression (CDPK9) was selected and used as a NIL with small introgressions
(Eri NIL QTLS5-1gm NIL8-96). In the progeny of the NIL8-96, lines with Ler alleles in the
introgression have been selected. Eri NIL QTLS5-1gy (NIL8-96-27) carried a Ler
introgression from marker ICES (7.71 Mbp) until CDPK9 (7.95 Mbp).
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Figure 111.19: Fine mapping of QTL5-1 with the progeny (BC2F3) of Eri NIL53-8

The rosette leaf numbers of the parental line Eri-1, NIL8-118 and the recombinant lines are
presented in the bottom panel on the right. The lines differ in their genotype on chromosome V
which is schematically presented on the top right panel: green represents Ler-allele, red Eri-1 and
blue heterozygous alleles. The numbers (n) of genotypes and phenotypes analysed are presented
below the phenotypic data. The physical distance between the markers NGA106 and CDPK9
amounts 2.35 Mbp.

II1.6.F. Candidate genes in the QTLS-1 region for flowering related traits and

anthocyanin content

Fine mapping of QTLS5-1 led to a narrowed region from 7.71 Mbp to around 7.82 Mbp on
chromosome V. According to the reference sequence of Col-0 accession, this 110 kbp
region contains 26 genes with 33 transcripts in total. Structural polymorphisms including

gene copy number variation can be present in the sequence of Ler and/or Eri-1 at this loci.
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A candidate gene involved in the variation of anthocyanin content in the region of QTL5-1
is the gene 77G1 (Walker et al. 1999) located at 8.37 Mbp on chromosome V. In the last
selected Eri NIL QTLS5-1gym (NIL8-96-27, see Figure II1.19) the gene is located in the
region between marker CDPK9 (7.95 Mbp) and marker NGA139 (8.43 Mbp), whereas Ler
alleles are present at CDPK9 and Eri-1 alleles at NGA139. Therefore the gene could not be
excluded during the fine mapping experiment. 77G/ is known to be required for the
accumulation of anthocyanin in leaves and stems and is also involved in trichome and root
hair development (Bouyer et al. 2008). The gene produces a WD40 protein, which acts
together with a MYB domain and bHLH (basic helix loop helix) domain in a complex to
regulate anthocyanin biosynthesis (Gonzalez et al. 2008). Comparing the 77G/ sequence
between Ler and Eri-1 via IGV browser, only two SNPs in the genomic region were
detected. One SNP was highlighted in the first intron and the other one in the second
intron. Polymorphisms of nucleotide sequence within a gene can lead to the presence of a
QTL, either through changes altering the gene function in the coding region or due to
changes in their expression level or timing in the promoter region. In the coding region of
TTGI no nucleotide differences could be highlighted between Ler and Eri-1, whereas in
the putative promoter region several SNPs between Ler and Eri-1 have been detected. In
addition to these single nucleotide polymorphisms, Eri-1 carried a 151 bp (8.375.863 bp —
8.376.014 bp) deletion and Ler a 37 bp (8.378.576 bp — 8.378.613 bp) in the putative
promoter region of 77G1 (according to the reference sequence of Col-0). These deletions
could lead to changes in expression level or timing of 77G/ between Ler and Eri-1.
Possible changes in the expression level of 77GI which could lead to the different
anthocyanin accumulation between Ler and Eri-1 were analysed and are described in

paragraph I11.6.H.

Another putative candidate gene for flowering related traits present in the sequence of Col-
0 in this region is HUA2 (Chen and Meyerowitz 1999). HUA?2 is a putative transcription
factor and member of the floral homeotic AGAMOUS pathway. Single hua mutants are
early flowering and have reduced levels of FLC mRNA (Doyle et al. 2005). HUA2
activates F'LC expression and enhances AG function (Chen and Meyerowitz 1999).

The Landsberg erecta parent used for the Ler/Eri-1 RIL population emerged to carry the
hua2-5 point mutation in the gene HUA2 (Doyle et al. 2005). By sequencing the HUA2

gene in the Ler strain which was used for developing the Ler/Eri-1 population, this has
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been confirmed. In contrast, the Eri-1 parent carried the wild-type HUA2 allele. A CAPS
marker designed for the polymorphic SNP was added during the fine mapping to take this
into account. A perfect co-segregation of flowering time and allelic values at this marker
was always noted during fine mapping experiment of QTLS5-1 (see Figure III.19).
Validation of HUA2 as a candidate gene for QTL5-1 for rosette leaf number as well as for
anthocyanin content was performed using a Ler strain carrying the wild-type HUA2 allele
(Ler-HUA?2), the Ler strain with the mutant Aua2-5 allele (parent of the RIL population;
Ler-hua2-5) and the Eri NILQTLS-1gv NIL8-96-27. The Eri NIL QTLS-1gy NIL8-96-27
carried a small Ler introgression from marker ICES (7.71 Mbp) to marker CDPK9 (7.95
Mbp) including the HUA2 gene in the region (7.82 Mbp) (Figure 111.20). The three lines
were analysed in the same HL4 environmental condition used for the QTL mapping
experiment. Ler-HUA2 consistently had increased RLN and anthocyanin content values
(on average 13 leaves and 18 pg/ml anthocyanin) compared to the parental mutant Ler-
hua2-5 (on average 8 leaves and 3 pug/ml anthocyanin) (Figure I111.20). Ler-hua2-5 and
Ler-HUA?2 are isogenic lines which only differ in the absence/presence of HUA2. With this
comparison it could be confirmed that HUA2 shows pleiotrophic effects of changing
flowering related traits and anthocyanin accumulation.

Comparison of this new result with those of the second validation experiment of QTLS5-1
(see paragraph II1.6.C; Figure IIL.18), showed consistency in the leaf numbers and
anthocyanin content of Ler NIL QTLS (NIL37(1);13 leaves; 24.5ug/ml anthocyanin) and
Ler NIL QTL5-1 (NIL18(2); 11 leaves; 17ug/ml anthocyanin) and the values of Ler-
HUA?2 (13 leaves; 18ug/ml anthocyanin). The Ler NILs NIL37(1) and NIL18(2) carried
both the Eri-1 alleles of HUA2 (without the Aua2-5 mutation). This result strongly suggests
that the polymorphism present at HUA2 between Eri-1 and Ler is responsible for the effect
of the QTLS5-1. The Eri NIL QTLS5-1gy NIL8-96-27 could support this assumption. The Eri
NIL8-96-27 (9.5 leaves) which carried a small Ler introgression from 7.71 Mbp to
7.95 Mbp which includes hua2-5 produced statistically similar number of leaves as
parental line Ler-hua2-5 (8 leaves) and less leaves than Eri-1 (22.8 leaves; Figure I11.20).
All the tested Eri NIL QTLS in the previous validation experiment showed similar RLN
numbers than Eri NIL8-96-27. The mutant hua2-5 allele in the smaller Ler introgression
of Eri NIL8-96-27 decreased anthocyanin content compared to Eri-1. Eri NIL8-96-27

contained 41.1 pg/ml anthocyanins compared to Eri-1 with 88.8 pg/ml anthocyanins
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(Figure I11.20). The anthocyanin values of Eri NIL QTL5-1gy NIL8-96-27 were consistent
with the values generated in the previous validation experiment for Eri NIL QTLS lines.
The hua2-5" alleles decreased the leaf numbers on average about 13 leaves, indicating
that HUA?2 is one of or the main gene responsible for the late flowering in Eri-1. The allelic
effect of HUAZ2 for anthocyanin content in the Eri-1 background was not as high as for leaf
numbers. This indicates other genes are also involved in anthocyanin production to result
in the high anthocyanin content of Eri-1. Taken together these results proposed HUA?2 as a
good candidate for the observed QTL5-1 effect in the Ler/Eri-1 RIL population. The
HUA25™" alleles had relatively weak allelic effects observed on RLN in the Ler
background of the Ler NILs. This fits with the expectations from the report by Doyle et al.
2005.
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Figure II1.20: Validation of HUA2 as a candidate gene for QTL5-1 for flowering and
anthocyanin content. The rosette leaf numbers and anthocyanin content of Ler-hua2-5, Ler-
HUAZ2, Eri-1, and the selected Eri NIL QTL5-1gy (NIL8-96-27) quantified in HL4 environment. Ler-
hua2-5, Ler-HUAZ2, Eri-1 and Eri NIL QTL5-1gy, which was derived from a cross between the
parental line Eri-1 and RIL103, were grown in high light/cold environment. The boxplots represent
the median surrounded by the lower and upper quartile and the lowest and highest trait value. The
n indicates the number of plants that were used for the test. The letters indicate the different groups
(a, b and c for rosette leaf numbers and a, b, ¢ and d for anthocyanin content), identified by the
Student-Newman-Keuls test (94% confidence interval). The genotypes of the lines are indicated
below with Ler alleles in green, Eri-1 alleles in red. The functional Ler""*? is indicated with a black
point in the Ler-HUAZ2 strain.
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The public available sequencing data of Ler (1001genomes.org) does not contain the
hua2 -5" but the HUA2"". Thus additional to the sequence comparison of HUA2 in
sequenced Eri-1 and Ler (carrying HUA2"") in the IGV browser, we sequenced HUA2
gene in our used Ler-hua2-5, Ler-HUAZ2 and Eri-1. Sequencing of the HUA2 gene in Ler-
hua2-5, Ler-HUA2 and Eri-1 was performed in order to highlight all nucleotide
polymorphisms in the coding region between Ler and Eri-1. In addition to the premature
stop codon which was generated through a SNP change in the eighth exon in the Ler-
hua?2 -5 parental line, two other non-synonymous SNP changes were detected between Ler
and Eri-1 in HUA2: In the third exon a SNP substitution from T to A resulted in an amino
acid change from Serin in Ler and also in Col-0 to Threonin in Eri-1 (see Figure II1.21).
The second SNP (T to C, in the fourth exon) encoded a Phenylalanin in Eri-1 compared to
Serin in Ler and Col-0. The changes in the protein sequence of HUA2 could lead to
changes in the functionality of the gene, for example enhancing or weakening of its
function. In the ninth exon a synonymous SNP were detected between Ler and Eri-1,
whereas Eri-1 carried the same SNP as the reference Col-0. For all detected
polymorphisms in the HUA2 gene, Ler-HUA?2 strain carried the same SNPs than the Ler-
hua2-5 parental line, except for the mutant sua2-5 polymorphic SNP which resulted in a
premature stop codon. This could also be confirmed by sequence comparison with the IGV
browser. The comparison also revealed a 70 bp (7.785.570 bp — 7.785.640 bp) deletion in

the putative promoter region of HUAZ2 in the Eri-1 accession.
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Figure 1ll.21: Comparison of the predicted protein sequences of HUA2 from Col-0, Eri-1, Ler —hua2-5
and Ler-HUA2. The predicted amino acid sequence is shown for Col-0 (C), Eri-1 (E), Ler hua2-5 (L) and Ler-
HUAZ2 wild-type (L-H). The synonymous polymorphism between Ler/Ler-HUAZ2 and Eri-1; Col-0 is highlighted
by a green box, the non-synonymous polymorphisms are highlighted by red boxes. The non-synonymous
polymorphism leading to the premature stop codon in Ler and to the Ler hua2-5 mutant allele is indicated by a
blue box.
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Figure 1l11.21 (continued): Comparison of the predicted protein sequences of HUA2 from Col-0, Eri-1,
Ler-hua2-5 and Ler-HUA2.
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E: NYQPSAASNLQAVPAIPGHTAPQMLPSRPDIPTVNCWRPA_
L: NYQPSAASNLQAVPAIPGHTAPQMLPSRPDIPTVNCWRPA _
L-H: NYQPSAASNLQAVPAIPGHTAPQMLPSRPDIPTVNCWRPA_

Figure 111.21 (continued): Comparison of the predicted protein sequences of HUA2 from Col-0, Eri-1,
Ler-hua2-5 and Ler-HUA2.

I11.6.G. Allelism test with Ler-hua2-5, Ler-HUA2 and Ler NILs QTL5-1 to confirm
HUA?2 as a candidate for QTL5-1

The Ler NIL QTL5-1 produced a similar number of rosette leaves as the Ler-HUA?2 strain.
An allelism test was performed to address the question whether the HUA2*" wild-type
alleles were responsible for the later flowering phenotype in Ler NIL QTLS-1 or if a
polymorphism at other loci in the region are responsible for the effect of QTL5-1. Crosses
between Ler-hua2-5 and Ler-HUA2, Ler-hua2-5 and Ler NILQTLS-1 NIL84(1), Ler-
HUA?2 and Ler NILQTLS-1 NIL18(2), Ler-HUA2 and Ler NILQTLS5 NIL41(3), as well as
crosses between both Ler NIL QTLS5-1 NIL18(2) and NIL84(1) were then performed. As
mentioned before, the Ler-hua2-5 parent of the Ler/Eri-1 population carried mutant alleles
of the gene HUA2 (hua2-5"; Doyle et al. 2005), the Ler-HUA? strain carried HUA2""
wild type alleles and all Ler NILs carried the HUA2""" wild-type alleles

Crossing of Ler-hua2-5 with the Ler-HUA2 strain resulted in a segregation for leaf
numbers in the F2 generation, as expected from the involvement of both alleles of HUA?2
(hua2-5"" and HUA2"", see Figure I11.22). The plants were genotyped with the CAPS
marker hua2-5n designed specifically for the hua2-5"" allele (see Materials and Methods).
All plants which carried the hua2-5"" alleles at the marker position showed an early
flowering phenotype with on average 9.6 RLN and 2.8 CLN. This was on average higher
than the control parental line Ler-hua2-5, which produced around 8.5 RLN and 2.8 CLN,
but this difference is not significant (Student-Newman-Keuls test, Figure 1I1.22). Plants
with both HUA? alleles (hua2-5"" and HUA2"") showed an intermediate flowering time
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phenotype due to semi-dominant alleles of HUA2. This was in accordance with the results
of the phenotyping results obtained during fine mapping experiments (paragraph I11.6.D.).
Results from this experiment convincingly showed that heterozygous plants at the QTLS5-1
had an intermediate phenotype. Homozygous HUA2" alleles resulted in plants with
similar leaf numbers than the Ler-HUA?2 strain. All together, this result strongly suggests
that the candidate gene HUA?2 is able to mimic the effects of the QTL5-1 and is underlying
these effects. However the cross used does not involve the HUA?2 alleles of Eri-1. We then
used the same approach by crossing Ler NILs QTL5-1 with either Ler-HUA2 or Ler-
hua2 -5 in order to convincingly prove that polymorphisms between Ler-hua2-5 and Eri-1
at HUA2 locus are responsible for the effect of the QTL.

Crosses between Ler-hua2-5 with hua2-5 alleles and Ler NILQTL5-1 NIL84(1) with
HUA2""! alleles were made. The variation of leaf numbers observed in the F2 plants
derived from this cross were compared with the one of the F2 from the cross described
previously (Ler-hua2-5 x Ler-HUA?2; see Figure 111.22). Plants which carried homozygous
hua2-5"" alleles produced on average 9.6 RLN and 3.3 CLN similar to the homozygous
hua2-5"" plants of the control cross of Ler-hua2-5 x Ler-HUA2. Plants with homozygous
HUA2"™ alleles shared the same phenotypic group as the plants with homozygous
HUA2"" alleles. The heterozygous plants of the Ler-hua2-5 x Ler NIL84(1) produced on
average one leaf more than the heterozygous plants of the control cross, but still less than
the plants with homozygous HUA2"" alleles, which confirmed the semi-dominant effects
of wild-type HUA?2 alleles. The Ler NILs QTLS5-1 NIL84(1) and NIL18(2), and Ler NIL
QTLS NIL41(3)) produced on average one rosette leaf more than the Ler-HUA2 plants, but
nevertheless according to a Stundent-Newman-Keuls test, they shared the same group C.
The Ler NILQTLS-1 NIL84(1) was an exception and fell into a different group D,
indicating that in the Ler NIL84(1) an additional factor was responsible for increasing the
leaf numbers with an marginal effect. In addition to the Eri-1 alleles at the QTLS5-1 (from
marker NGA106 - 5.6Mbp - to marker NGA139 - 8.5Mbp- both markers inclusive), Ler
NILQTLS-1 NIL84(1) carried another Eri-1 introgression at chromosome 1. The
introgression was located on the top chromosome I from marker NT7123 (0.4Mbp) to
marker JV26/27 (4.0Mbp) (both markers inclusive). It also carried a third introgression
(heterozygous) which was located on chromosome III at marker position NT204 (5.6Mbp).
Both additional introgressions in the Ler NIL84(1) could be factors influencing the

flowering behaviour of the NIL. Adding the allelic effects of a second factor increasing the
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leaf numbers could also explain the minor changes of leaf numbers in the heterozygous
plants of the F2 of Ler-hua2-5 x Ler NIL84(1) cross, as well as the increased leaf numbers
in the F2 of Ler NIL18(2) x Ler NIL84(1) cross (see Figure I11.22).

We also crossed Ler NILs QTL5 with the Ler-HUA?2 strain. Crosses with HUA2™ and
HUA2"" alleles did not show any segregation for the RLN phenotype in the F2 progenies
of these crosses, whereas we noted segregation when crossing the Ler NILs with Ler-
hua2-5. Taken together HUA2""™! and HUA2"" alleles have the same effect on flowering
related traits and polymorphisms between HUA2"™" and hua2-5" are the ones responsible
for the effect of flowering QTLS5-1 in the Ler/Eri-1 population. We could confirm that

HUAZ2 is the gene influencing the main flowering variation between Ler and Eri-1.
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Figure Ill.22: Allelism test of F2 crosses containing hua2-5"° alleles and HUA2"" and
HUA2"™ alleles for flowering time. The rosette leaf numbers (light grey) as well as the cauline
leaf numbers (dark grey) of the 2 generation of the crosses Ler-hua2-5 x Ler-HUA2, Ler-hua2-5 x
Ler NIL84(1), Ler-HUAZ2 x Ler NIL18(2), Ler-HUAZ2 x Ler NIL41(3) and Ler NIL18(2) x Ler NIL84(1)
are displayed in vertical bars (in mentioned order). Additional the RLN and CLN of the
corresponding parental lines are displayed before on the left side of the figure. Below the
phenotypic value, the alleles of HUA2 occurring in the F2 of the crosses (hua2-5, HUA2™",
HUA2™"" or heterozygous H) are mentioned. The genotypic presentation of the lines is displayed
at the bottom of the panel — the five chromosomes of A. thaliana are shown as coloured bars — the
colours represent the alleles - Ler alleles in green, Eri-1 in red, heterozygous alleles in blue and
missing parts in grey. Above the phenotypic values the number (n) of plants used for the analysis is
displayed. The letters below that indicate the different groups (a, b, ¢ and d) for rosette leaf
numbers, identified by the Student-Newman-Keuls test (90% confidence interval).
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To confirm that HUA?2 is also the gene influencing anthocyanin content in the Ler/Eri-1
population, the allelism test was also performed on the trait anthocyanin accumulation. The
same plants which were phenotyped for leaf numbers were also quantified for anthocyanin
content, but only in 2-7 replicates. When crossing Ler-hua2-5 and Ler-HUA2 (and visa
versa), a clear segregation (due to the presence of both alleles hua2-5"" and HUA2"") of
leaf numbers could be observed in the F2. This clear segregation could not be observed for
anthocyanin accumulation. However, similar to previous anthocyanin quantifications, Ler-
HUA?2 (on average 22 ng/ml) accumulated significantly more anthocyanins than Ler-AuaZ2-
5 (on average 8 pg/ml). The F2 plants of the cross Ler-hua2-5 and Ler-HUA2 with
homozygous hua2-5 alleles (in Figure II1.23 indicated as an A) showed almost similar
anthocyanin content (10 pug/ml) than the parental line Ler-Aua2-5 (8 pg/ml). Plants
carrying the homozygous HUA2" (indicated as B) increased the content to 13pg/ml
anthocyanins. These differences were not significant due to large variation in anthocyanin
accumulation in the F2 plants, but the “tendency’ of higher anthocyanin levels in HUA2""
plants could be observed. Significance was tested with a Student Newman-Keuls test (95%
confidence interval). All lines fell into the same group and thus did not show significant
differences.

This “tendency’ occurred only when Ler-hua2-5 was used as a mother in the cross (see
Figure 11.23). The F2 progeny of Ler-HUA2 x Ler-hua2-5 showed for all three allelic
variations of HUA? alleles (hua2-5, heterozygous and HUA2"") a higher accumulation
of anthocyanins than Ler-hua2-5, on average 20 pg/ml similar to the Ler-HUA2 parent.
Interestingly, the maternal effect of Ler-hua2-5 line could also be seen in the cross Ler-
hua?2-5 with Ler NIL 84(1). Only when Ler was used as the mother in the cross did the F2
show a "tendency’ of anthocyanin variation dependant on the presence of HUA2. Plants

ZEI‘i—I

with homozygous HUA alleles increased anthocyanin content from 34.5ug/ml to

approximately 40 pg/ml compared to homozygous hua2-5"

plants in this cross. Again
these differences were not significant and represented only a trend of anthocyanin increase
aroused by HUA2""™ alleles. The anthocyanin levels in the Ler-hua2-5 x Ler NIL 84(1)
cross were in total higher than the ones in the Ler-hua2-5 x Ler-HUA?2 cross. Also the Ler
NIL84(1) (carrying HUA2""™") showed a higher anthocyanin content compared to Ler-
HUA? (carrying HUA2""). To answer the question if this increase can be explained by a
different factor in the Ler NIL 84(1) background or with the polymorphisms between

HUA25™" and HUA2"", the crosses between Ler NIL QTL5 and Ler-HUA2 were analysed
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for anthocyanin accumulation (Figure I11.24). The cross with HUA2"" and HUA2""™" (Ler-
HUA2 x Ler NIL 18(2) showed the same mean value and also variation in anthocyanin
content as the cross with two HUA2""™ alleles (Ler NIL 18(2) x Ler NIL 84(1). This
suggests that the higher value in anthocyanin content is probably given by a second factor
in the Ler NIL 84(1) background. This is also indicated by the lower anthocyanin value of
Ler NIL 18(2) compared to Ler NIL 84(1).

Because all anthocyanin differences could not be significantly confirmed and only a
tendency of accumulation connected with HUA2 was observed, we can only suggest, not
conclude, that HUA? is the gene underlying the anthocyanin content QTL5-1. In order to

confirm this, more replicates need to be analysed.
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Figure I1l.23: Allelism test of F2 crosses containing hua2-5"° alleles and HUA2"*" and
HUA2"™ alleles for anthocyanin content. The anthocyanin content (grey bars) of the 2M
generation of the crosses Ler-hua2-5 x Ler-HUAZ2 (left panel) and Ler-hua2-5 x Ler NIL84(1) (right
panel), are displayed in box plots. The box plots represent the median surrounded by the lower and
upper quartile and the lowest and highest trait value. The letters below the cross name indicate the
allele of HUA2 (A — hua2-5; B - HUA2"" or HUA2""" and H for heterozygous. Additional the
anthocyanin content value of the corresponding parental lines are displayed before on the left side
of both panels. The genotypic presentation of the lines is displayed at the bottom of the panel — the
five chromosomes of A. thaliana are shown as coloured bars — the colours represent the alleles -
Ler alleles in green, Eri-1 in red, heterozygous alleles in blue and missing parts in grey. Below the
phenotypic values the number (n) of plants used for the analysis is displayed. Significance was
tested with a Student Newman-Keuls test (95% confidence interval). All lines fell into the same
group and thus did not show significant differences.
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Figure 111.24: Anthocyanin
60— content of Ler-hua2-5, Ler-
HUA2, Ler NILs QTLS5, F2 of the
50 cross Ler-HUA2 x Ler NIL 18(2)
and F2 of Ler NIL 18(2) x Ler NIL
40 84(1). The anthocyanin content
(grey boxes) are displayed as box
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median surrounded by the lower
20 and upper quartile and the lowest
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II1.6.H. Transcript level of genes involved in the regulation of anthocyanin
production or biosynthesis of anthocyanins in the lines Ler-hua2-5, Ler-HUA2 and

Eri-1

The phenotypic comparison of Ler-HUA?2 plants, Ler hua2-5 plants and Ler NILs carrying
HUA2""™ wild-type alleles suggested that HUA2 explained the increased anthocyanin
production in the Ler NILs. The Figures III.18 and III.20 display the on average equal
anthocyanin content of Ler-HUA2 (Figure I111.20) and the Ler NILs - Ler NILQTLS
NIL37(1) and Ler NILQTLS-1 NIL18(2) (Figure III.18). Additionally the increased
anthocyanin content in Ler-HUA2 compared to Ler-hua2-5 showed that HUA?Z is involved
in anthocyanin accumulation. Both lines are isogenic lines and only differ in the presence
of HUA2. The process how HUA2 contributes in the regulation of the anthocyanin
production or in the biosynthesis of anthocyanins is not yet described. As an indication on
which level it could act, the gene expression of 17 different genes (genes and used primer
combinations are listed in marker table A.2 in appendix) involved in the regulation of
anthocyanin accumulation or biosynthesis genes were tested via quantitative real time PCR

(qQRT-PCR) in Eri-1, Ler-hua2-5 and Ler-HUAZ2 plants. Plants of all three lines were

108



Chapter 111 RESULTS

grown in HL4 condition to obtain the production of anthocyanins in the leaves. Plant
material for RNA extraction was harvested at the same time as material for anthocyanin
quantification was harvested (after 43-45 DAS). Of the 17 genes, 6 genes showed
significant differences in transcript levels between Eri-1, Ler and Ler-HUA2 (see Figure
II1.25). The other 11 genes showed minor or no differences in their expression level. The
gene TTG1 (AT5G24520), which was previously selected as a candidate gene in the QTLS-
1 region for anthocyanin content in the Ler/Eri-1 population, showed only minor
differences in its transcript level between Eri-1, Ler and the Ler-HUA2 strains (data not
shown) and was thus excluded as a candidate for the QTLS5-1. The expression of 6
differential expressed genes was the highest in the Eri-1 plants. The expression in Ler-
hua2-5 was always low and the transcript level in Ler-HUA2 ranged in between the level
of Ler-hua2-5 and Eri-1. An exception was the expression of EGL3 (Ramsay et al. 2003).
Eri-1 showed high expression of EGL3, whereas Ler and also Ler-HUA2 had almost no
expression of the gene. Because of the missing expression of EGL3 in Ler-HUA?2, the gene
was not expected to be influenced by HUA?2 but rather by another genetic factor common
in both Ler strains tested. EGL3 encodes a bHLH transcription factor 1 (Zhang et al. 2003).
The protein is functionally redundant with GL3 and 778 and interacts with 77G/ and the
MYB proteins GLI, PAPI and PAP2, CPC and TRY (Schellmann et al. 2002, Zhu et al.
2009). The mutant of £GL3 has reduced anthocyanin levels. Interestingly some interacting
proteins with EGL3 are PAPI, PAP2 and CPC which all showed different transcript levels
between Eri-1 (highest expression), Ler-hua2-5 (lowest expression) and Ler-HUAZ2
(expression level in between the two other lines). All three genes had a higher expression
in the Ler-HUA?2 line compared to the Ler-hua2-5 line, which indicates interplay between
HUA2 and the genes PAPI, PAP2 and CPC. The molecular bases of influences or
interactions which can act between HUA2 and these genes have not yet been described.

The gene which encodes the Dihydroflavanol 4-reductase (DFR) was the only gene of the
anthocyanin biosynthesis which showed expression differences in the Eri-1, Ler-hua2-5
and Ler-HUA?2 lines during this screen. The other differentially expressed genes in that
screen were all genes known to be involved in the regulation of anthocyanin production.
The Dihydroflavanol 4-reductase catalyzes the conversion of dihydroquercetin to the
colourless leucocyanidin and is the third step in the anthocyanin biosynthesis (see
biosynthesis in introduction, summarized by Grotewold et al. 2006). The phenotype of

described dfr (#t3) mutants showed an absent of anthocanins in leaves, stems and all other
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tissues. Due to the reduced anthocyanin content phenotype of Ler-Aua2-5 compared to
Eri -1, transcript level differences in key genes of the anthocyanin biosynthesis like DFR
were expected. The highest expression level differences between Eri-1, Ler-hua2-5 and
Ler-HUA2 were found in the gene PAP2 and TTS. PAP2 is a MYB domain containing
transcription factor and homolog to PAPI. Ler-hua2-5 strain showed almost no expression
of PAP2 whereas Ler-HUAZ2 showed low level of expression and Eri-1 high expression
levels. Almost similar levels between the three lines were found for the expression of 778.
Ler-hua2-5 strain showed almost no expression of 778 whereas Ler-HUAZ2 showed low

level of expression and Eri-1 high expression levels.
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Figure 1l.25: Gene expression analysis of regulatory and biosynthesis
anthocyanin genes. Transcript levels in Eri-1, Ler-hua2-5 and Ler-HUAZ2 grown in
HL4 condition are displayed (y-axes) for the genes DFR, PAP1, CPC, EGLS3,
PAP2 and TT8. Values are obtained by quantitative real time PCR and are the
mean = SD of 3 replicates expressed normalized to Actin2. Experiments were
repeated twice with similar trends observed.
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IV. Discussion

IV.1. Building a genetic map for the newly developed Ler/Eri-1 population

Accuracy and saturation of a genetic map are crucial parameters for the precise localisation
of a QTL position. It has been shown by Price (2006) that QTL mapping is quite accurate
under these circumstances. The aim of developing a map is to fulfil these demands in order
to be confident of the output of the following QTL detection.

Genotyping of the newly developed Fo RIL population derived from the cross between Ler
and Eri-1 accessions was initiated at the Wageningen University by using AFLP markers.
Unfortunately, using this genotyping approach, some of the regions were not covered by
these markers. Additional markers were needed, e.g. microsatellites with known physical
positions, in order to obtain a saturated genetic map with evenly distributed markers. The
final genetic map was constructed by adding these markers. This approach is only feasible
for species with a fully sequenced genome (e.g. A. thaliana, rice, maize, medicago,
brachipodium, sorghum and more). Precision of the genetic map is very important, with
levels of mistyping as low as possible and no missing data. Only univocal markers were
selected to genotype the RILs, thus ensuring a very high level of precision to the assigned
genetic position of each marker. This is important, since Zeng et al. (1999) showed that
QTL detection may be affected by an uneven distribution of markers in the genome. Also,
minor QTL can remain undetected because of the low density of markers. The genetic map
obtained for this Ler/Eri-1 RIL population has a length of 365 cM, which is in the same
range as A. thaliana genetic maps obtained from different crosses (Alonso-Blanco et al.
1998; Loudet et al. 2002; El Lithy et al. 2006).

Moreover, by adding new markers all along the genome in all the lines from the
population, we were able to detect the presence of two contaminated lines in this
population. In fact, only alleles from Ler or from Eri-1 were expected to be present at each
position in each RIL. Presence of another allele (difference in band size on a 3% agarose
gel in this study; see Figure III.2) was an indicator that the line bearing this unexpected
allele had not been derived from the original cross. Indeed, during genotyping two lines
were appointed as contaminants because their genome contained alleles other than the ones
from Ler or Eri-1. Such contaminants might show different phenotypes, change the

variation in the trait response and thus influence QTL mapping. These lines can also
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influence the genetic position of the markers in the map. For aforementioned reasons, these
two lines were discarded from all the analyses performed in the present work.

Because the lines of the Ler/Eri-1 population are over 99% homozygous, genotyping of the
Fo-RIL is also valid for their progeny. Thus, the amount of seeds from each RIL is not
limited and genotyping procedure not required anymore. This population is now publically
available to be used by interested researchers. The genotyping information acquired during
the present work has already been used for collaboration with Wageningen University

(Ghandilyan et al. 2009).

IV.2. Effect of the environmental conditions on the correlations between the

measured traits

The genetic and molecular basis of the developmental transition from vegetative to
reproductive growth (flowering time related traits) has been intensively studied and
deciphered in A4. thaliana over the past decade. The analysis of artificially induced mutants
led to identification of around 100 genes in pathways involved in flowering timing
(Koornneef 1998, 2004, Mouradov 2002, Simpson and Dean 2002, Boss et al. 2004, Turck
et al. 2008). However, there are still many open questions concerning the transition to
flowering under certain environmental conditions.

We analysed flowering behaviour of one early (Ler) and one late (Eri-1) flowering A.
thaliana accession. Variation between segregating RILs derived from crosses between
these two accessions showed substantial variation, as it was also observed in other crosses
between Ler x Cvi (Alonso-Blanco et al. 1998a), between Bay-0 x Sha (Loudet et al.
2002), Ler x Col-0 (Jansen et al. 1995) and Ler x Sha (EI-Lithy et al. 2004), Col-5 x Kas-1
(Li et al. 2006) and Ler x Fei-0 (Mendez-Vigo et al. 2010). Simon et al. (2008) even used
the flowering time trait to validate the high power of QTL mapping in a set of fifteen
integrated A. thaliana accessions. The timing of transition from vegetative to reproductive
development is an adaptive trait, as it is essential for plants to complete flower
development, pollination and seed production in favourable environmental conditions.
Plants have developed mechanisms to perceive environmental cues as photoperiod, light
intensity, temperature and other abiotic factors in order to alter their flowering time in

response to these signals (Shindo et al. 2005, Werner et al. 2005 a,b,).
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Arabidopsis is a facultative long day (LD) plant. Under LD conditions (16h light/8h dark),
it flowers earlier than under short day (SD) conditions (Koornneef 1991). When plants are
grown at 16 hours day length, the photosynthetic efficiency characterized in building up
photosynthates, mainly transported as sucrose, is at high level. The sucrose is transported
to developing organs such as roots, flowers, fruits or seeds. The outcome of higher
carbohydrate production is also shown in increased growth rate of the plant. An increased
growth rate results in development of chlorophylls, higher density of chlorophylls in the
leaves and light harvesting proteins, all supporting photosynthetic activity (Labate 2004).
The recurrent cycle ends if enough carbohydrates are produced to induce flowering. Ohto
(2001) has shown similar effects of sugar on vegetative development and floral transition
in A. thaliana. It is well known that sucrose promotes flowering in most species. Under LD
conditions this event is reached even faster. Variations in the environment can decrease
photosynthetic efficiency and result in sugar limited conditions in parts of the plants,
decreasing biosynthetic activity and hence leaf expansion as well as flowering time. The
effect of environmental variation was evident during our analysis in changing the light and
temperature conditions, resulting in the subsequent delay in flowering time and increased
number of leaves (see higher leaf number for the high light and cold environments, Figure
II1.7). Variation of the responses of every measured trait to high light and cold condition
was observed in the studied population.

The described correlation between flowering time and leaf numbers found under LD
control conditions during our analyses is in agreement with previous studies. The leaf
number can be considered as a developmental measure for flowering time, whereas the
number of days to flower is influenced by both the number of nodes and the developmental
rate (Koornneef et al. 1991). The correlation still remains in the HL4 environment. In HL4
environment, the number of leaves is increased because of the delay in flowering time.
Interestingly, in addition to the increased correlation in the HL4 environment, new
correlations were found under this strong light and cold environment. In the high light and
cold environment the delay of flowering time and increase of leaf numbers was correlated
with content of anthocyanins solely. This strongly suggests that this condition affects the
development of the plants. The combination of these abiotic factors (light intensity and
temperature) and their impact on important steps during plant development has been
previously studied and is described in the introduction. Carbohydrate content, especially

Suc content, could be the connecting part of this correlation between flowering related
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traits and pigmentation. The amount of sugars induced by high light intensity is a factor
leading to higher anthocyanin accumulation. Sucrose induces PAP1, a transcription factor
of the regulatory MYB-bHLH-WD40 transcription factor complex, binding at regulatory
regions of the late anthocyanin biosynthesis genes (LBGs) and start the biosynthesis (Teng
et al. 2005). It was already shown that sucrose and light co-ordinately regulate the
anthocyanin accumulation in leaves (Teng et al. 2005, Jeong et al. 2010, reviewed by Das
et al. 2011). The subsequent degradation of chlorophylls to limit the photosynthetic activity
is also affected by sugar contents. Finally, flowering time is promoted by sucrose content.
Nagira et al. (2006) have already observed that lower anthocyanin accumulation shortened
flowering time.

The negative correlation between anthocyanin accumulation and consequential degradation
of chlorophylls was also observed in our analysis under high light and cold condition. A
negative correlation was observed for flowering time and photosynthetic related traits
(chlorophylls) in this condition as well. This could be explained by high amounts of
chlorophylls, the increasing of photosynthetic efficiency and the accumulation of
carbohydrates which in turn promotes the transition to the reproductive phase as well as in
case of too much energy produced leads to the degradation of chlorophylls. This supported
the notion of Zhang (1997) that inhibition of light harvesting proteins can cause late
flowering phenotypes. Labate (2004) showed that under high excitation, the expression of
the light harvesting complex gene family is repressed and growth is reduced.

The correlations of traits were also translated at QTL level, because collocating QTL were
mapped under HL4. To depict the genetic basis of anthocyanin accumulation in
combination with delayed flowering time in the high light and cold scenario, selecting
NILs would be of interest. At a population level, the quantification of biochemical traits is
time consuming, while it is conceivable to measure them on a smaller number of selected
lines. Results of this analysis can answer if the correlation is due to closely linked genes,
meaning that the effects on anthocyanin accumulation might have had to overcome those
caused by flowering time. An intriguing alternative would be that these are pleiotropic
effects of the same gene. As the results from the phenotyping of the NILs can not answer
this question, we performed the fine mapping (- cloning) experiments to elucidate this

point. This is discussed in detail in chapter I11.6.D and following pages.
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IV.3. Major QTL mapped in Ler /Eri-1 population

IV.3.A. Flowering time related QTL on chromosome V

It has been demonstrated that most of the late flowering accessions in A. thaliana carry
active FRI and FLC loci, which act together genetically to delay flowering time
(Koornneef et al. 2004, Shindo et al. 2006). Both genes are also involved in the response of
vernalization treatment and therefore explain the winter-annual flowering strategy. The
requirement for vernalization ensures the plant to overwinter as a rosette and to flower in
early spring. In mild winters, a spring-annual flowering strategy without vernalization
requirement would be an advantage. Several accessions carrying non functional alleles of
FRI exhibit an early flowering phenotype (Johanson et al. 2000, Shindo et al. 2005). Early
flowering strains from the laboratory (Ler, Col-0) carry natural loss of function alleles of
FRI. No QTL has been found in the Ler/Eri-1 population collocating with the FRI gene,
which is located on the top of chromosome IV. Since Ler carries a loss of function allele of
FRI caused by a 375 bp deletion and 31 bp insertion in the promoter and the first exon
region (Johanson et al. 2000). This result indicates that Eri-1 also bears FRI defective
alleles with similar effects to those of Ler. In fact, visualizing the sequencing data of the
Eri-1 FRI region with the IGV browser denotes no sequence reads in the 375 bp promoter
and first exon region compared to Col-0. This suggests that Eri-1 carries the same deletion
and therefore groups to the same haplotype group of FRI as Ler (data not shown). The
analysis of 192 A. thaliana accessions by Shindo et al. (2005) has shown that the Ler-type
deletion was the most common non-functional FRI allele. It has been found in four
different FRI haplotypes in accessions from Western Europe, Russia, the United States and
southern Sweden, where Eri-1 originates from. Natural allelic variation at /R has been
shown to explain up to 70% of the phenotypic variation for flowering time (Lempe et al.
2005, Shindo et al. 2005, and Werner et al. 2005b). However, while this gene is known to
be a key factor of flowering time (Roux et al. 2006), it is not involved in the variation of
flowering time observed in the Ler/Eri-1 population.

In the Ler/Eri-1 population large variation of flowering time was observed in both tested
environments, with lines flowering earlier than Ler and others flowering later than Eri-1.
This transgression is also translated at the QTL level. Indeed, QTL for flowering time were
detected for the two environments with Ler alleles either decreasing or increasing the

flowering time. Because a RIL is a “mixture” of genomic regions from both parental lines,
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it can carry all the unfavourable alleles (reducing flowering time, coming either from Ler
or from Eri-1) and the resulting flowering time of such a RIL will be earlier than Ler.
Similarly, some RILs may contain alleles that increase flowering time and would be later
flowering than Eri-1. We observed strong correlations for all flowering time related traits
between the two environments. At QTL level, these correlations are strongly supported by
three collocating QTL on chromosome V for all flowering related traits in both
environments. Moreover, flowering time and related traits were also correlated within each
environment, either only in CT or only in HL4. When detecting QTL for these traits, co-
localised QTL for flowering related traits have been mapped on chromosome III under
HL4 solely. The other two collocating QTL, including the QTL for all flowering related
traits, were located on chromosome V, one under HL4, and another one under CT
condition. In A. thaliana several quantitative analyses of flowering time have been
performed so far and some QTL detected in this work collocated with QTL identified in
these analyses (El-Lithy et al. 2006, Simon et al. 2008, O"Neill et al. 2008, Mendez-Vigo
et al. 2010). Currently, there are nine genes that have been isolated underlying A4. thaliana
flowering time QTL (reviewed in Alonso-Blanco et al. 2009).

The loci FRI (Johanson et al. 2000) and FLC (Michaels and Amasino 1999) together
account for almost three quarter of the flowering time variation in naturally occurring
accessions. In the region of FLC at the top of chromosome V, collocating QTL for
flowering time related traits in the Ler/Eri-1 population were detected in both
environments. Null alleles impairing gene function as found for FRI are rare for FLC.
There are several polymorphisms and insertions between natural accessions of 4. thaliana
found in the first intron of FLC which are responsible for variation of flowering time.
Intronic insertions at FLC typically lead to early flowering (Gazzani et al. 2003, Lempe et
al. 2005, Shindo et al. 2005, 2006). Eleven FLC haplotypes have been found between
accessions which can be differentiated in two major haplotype groups (Caicedo et al. 2004,
Stinchcombe et al. 2004, Scarcelli et al. 2007). Two SNPs distinguish the two groups FLC"
and FLC®. These two haplotypes are associated with flowering time in absence of a
putatively functional FR/ allele. Due to a 1233 bp insertion of a transposable element in the
first intron, Ler carries a loss of function allele of FLC (Gazzani et al. 2003, Michaels et al.
2003). On the other hand, Eri-1 belongs to the FLC haplotype group like Col-0, which

carries a functional allele of FLC. Thus, FLC reveals to be a very suitable candidate gene
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underlying the QTL on the upper region of chromosome V, being responsible for over 40%
variation in flowering between Ler and Eri-1 in both environmental conditions tested.

The major function of FRI is to up-regulate FLC and as FRI is not functional in the
Ler/Eri-1 population, this suggests the presence of other factor(s) enhancing FLC function.
Shindo et al. (2005) have observed late flowering accessions with non-functional FRI
haplotypes, showing high FLC levels. This data implicates variation in other genes than
FRI causing enhanced FLC function. As previously mentioned, the strongest QTL (QTLS5-
1) explained 25% and 54% of flowering time variation in CT and HL4 condition,
respectively. It was mapped on chromosome V and collocated with the HUA?2 locus. HUA2
is a repressor of flowering and appears to function by enhancing the expression of several
genes that delay flowering including FLC, AG and MAF2-MAF5 (Chen and Meyerowitz
1999, Doyle et al. 2005). It was shown that HUA2 contains a RPR domain, a motif found
in proteins that function in RNA metabolism and pro-mRNA processing and splicing.
Furthermore, it has been suggested that HUA2 has transcription factor activity. Poduska et
al. (2003) pointed out that HUA2 (labeled ARTI in their study, Wang et al. 2007
demonstrated later that ARTI is HUA?2) activates FLC independently of FRI, but with
synergistic effects in case of an active FRI allele present. They showed that monogenic
FLC lines (functional FLC¥ in a Ler background) are early flowering and only by
crossing with monogenic HUA?2 lines (functional H. UA2%" in a Ler background) delayed
flowering has been observed. The HUA2™" allele appears to be a gain-of function allele
exclusive for Sy-0 regarding its ability to activate FLC. One non-synonymous amino acid
change in HUA2%" is predominantly responsible for that gain of function allele. HUA2Y"’
is a rare allele and the SNP underlying this allele has not been found in other accessions
yet.

The Ler accession used for the development of the Ler/Eri-1 population contains a
premature stop codon in HUA?2 leading to a loss of function mutant hua?2-5 allele (Doyle et
al. 2005). This lesion is located in the eights exon and results in removal of 280 amino
acids from the C-terminus of the HUA2 protein. In contrast, Eri-1 carries a functional allele
of HUA2. The early flowering phenotype of the monogenic FLC lines (functional FLCY”
in a Ler background) created by Poduska et al. (2003) is comparable with the early
flowering phenotype of Eri-NIL8-96-27 (see Figure I11.20). This NIL carries hua2-5"" and
functional FLC*™' alleles. The Eri-1 parent carries both functional alleles and is late

flowering. Validation and fine mapping of QTLS5-1 and an allelism test with the strains
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Ler-hua2-5 and Ler-HUAZ2 confirmed that HUAZ2 is the gene responsible for flowering
time effects in Ler/Eri-1 population. These results will be discussed in more detail in
paragraph IV .4.B.

The third group of flowering time QTL in Ler/Eri-1 collocating with already known genes
involved in naturally occurring flowering variation was detected on the bottom of
chromosome V. The MAF2-MAF5 (for MADS Affecting Flowering 2 to 5) cluster has
recently been implicated in flowering time variation and has been shown to be very
polymorphic between accessions (Caicedo et al. 2009, Rosloski et al. 2010). This tandem
of four MADS family genes are close homologues to FLC and FLM (MAF1). Many of the
QTL identified with different RILs in the past decades mapped to the same genomic region
and overlapped with the location of MAF2-MAF'5 (Alonso-Blanco et al. 1998a, El-Lithy et
al. 2004, 2006, Simon et al. 2008, Mendez-Vigo et al. 2010, Salomé¢ et al. 2011). Doyle et
al. (2005) mentioned that HUA?2 also interacts with the MAF2-MAFS5 and has shown that
the expression of MAF?2 is also reduced by hua2 mutations similar to FLC. In case Ler was
used as a parent of the RILs, like in the work presented here, Ler alleles at MAF2-MAFS5
always delayed flowering time, indicating that Ler carries functional MAFs and Eri-1
possibly loss of functional or less functional alleles of the MAFs. Sequence analysis of the
Eri-1 accession (this work) revealed that Eri-1 carries deletions in the promoter, 5"UTR
and 3'UTR of MAF2 compared to Ler and Col-0. These deletions and the presence of
several SNPs in the first intron could be the reason for a loss of function (partial or total)
allele in the Eri-1 accession. The QTL at the bottom of chromosome V explained only
4.6% of the flowering variation and was only detected in the CT environment.
Interestingly, Salomé et al. (2011) identified that North Scandinavian accessions like Lov-
5 show very strong FLC alleles with very late flowering phenotypes. These accessions are
lacking the QTL near the MAF cluster because the late flowering FLC QTL appeared to
mask MAF2-MAFS5 QTL effects. This could be the same case in the HL4 environment we
tested. The effects in flowering variation of the FLC QTL and HUA2 QTL in the HL4 are
much stronger. They explain most of the variation in flowering compared to the CT
environment and thus could also mask the effect of MAF2-MAF5. The output of multiple
QTL mapping (MQM) during the QTL detection we performed is opposing this theory. In
MQM the closest marker of a detected major QTL will be used as a cofactor during the
detection. This enables to detect other QTL, even if they have a small effect. We did not
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detect QTL collocating with MAF2-MAF5 QTL in HL4 condition, although we selected
FLC or HUA?2 as a cofactor.

To summarize the first paragraph: The overlap of Ler/Eri-1 QTL on chromosome V with
three already described flowering loci FLC, HUA2 and MAF2-MAF5 (Michaels and
Amasino 1999, Doyle et al. 2005, Caicedo et al. 2009) suggests that these genes are
candidate genes for the flowering variation seen in Ler/Eri-1 population. The QTL located
the upper part of chromosome V collocates with FLC, QTL5-1 with HUA2 and the QTL on
the lower part of chromosome V with MAF2-MAF5. However, the pleiotropic effect of
QTLS5-1 described in this study indicates that the already reported flowering time gene
HUA2 which is underlying the QTLS5-1 also affects other mechanisms, thus altering the
anthocyanin content in leaves under special environmental scenarios. This fact makes
further analysis of already known flowering time genes in different conditions worthwhile
in order to attribute other functions to these genes. It is also worth noting that the QTLS5-1
on chromosome V detected in both environments is the major QTL for the flowering time
related traits. Eri-1 alleles within the QTL at this position delayed flowering time.

The second QTL for flowering time on chromosome V was detected only in the high light
and cold temperature environment, its positioning right below QTLS5-1 so it was
consequently labelled as QTL5-2. This QTL was not confirmed by using the selected
NILs. The region between the two QTLS is quite small and QTL5-2 explains almost the
same variation of flowering in HL4 as QTL5-1 (52.2% and 54%, respectively).
Furthermore, the additive effect of the Eri-1 allele appeared to be the same for both QTL.
Taking everything together, we concluded that the QTLS5-2 might be the same QTL as the
QTLS5-1. Additional evidence pointing to only one QTL was the separation of the
anthocyanin content QTL (QTLS5-1) from the chlorophyll content QTL (QTLS5-2). This
was unexpected due to previously performed correlation studies. Both traits showed a
strong negative correlation, which is expected to lead to common QTL with opposite
effects. Surprisingly, instead of one QTL cluster comprised of the anthocyanin and the
chlorophyll content QTL, we detected two separate QTL in close vicinity to each other. A
possible reason for detecting a false-positive QTL could be the low number of recombinant
events between the two corresponding QTL. Only seven among the 110 RILs carried
recombinant events between the two markers underlying these QTLs. All others either

carried Ler alleles or Eri-1 alleles at both marker positions. We assume that QTLS5-1
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combines QTL for flowering time related traits in both environments with pigmentation

related traits and photosynthetic related in the HL4 environment.

IV.3.B. Flowering time related QTL on chromosome 111

In the HL4 environment, another group of QTL involved in the variation of chlorophyll
content and flowering related traits was mapped on the top part of chromosome III
(labelled QTL3). In QTL mapping, QTL3 was only detected in the HL4 condition. In
validation experiments of the QTL3 with clean NILs grown in both environments, it was
shown that the effect of QTL3 in flowering variation was also detected in CT environment.
The analysis of lines with Ler introgression at QTL3 in clean Eri-1 backgrounds increased
the effect of the flowering QTL3 in both environments tested. In QTL detection Ler alleles
at QTL3 increased RLN on average about 1.5 leaves whereas during the validation the Eri-
NIL67-4-2 increased the RLN on average about 12.5 leaves. It seems that a combination of
Ler alleles at QTL3 and functional FLC®"™ and HUA2""" alleles underlying the two major
QTL for flowering traits on chromosome V, give rise for a very late flowering phenotype.
This indicates cooperative action between QTL that may be in the same pathways to
produce the same outcome. The late phenotype could then also be distinguished in the CT
environment. In accordance with the phenomena observed in this study, Keurentjes et al.
(2007) have verified that mapping populations derived from NILs have a higher statistical
power to identify low effect QTL than RIL populations. The hypothesis of synergistic
alleles of functional HUA2, functional FLC and the Ler allele at QTL3 delaying the
flowering time was verified with the early flowering phenotype of the Ler-NILs QTL3 and
the Ler-HUA?2 strain. The Ler-HUAZ2 carrying the Ler allele at QTL3 and a functional
HUA2"" is early flowering because it is lacking the full functional allele of FLC. The Ler-
NILs QTL3 carry weak alleles of FLC*" and non functional hua2-5"" alleles and the Eri-1
allele at QTL3 and show even an earlier flowering phenotype than the Ler-hua2-5 strain.
Almost similar synergistic effects between three genes have been demonstrated in the Sy-0
accession (Poduska et al. 2003, Wang et al. 2007). Alleles of FRI®, FLCY" and HUA2""’
act together to delay flowering time. The combination of these three alleles of Sy-0 showed
delayed flowering phenotype as well as a pleiotropic effect in shoot morphology by

formation of aerial rosettes. As mentioned above, Wang et al. (2007) have indicated that a
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rare allele of a gene in Sy-0, not found in other accessions, is responsible for the
pleiotropic effect of aerial rosettes and very late flowering. Similarities are seen in the rare
Ler allele of QTL3. The QTL3 involved in flowering variation has already been detected
in previous studies (El-Lithy et al. 2006, Tisné et al. 2010, Mendez-Vigo et al. 2010). It
could be only detected if Ler was a parent in the developed RIL populations, suggesting
that Ler carries a rare gain of function allele of the gene underlying QTL3. A very recent
study of Salomé et al. in 2011 could not detect the QTL by analysing eighteen distinct
accessions, because they did not include Ler in their analysis. “Based on their presence in a
single wild genotype and their relative large effects, some of the 4. thaliana natural alleles
are probably deleterious variants segregating in natural populations” (Alonso-Blanco et al.
2009). This could be also the case for the Ler allele at QTL3. Candidate genes underlying
QTL3 will be discussed in detail in the paragraph IV.4.A.

IV.3.C. Anthocyanin content QTL on chromosome I

Quantification of anthocyanin levels indicated a confined distribution in the CT
environment with low levels of anthocyanins. Consequently, no QTL were detected under
this condition for this trait. However, a vast distribution of anthocyanin levels was
observed in the high light and cold environment and therefore QTL were detected. These
QTL highlight the GXE interaction observed for this trait because they were detected only
in the HL4 environment. Genes already known to be involved in the regulation of
anthocyanin production are present close to the position of the QTL detected for
anthocyanin content on chromosome I (closest marker NF19K23 - 22.9 Mbp). Between
marker positions T27K12 (16.1 Mbp) and NF19K23 on chromosome I, PAPI, a positive
regulator of anthocyanin pigment production (Borevitz et al. 2000) is present. PAPI
encodes a R2ZR3 MYB protein. PAPI together with a bHLH protein (GL3/EGL3/TTS8) and
a WDA40 protein (77G1) acts in the MYB-bHLH-WD40 (MBW) complex that controls late
genes of the anthocyanin biosynthesis pathway (Gonzalez et al. 2008, reviewed Hichri et
al. 2011). The MBW complex binds the promoter of one of the late key genes (DFR) to
start the biosynthesis (Zimmermann et al. 2004). The control of anthocyanin biosynthesis
in A. thaliana is explained in detail in the Introduction. Up to date, only two studies

analysing natural variation in anthocyanin accumulation with different A4. thaliana
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accessions have been published (Teng et al. 2005, Diaz et al. 2006). Both groups analysed
the anthocyanin accumulation in A. thaliana induced by different stress factors. Teng et al.
(2005) were growing plants with additional sucrose (Suc) in the medium. High energy
levels lead to oxidative stress which is reduced by the production of anthocyanins. Another
stress factor as demonstrated by Diaz et al. (2006) is the limitation of nitrogen in the soil.
Anthocyanin production is generally induced by several abiotic and biotic factors
(summarized in detail in the Introduction). In both cases, Diaz and colleagues detected
QTL on chromosome I collocating with the one detected in this study for high light and
cold temperature induced anthocyanin production. Underlying the QTL in their studies was
the gene PAPI, thus being a likely candidate gene in our analysis as well. The Ler allele at
the QTL on chromosome I decreased the anthocyanin levels compared to the Eri-1 allele at
this position. Sequence comparison between Ler and Eri-1 for PAPI revealed that Ler
carries several deletions in the promoter, first intron, second exon and 3'UTR region. The
first intron as well as the start of the second exon are deleted in Ler leading to a weak or
loss of function allele of PAPI in Ler compared to Eri-1. The latter case is unlikely,
because expression analysis of PAPI demonstrated that the gene is expressed in Ler (see
Figure I11.25), but at much lower levels than PAPI*™_ A loss of function PAPI*" would
be also in contrast with the results of Teng et al. (2005). In their study PAPI"* was
responsible for the Suc-induced anthocyanin production, whereas PAPI" and PAP1“**
resulted in loss of activity proteins due to mutations inside and downstream of the DNA
binding domain of the PAPI protein. Combining these results and the results of Diaz et al.
- using a Bay-0 x Sha population - give evidence that there is natural variation in PAP/

responsible for part of variation in anthocyanin accumulation in nature.

IV.3.D. Anthocyanin content, chlorophyll content and flowering related QTL on

chromosome V

The co-localisation of QTL for many different traits has two different conceivable reasons:
1) Pleiotropy: One gene underlies the QTL and is involved in different processes or 2)
Linkage: there are two closely linked genes in the QTL region which separately act on the
different traits. On chromosome V at marker position CIW8 the second and major QTL for

anthocyanin content was detected in the high light and cold temperature environment. The
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gene known to be involved in the production of anthocyanin located in the vicinity of the
QTLS5-1 is part of the TT (Transparent Testa) mutant phenotype, taking part in controlling
the flavonoid biosynthesis pathway of A. thaliana. The TTGI locus encodes the WD40
protein (Walker et al. 1999) which is part of the above mentioned MBW complex and is
required for the expression of late genes in the anthocyanin biosynthesis pathway (Zhang
et al. 2003). It is also involved in trichome and root hair development (Bouyer et al. 2008).
By sequence and expression analysis we excluded 77G/ as a candidate gene for the QTLS5-
1 in accumulation of anthocyanin content. In addition, the sequence of TTGI* and
TTGI*™ shows high similarities except for two SNPs in the first and second intron. Both
accessions have sequence deletions nearby the promoter region which could lead to the
low and almost equal expression of 77G/ in Ler and Eri-1. Keurentjes et al. (2007) and
West et al. (2006) have stated that insertion or deletions (indels) close to promoter regions
can affect gene expression. However, we assume 77G/ to be functional in both accessions
but carrying a weaker allele in both cases. 77G1 is required as a stabilizing factor of the
MBW complex (Baudry et al. 2004, Zhao et al. 2008). Until now, no other WD40 protein
1s known to be involved in the regulation of anthocyanin production in 4. thaliana. Loss of
function alleles of 77G/ would probably result in almost no anthocyanin production,
which is not the case in both accessions. Beside 77G no other obvious candidate gene is
present underlying the anthocyanin content QTL5-1. However, the possibility that linked
genes (HUA?2 and another gene in the region of QTL5-1) are responsible for the variation
seen in flowering time related traits and anthocyanin accumulation in Ler/Eri-1 can not be
excluded.

In this work we present that HUA2 is the gene underlying QTLS5-1 for the strongest
flowering time effects in the Ler/Eri-1 population. The pleiotrophy of HUA2 involved in
flowering time variation and anthocyanin content was tested by phenotyping anthocyanin

Ler

accumulation among different Ler strains carrying different alleles at HUA2 (hua2-5"" and

HUA2""). Phenotyping for anthocyanin accumulation showed increased levels in the strain

2k allele compared to hua2-5, identifying HUA2 to be involved in

carrying HUA
anthocyanin production of 4. thaliana. Taken together, HUA2 shows pleiotrophic function
in delaying the flowering time and increasing anthocyanin content. Pleiotrophic effects of
HUA?2 have previously been shown by Wang et al. (2007) where a special allele of HUA2
(HUA2%"") affects multiple components of the plant life history strategy such as flowering

time and plant morphology. This result and also a recent paper of Gou et al. (2011)
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highlight the potential of multifunctional genes contributing to phenotypic novelty within
species. In the publication they also presented the pleiotrophic effects of a transcription
factor known to have an important role in flowering time and newly described in playing a
role in negative regulation of anthocyanin accumulation. This is the first publication which
illustrates a direct link between flowering and anthocyanin production and gives evidence
that flowering time and anthocyanin production measured in our study may result from the
activity of the same gene previously known to be involved in flowering time. The model
explaining the involvement of HUA2 in the regulation of anthocyanin production will be

discussed in paragraph I'V.6.

IV.4. Fine mapping of QTL3 and fine mapping and allelism test of QTL5-1
IV.4.A. Fine mapping of flowering QTL3 and sequence analysis of sequenced Eri-1

accession revealed candidate genes for upper QTL3-1 and lower QTL3-2

QTL regions usually contain several hundred genes. Therefore, after validation of QTL
with NILs or HIFs, the region needs to be narrowed down. Fine mapping is a useful
procedure to discover which gene(s) is/are underlying the effect of the QTL. QTL3 was
narrowed down to a region of approximately 900 kb, from 0.014 Mbp to 0.92 Mbp. Fine
mapping of the region with recombinant plants revealed the presence of two additive QTLs
in the region of QTL3. QTL positions typically have large confidence intervals leading to
one QTL being masked by another, when two closely linked loci are detected as a single
QTL (Balasubramanian et al. 2009). This was the first reason why we did not detect both
QTL separately during QTL detection. The second reason was the presence of only one
anchored microsatellite marker (F22F7 1.6 Mbp) at the top of chromosome III. This
marker was the last marker available at the top of chromosome III to genotype the RILs.
Thus, the genotype above this marker was not known, but the small region was expected to
be linked to the genotype at F22F7. The upper QTL3 (QTL3-1) is located between the
markers T4P13 (0.014 Mbp) and F4P13 (0.20 Mbp), the lower QTL3 (QTL3-2) is located
between the markers F14P3 (0.42 Mbp) and 3-926376 (0.92 Mbp). Interestingly, El-Lithy
et al. (2006) detected a QTL (located on chromosome III, SNP105, 0.05 Mbp) for
flowering time in the Ler x An-1 RIL population at the same position we detected QTL3-1.

In the Ler x An-1 population the Ler allele was responsible for the late flowering time
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phenotype. In the same population Tisné et al. (2010) detected a QTL for rosette area at
this position and an additional for leaf number at the marker NGA172 (0.79 Mbp). The
second QTL collocated with QTL3-2 in the region of 0.42 Mbp to 0.92 Mbp. El-Lithy et
al. also described QTL3 in 2006 (full region with both QTLs in our case) in the Ler x Kas-
2 and Ler x Kond RIL populations. Alonso-Blanco detected a QTL for flowering time in
the Lerx Sha RIL population around the marker NGA172 (0.79 Mbp) (personal
communication). The marker NGA172 was also used in the Ler x Fei-0 population of
Mendez-Vigo et al. (2010) and they mapped colocalised FT QTL, TLN QTL as well as
rate of leaf production (RLF) QTL at this position. When we performed fine mapping of
QTL3, the whole sequence data of Eri-1 was not yet available, resulting in difficulties to
find polymorphisms for marker development and further fine mapping. Before the
availability of ultra high resolution microarrays and new sequencing methods (Clark et al.
2007, Ossowski et al. 2008), marker analysis and polymorphism discovery were limited
and time-consuming procedures. The rare Ler polymorphism strategy we performed to find
SNPs for CAPS marker development serves as an example. From eighteen markers, only
five were useful because of the SNPs present between Ler and Eri-1. The difficulties of
developing and testing markers between Ler and Eri-1 were rapidly overcome by
sequencing the Eri-1 accession. Beside whole genome sequencing, a lot of studies have
made use of high-density oligo-nucleotide arrays providing an alternative approach for
polymorphism detection and the following genotyping with these SNPs (El-Lithy et al.
2006, Simon et al. 2008, O'Neill et al . 2008, Brachi et al. 2010). The advantage of whole
genome sequencing is the possibility to locate indels and whole gene deletions in
accessions in comparison to the Col-0 reference genome. By visualizing the Illumina
sequence reads of Eri-1 aligned to the Col-0 reference in the IGV browser, indels and
SNPs were detected in our analysis. The current sequencing of hundreds and more of
genomes from A. thaliana accessions is under progress (Weigel and Mott 2000 —
http://www.1001genomes.org) and represents a suitable dataset for genome wide
annotation analysis of potential functional polymorphisms, apart from direct analysis of
QTL candidates. We wused the sequence data of Ler (available online at
http://www.1001genomes.org) and our sequenced Eri-1 data to compare both QTL3
regions in relation to Col-0. The whole QTL3 region contains 373 genes. Of these only
four genes are known to be involved in flowering. One of these four collocated with

QTL3-1, whereas the other three collocated with QTL3-2.
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COL?2 locates (0.42 Mbp) in the vicinity of QTL3-2. It is homologous to CO and encodes a
zinc finger protein (Ledger et al. 1996, 2001). Analysing the sequence data of COL2""
and COL2", no sequence polymorphisms or indels were detected between the two
accessions. This lack of differences suggests that COL?2 is not the gene responsible for the
flowering variation QTL3-2.

Another candidate is MBD9 (0.17 Mbp; Peng et al. 2006), being the gene underlying
QTL3-1. Comparison of the sequence data resulted in only one SNP difference between
Ler and Eri-1. The SNP is located in the first intron of the gene and probably does not
change protein structure. However, the deletion in the first exon of MBD9*" is a likely
event to cause protein structure change. Regions in the first exon do not show any aligned
sequence reads to the reference genome Col-0. The gaps in the sequences can either be
explained by a deletion of this region in MBD9*"! or by inaccurate sequencing of this part.
The second reason is unlikely, because Eri-1 sequencing results framing the gap at
173.396 bp — 173.779 bp region show accurate results with read depth of 25-28. The
putative deletion in the first exon leads to a disruption of the gene and possibly to a loss of
function allele of MBD9*""!. Loss of function mutations are usually caused by insertions
and deletions in the coding region of genes (Alonso-Blanco et al. 2005). It has been
demonstrated that FLC expression is subject to epigenetic regulation through covalent
modification of FLC chromatin (He and Amasino et al. 2005). MBD9 has been shown to
control and directly enhance the expression of the flowering repressor FLC via acetylation
of histone H3 and H4 of FLC chromatin (Peng et al. 2006). Multiple chromatin associated
domains are present in MBD9. These domains (two PHD motifs- Cys4-His-Cys3 zinc
finger motifs, a BROMO domain and phenylalanine-tyrosine rich domains) are typically
found in most chromatin associated proteins and corroborate the regulatory gene
expression function of MBD9. Mbd9 mutant plants flower early due to the reduction of
FLC expression. Indirect control of gene expression through MBD9 has been predicted by
FLC DNA methylation (Yaish et al. 2009). They have shown that inactivation of MBD9
causes DNA hypermethylation. Recurring to the three gene interaction hypothesis already
mentioned in paragraph IV.IIL.C, a combination of FLC™"', HUA2""" and Ler alleles at
QTL3 (Eri-NIL67-4-2) delayed flowering significantly, indicated by a TLN of 50-60. We
propose MBD9 as a proper candidate gene for QTL3-1. Both HUA2*"! and MBDY"
promote the expression of FLC®"! leading to a much later flowering phenotype than seen

in Eri-1. In Eri-1 only HUA2""" is a functional promoter of FLC expression. The second
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indication that MBD9 is the gene underlying QTL3-1 is given by its pleiotroph function in
shoot branching. In mbd9 mutants axillary buds continuously grew out of rosette leaf axils.
The opposite effect was observed in the EriNIL67-4-10-26, showing reduced shoot
branching (see Figure IV.1). Peng et al. (2006) have suggested MBDY to be involved in a
novel pathway of shoot branching, the branching phenotype not being related to auxin
levels and MAX pathway (McSteen and Leyser 2005).

The third candidate flowering gene is AGL4(SEP2) (Pelaz et al. 2000). AGL4 encodes a
MADS box transcription factor involved in floral organ identity variation, causing
variation of flower shape. The gene is located in the QTL3-2 region at position 0.46 Mbp.
Sequence comparison for Ler and Eri-1 revealed two big deletions in the putative promoter
region of Ler. Indels in and nearby promoter regions commonly result in change of
functional alleles (Keurentjes et al. 2007, West et al. 2006). The Ler allele at QTL3-2

delayed flowering. Deletions in the promoter region of AGL4""

may result in a weak allele
of AGL4 with low expression being involved in a later flowering phenotype due to changes
in flower morphogenesis. It is worth noting that beside the branching phenotype also the
inflorescence phenotype of Eri-NIL67-4-10-26 differs in form (see Figure IV.1).

The last gene related to flowering in the QTL3 region is V'GT1 (Aluri and Biittner 2007). It
encodes a vacuolar membrane-localised glucose transporter that can also transport
fructose. Mutations in this gene have effects on seed germination and time to flowering.
Sequence comparison between Ler and Eri-1 revealed only identical SNPs between both
accessions in relation to the reference genome Col-0. Both accessions also carried a
deletion spanning parts of the third intron and fourth exon. The sequence similarities
between VGTI* and VGTI®"' demonstrate that this gene is probably not underlying
QTL3-2.

In summary, by sequencing the Eri-1 accession and comparing the visualized sequence
reads between Ler and Eri-1 we were able to highlight two candidate genes for QTL3-1
and QTL3-2 which gene function was possibly changed by deletions. To verify that gaps in
the sequencing represent deletions and are not caused by low quality sequencing results,
primer will be developed for testing amplification of the putative deletion region. If the
deletion is verified either further fine mapping or direct genomic complementation of the
candidates will be performed. Because only two candidates were identified in the region,

the latter approach is to be preferred.
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Figure IV.1: Phenotype of Eri NIL
QTL3 - Eri NIL 67-4-10-26 grown in
HL4 condition.

A) Eri NIL 67-4-10-26 plants at
different time points of their
development

B) inflorescence of Eri NIL 67-4-10-
26

IV.4.B. Fine mapping of QTLS5-1 and allelism test demonstrated that HUA?2 is the
gene responsible for flowering time QTLS-1 and strongly supported that HUA?2 is also

responsible for anthocyanin content variation in Ler/Eri-1 population

Fine mapping of QTL5-1 resulted in a narrowed down region of 0.03 Mbp with 224 genes.
HUA?2 was proposed as the best candidate gene in the region due to the presence of hua2-5
mutant allele in Ler. An allelism test using Ler-hua2-5 lines, Ler-HUA?2 lines and LerNIL
QTLS5 lines was carried out in order to complement hua2-5"" allele either with HUA2""
(Ler-HUA? strain) and/or with HUA2®"" (LerNILs QTL5). This experiment confirmed
that the mutant phenotype was complemented with HUA2 alleles and therefore, we
concluded that HUA? is the gene explaining most of the flowering time variation at QTLS5-
1 in the Ler/Eri-1 population. To date, no other accessions but Ler have been found to
contain the hua2-5 lesion. However natural variation at different sites within the HUA?2
gene has been published (Wang et al. 2007). In this study, authors used the accession Sy-0
(from Isle of Skye in Great Britain), showing beside a very late flowering phenotype

development of aerial rosettes in leaf axils. A non-synonymous SNP change in the third
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exon of HUA2 was shown to be responsible for this distinct phenotype and have not been
detected in other accessions than Sy-0. HUA2Y" is a gain of function allele regarding its
ability to activate FLC expression. Interestingly, HUA2"" and HUA2"" conferred the
same FLC expression as HUA2Y" suggesting that Sy-0 late flowering phenotype arises
because of FLC up-regulation rather than from expansion of FLC expression.

In Ler/Eri-1 population pleiotrophic effects of HUA2 were also observed. We did show
that the anthocyanin accumulation was significantly increased between Ler carrying hua?2-
5 and Ler carrying HUA2 under HL4 condition. The same increase was observed between
Ler-hua2-5 plants and LerNILsQTLS5 which carried Ler alleles in the genomic background
and HUA2"™ . To verify that HUAZ is involved in the anthocyanin accumulation observed
in the Ler/Eri population, we phenotyped the same plants used in the allelism test for
anthocyanin content. Interestingly, HUA2"" complemented hua2-5"" and increased the
anthocyanin content only when the Ler-hua2-5 mutant line was used as the mother plant
for the crosses. The reciprocal crosses did not show higher anthocyanin levels after
complementation, suggesting that a maternal effect influences anthocyanin accumulation.
The maternal effect is not in contradiction with the QTL detection, because in this case Ler
(carrying hua2-5 allele) was also used as the mother plant to build the RIL population
between Ler and Eri-1. However, the differences are not significant and only a “tendency”
that HUAZ2 is increasing the anthocyanin content in the allelism test is observed.
Quantification of anthocyanin content is subject to variations at plant level but also at
technical level. In order to have a precise estimation of this trait, a larger number of plants
and replicates need to be measured. Beside the applied HL4 condition, several other abiotic
and biotic factors can induce higher anthocyanin levels (Buer et al. 2010) in the climate
chambers. Unequal fertilizing and watering, as well as herbivore attacks are imaginable as
the reason for variability between plants of the same line. However, it is possible to
circumvent this situation and acquire data showing significant differences in anthocyanin
levels between the hua2-5 and HUA?2 lines by screening large numbers of replicates. In the
allelism test for anthocyanin content only 2-7 F2 plants per line were analysed. This
number is too low to draw firm conclusion but nevertheless, a clear tendency that HUA?2
increased the anthocyanin levels between the lines was observed. There are more replicates
available to verify or negate this tendency. Analysis of these replicates is already projected.
In addition, phenotyping of Ler-hua2-5, Ler-HUAZ2 and the LerNILsQTLS5 for anthocyanin

content, as well as the increased expression of regulatory anthocyanin genes in Ler-HUA2
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lines provided evidence that HUA2 is also involved in anthocyanin regulation. The
possible mechanism linking HUA2 to the anthocyanin regulation pathway is proposed in
paragraph IV.6. An up-regulation of genes involved in the regulation of anthocyanin
production appears to be plausible. This up-regulation might be even increased in
HUA2"""" leading to the comparably high accumulation in Eri-1 plants. HUA2""" carries
two non-synonymous SNP changes compared to Ler and Col-0, leading to two amino acid
changes in the protein. These protein changes might lead to a gain of function of HUAZ2 in
Eri-1 causing an increased accumulation of anthocyanins in HL4 conditions. A likewise
situation has been observed in Sy-0 accession with one amino acid change leading to an

up-regulation of FLC and the very late phenotype with aerial rosettes as explained above.

IV.5. Two-way QTL interactions mapping presents genetic networks in flowering
time and anthocyanin content in Ler/Eri-1 population

IV.5.A. Interactions involved in flowering time variation in Ler/Eri-1 population

Variation in flowering time can not be fully explained by the major QTL on
chromosome V, therefore genetic interaction analysis was performed. Two-way marker
interactions suggested that the QTLS5-1 region, for which HUA2 was identified as the gene
underlying the main flowering variation, is interacting with four other regions on
chromosome V. The main interaction was found between HUA2 and the QTL on top of
chromosome V, where FLC is probably supporting the effect of the QTL. As previously
mentioned, in case of a functional FRI allele, up-regulation of FLC expression is mainly
supported by FRI in order to delay flowering (vernalization pathway). FRI is not functional
in Ler neither in Eri-1. In this situation HUA?2 is the main gene enhancing the expression of
FLC. However, the overall effect of HUA2 on flowering time could not be entirely
explained through its interaction with FLC. HUA2 must also interact with other
components of flowering time regulation (Doyle et al. 2005). Another genetic interaction
was detected between HUA2 and the QTL on the bottom of chromosome V. The QTL at
the bottom of chromosome V is collocating with the MAF2-MAF5 cluster. Polymorphisms
at the HUA2 and MAF?2 genes between Ler and Eri-1 can lead to an epistatic interaction.
For the other two QTLs on chromosome V interacting with HUA2 no obvious interacting

partners can be proposed. HUA2 region interacted genetically with regions from the other 4
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chromosomes. An interaction appeared on chromosome IV at positions around 13.3 Mbp.
This epistatic interaction between HUA2 and this region could be explained with the
presence of AG (10.4 Mbp) in that region. HUA2 gene was first characterized in a screen
for enhancers of ag4, a weak mutant allele of AG (Chen and Meyerowitz 1999). HUA2
appears to play a role in processing AG pro-mRNA in the nucleus (Cheng et al. 2003). AG
has several similarities with FLC. Both genes encode MADS-box transcription factors,
(like MAF2 and FLM) and contain a large intron. HUA2 may also affect splicing of FLC
and MAF2. Another candidate for the genetic interaction in that region could be explained
by HUA2 and FCA, which is a gene predicted to bind mRNA (MacKnight et al. 1997).
Autonomous pathway genes FCA (chromosome IV 9.2 Mbp) and FY (chromosome V
4.3 Mbp) interact through FCA-WW (highly conserved tryptophans) and F'Y-PPLP (proline
riche) domains. HUA2 has a C-terminal end with 5 PPLP repeats, suggesting that it may
interact with proteins containing WW domains like FCA. Since HUA2 and FCA contain
compatible interaction domains and both of them affect the same downstream gene FLC,
we suggest that HUA2 and FCA interact physically and are both involved in the mRNA
processing of FLC or compete for the mRNA processing of FLC. Two other MADS Box
transcriptions factors, FLM (MAF1, Werner et al. 2005) and SVP (Hartmann et al. 2000)
are also likely to be interacting with HUA2. They are also MADS box genes and closely
related to FLC both at the amino acid level and in exon/intron gene structure (Ratcliffe et
al .2001, Scortecci et al. 2001). Both are also negative regulators in floral transition and
HUA?2 affects the expression of both. Interestingly, FLM is located on chromosome I
(28.9 Mbp). An interaction with HUA2 was also mapped on chromosome I but above FLM
at around 22.9 Mbp. Interaction between HUA2 and SVP (chromosome II, 9.5 Mbp) can be
hypothesized in the Ler/Eri-1 population, because an epistatic interaction between
chromosome II (7.3 Mbp) and HUA2 QTLS5-1 region was detected. The interaction found
between HUA2 and chromosome III could involve one of the candidate genes introduced
in paragraph IV.4.A.

Overall, the 2-way marker interaction analysis revealed that the QTLS5-1 for which HUA2
has been identified, is interacting with a lot of chromosomal regions. In this interacting
region, already described genes involved in flowering time are present. This analysis
allowed us to propose a set of genes which are probably interacting with HUA2 in order to

produce the flowering time variation observed in the Ler/Eri-1 population.
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IV.5.B. Interactions involved in anthocyanin accumulation in Ler/Eri-1 population

During QTL detection only one major QTL responsible for the variation of anthocyanin
accumulation was detected under high light and cold temperature condition. This QTL did
not explain all the phenotypic variation which was found in the population. An additional
analysis of 2-way marker interaction revealed a couple of interactions across the whole
A. thaliana genome but most of them mapped on chromosome V. The biosynthesis of
anthocyanins is well studied and published (Stafford 1990, 1991, explained in introduction
chapter). Anthocyanins are derived from a branch of the flavonoid pathway. Interestingly
most of the structural genes of this pathway (see Figure 1.3 in introduction) are located on
chromosome V, where we found most of the epistatic interactions. Several transcription
factors and complexes are regulatory parts of the anthocyanin biosynthesis and initiate the
synthesis pathway. The main QTL5-1 for anthocyanin accumulation was detected on the
chromosome V at marker CIW8 (7.5 Mbp). Phenotyping of Ler-hua2-5, Ler-HUA2 and
the LerNILsQTLS for anthocyanin content, as well as the increased expression of
regulatory anthocyanin genes in Ler-HUAZ2 lines suggested that HUA2 is involved in
anthocyanin regulation and is the gene underlying the QTL5-1 for anthocyanin content.
For anthocyanin level, interactions with QTLS5-1 and other regions on the chromosome V
have been revealed. Additionally, epistatic interactions between QTL5-1 and two regions
on chromosome II, one on chromosome III and one on chromosome IV have been
detected. In each interacting region a gene involved in anthocyanin accumulation (either a
structural gene of the anthocyanin biosynthesis or a gene encoding a transcription factor
which has been shown to regulate the biosynthesis) is present.

One interaction was detected with a locus above the QTLS5-1 at around 5.6 Mbp. At this
locus the mutant ANTHOCYANINLESS! (anll) has been described (Kubo et al. 2007).
anll encodes for a 3-0-glycosyltransferase which specially glucosylates the third position
of the flavonoid C-Ring. It is the fifth step within the biosynthesis converting
anthocyanidin to anthocyanin. The 77179 locus is also located very close to this position
(5.68 Mbp). TT19 encodes the Arabidopsis thaliana glutathione transferase. Hsieh et al.
2007 have described green coloured #¢/9 mutants. These mutants were able to accumulate
flavonoids in the cytosol, but transport them into the vacuole was impaired, where the low
pH affects flavonoid colouring. Both modificational steps, the glycosylation and the

transport into the vacuole are necessary to produce coloured anthocyanins changing them
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from colourless to violet. Both analysed accessions Ler and Eri-1 accumulate anthocyanins
in HL4 conditions, but in very different levels. This fact points out that the genes in the
interacting regions, as well as the QTL candidates are most probably involved in the
regulation of anthocyanin rather than in their biosynthesis. We already suggested PAPI
and HUA? as the genes underlying the anthocyanin QTL1 and QTLS5-1, respectively. 77G1
is located in the region of QTLS5-1. We already discussed the possibility of 77G/ being a
candidate gene for anthocyanin accumulation under QTLS5-1 (see paragraph 1V.3.D). TTG1
encodes a WD40 protein, acting together with a MYB factor and bHLH (basic helix loop
helix) protein in a complex to control the anthocyanin biosynthesis (Zhang et al. 2003,
Baudry et al. 2004, Zimmermann et al. 2004, Gonzalez et al. 2008). The encoding genes
whose products are necessary to build the regulatory complex of the MYB-bHLH-WD40
(MBW) are also candidates for the detected 2-way interactions for anthocyanin production:
One main interaction was detected between QTL5-1 and the 772 locus on chromosome V,
which is located at the marker position MOK9 (13.8 Mbp). 772 encodes a R2R3 MYB
domain, which has been described to be part of the MBW transcription factor complex
(Gonzalez et al. 2009). The complex can be formed by different redundant MYB and
bHLH factors and the 77G1 WD40 protein (reviewed by Hichri 2011). Other R2R3 MYB
proteins are for example PAPI or PAP2 or GLI, located on chromosome I and
chromosome III. We already suggested PAPI as the gene underlying the QTL1 for

1% allele. No interaction was

variation in anthocyanin levels due to a putative weak PAP
detected between QTLS5-1 and chromosome 1. The third part of the transcriptional complex
is the bHLH domain. Another interaction between QTLS5-1 region and marker region M5-9
(17.3 Mbp) was found. In this region the GL3 locus is located. The GL3 locus encodes for
a bHLH domain protein. Other bHLH factors are 778, located at chromosome IV 6.1Mbp
and EGL1/3, located at chromosome I. QTL5-1 is interacting with the chromosome IV but
below 778 at around 13 Mbp. The MBW complex binds to the promoter of late
anthocyanin biosynthesis genes like DFR (dihydro-flavanol 4 reductase) via the MYB
factor. The 773 locus encodes the DFR which catalyzes the conversion of dihydroquercitin
to the colourless leucocyanidin. It is the third step in the anthocyanin biosynthesis (see
Introduction). The phenotype of described 3 mutants showed an absent of anthocyanins in
leaves, stems and all other tissues. The 773/DFR locus is located near the GL3 locus in the
M5-9 region which is also interacting with QTLS5-1. For the interaction on the very bottom

of chromosome V at the marker position MBKS5 (25.5 Mbp) no putative candidate gene
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was found. The main interacting region of QTL5-1 showed interactional effects to the
chromosome III (NT204-5.6 Mbp, MQC12-7.1 Mbp) and a 3-way interaction with the
chromosome II (PLS7- 9.8 Mbp). Below the region on chromosome II, a negative regulator
of anthocyanin regulation is located. The CPC gene (Zhu et al. 2009) belongs to the R3
MYB genes, which are lacking the R2 domain and thus are not able to bind to DNA. The
CPC protein negatively controls anthocyanin production by binding the bHLH-WD
complex and thus impedes binding to the promoter of DFR. In the vicinity of NT204 and
MQC12 on chromosome III no obvious candidate was identified.

In summary, for development of the MBW complex necessary to start anthocyanin
production, several genes encoding for proteins that act together are required. The position
of these interacting genes overlaps in most cases with genetic interactions detected for
anthocyanin accumulation in the Ler/Eri-1 population under HL4 condition. Whether the
genes involved in the formation of the MBW complex are the ones underlying the detected
interaction is still elusive. In addition, detected interactions showed that QTL5-1 for which
we propose HUA?2 is playing a central role in these interactions. A model showing how
HUA?2 could act in the anthocyanin content variation in Ler/Eri-1 will be proposed in the

next paragraph.

IV.6. Proposed function of HUA2 in the regulation of anthocyanin production via

MBW complex

Sequence analysis of the Ler and Eri-1 genome by IGV visualization revealed deletions in
promoter regions and different SNPs in some genes encoding parts of the MBW
transcription factor complex. The 77TG/ allele shows a deletion in the promoter region of
both Ler and Eri-1 when compared to Col-0. This leads to a lower amount of transcript in
these accessions. However, the expression is still detectable in both Ler and Eri-1,
indicating that the protein is still produced with these weak alleles of 77GI. One of the
MYB factors of the MBW complex responsible for binding the promoter of DFR is PAPI.
The PAPI*" seems to be either a loss of function allele or a very weak allele, due to the
fact that most of the gene is deleted. There are two deletions in the promoter region as well
as two deletions (in the first intron and parts of the second exon, and in the second intron).

Low expression of PAPI™ suggests the latter possibility that some parts of the gene are
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still functional. PAPI®™ is fully functional and shows a high expression via qRT-PCR.
We observed an interesting situation in the Ler strain carrying a functional HUA2 allele.
PAPI expression is increased compared to Ler-hua2-5 and reaches intermediate PAP]
transcript levels (between Ler-hua2-5 and Eri-1), indicating that HUA2 enhances the

expression of the weak PAPI™

. As previously explained, HUA2 has been shown to be
involved in the regulation of nuclear pre-mRNA. Firstly, because of the presence of a RPR
domain characteristic for genes involved in splicing and secondly, due to the presence of
nuclear localisation sequences targeting HUA?2 to the nucleus e.g. in order to process PAP1
mRNA. PAP2, a second MYB factor which could take over the decreased function of
PAPI" for combining a functional MBW complex, showed almost no expression in
PAP2"". Sequence comparison revealed one SNP in the coding region of PAP2*" leading
to an amino acid change from glycine to glutamate in Ler. One non-synonymous SNP is
not the reason in most cases for changes of expression. However, Loudet et al. 2007 have
shown that one single amino acid substitution in an enzyme of the assimilatory sulphate
reduction pathway was responsible for decreased activity. PAP2" could also be decreased
in activity. Similar to PAPI" the expression of PAP2" was enhanced in the presence of
an active HUA2.

The bHLH domain of the MBW complex is responsible for the activation of expression of
a target gene. 778 bHLH sequence carries deletions in the putative promoter region and in
the big 5™ intron of both Ler and Eri-1. Additional Eri-1 carries a 2140bp deletion which
removes most of the 7™ last exon and the full 3"UTR apart from the C-terminus of 778",
Rather than to see a decrease of 778" expression in Eri-1 parental line, transcript levels
are still much higher than in Ler-hua2-5 parent. The interacting domains for MYB factors
and WD40 protein are not affected by the deletions in Eri-1. However most of the C-
terminal regions are deleted. This region is known to participate in homodimer or
heterodimer formation (Zhang et al. 2003, Pattanaik et al. 2008). Some of the bHLH
factors with homo-or heterodimer formation can bind the G-Box of the target gene on their
own without building a dimer with a MYB factor. It is depending on the transcription
factor itself and the target gene. In Arabidopsis the complex of PAPI/PAP2/TTS is
necessary to bind the promoter of DFR (reviewed Hichri et al. 2011) therefore lacking the
C-terminus of 778 is probably not much corruptive in terms of function of the
PAPI1/PAP2/TTS complex. TTS8 expression was also enhanced in Ler-HUAZ2 strain
compared to Ler-hua2-5. EGL3 is another bHLH factor which could complete the MBW
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complex. The expression of EGL3"" could not be enhanced with the presence of HUA2.
Besides governing the expression of anthocyanin structural key genes, the members of the
MBW complex also regulate their own expression in a complex circuit. 778 interacts with
TTGI and PAPI to regulate its own transcription (Tohge et al. 2005, Baudry et al. 2006)
meaning that, in the presence of a fully functional MBW complex like in Eri-1, the
expression of all members will be increased automatically. Down-regulation of the
complex could be the consequence of the presence of functional CPC, due to its binding to
the bHLH factor. Since CPC is an R3 MYB protein and does not bind DNA, it avoids
binding of the MBW complex to the DFR promoter (Zhu et al. 2009). In the Eri-1
accession the down regulation by CPC is blocked, because almost full CPC genomic
region is deleted in Eri-1. The higher expression levels of CPC in Eri-1 are in contrast with
this result. It could be that the gene itself will be expressed, but the R3 binding domain of
the protein which connects to TT8 is changed due to deletions and therefore CPC is not
able to bind to TT8 and not capable to down-regulate the anthocyanin biosynthesis neither.

Gathering all the above mentioned hypotheses, we provide a model in Figure V.2 in order
to explain the variation of anthocyanin variation in Ler and Eri-1 accessions as well as in
the selected NILs. In the absence of HUA2 low expression of PAPI" and TT8" lead to
weak or rather no combining of the members of the MBW transcription factor complex.
Without a MBW complex the late anthocyanin biosynthesis genes are not transcribed and
thus no anthocyanin will be accumulated in Ler (Top A). In the presence of HUA2 the
expression of PAPI"* and TT8"* will be enhanced which leads to a binding of TT8 to
TTGI and PAPI1. The combined complex binds to the promoter of DFR which initiates the
second part of anthocyanin biosynthesis. The synthesis stops when CPC binds TT8 and
separates the MBW complex from the promoter of DFR (this is the case of Ler-HUAZ;
Bottom A). Eri-1 shows very high accumulation of anthocyanins in rosette leaves, due to a
full functional PAP1*" allele and a strong 778" allele. The expression of both genes is
even enhanced by HUA2. In Eri-1, CPC cannot compete with R2R3 MYB PAP1"™! for the
binding site of bHLH TT8""! and thus the MBW complex remains bound to the promoter
of DFR which promotes continuously biosynthesis of anthocyanins (Top B). The Eri-
NIL8-96-27 carries full functional PAPI®™ and TT8"", but lacks the enhancer of both
genes — HUA2. The anthocyanin levels are still high, but do not reach the high levels of
Eri-1. All four combinations are hypotheses and need to be analysed with further

confirmations.
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Figure: [IV.2: Working model depicting the possible role of HUA2 together with
PAPL1/TT8/TTG1 complex in transcription activation of a structural anthocyanin biosynthesis
gene (DFR). Activation would lead to high levels of anthocyanin accumulation in rosette leaves
(colours are exaggerated for better distinguish) until down-regulation of CPC occurs. A)
Comparison of the procedure between Ler and Ler-HUA2. B) Comparison of the procedure in Eri-1
and Eri-NIL8-96-27. Description can be followed in the running text.
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Table A.1: Marker used for building genetic map of

Ler/Eri-1 and validation and fine mapping of the detec

ted QTL

Marker Marker Physical | Genetic | Annealing Forward Primer Reverse Primer
Type Name Chr (Mb) (cM) T (C) Sequence Sequence Enzyme Experiment used
GTGTCCTTTTTT CAT GCA CGT ACG
SSLP NT7123 | 0.4 0 60 CTC AACGATG ATT TGT TTAAC genetic map
CAA GAG ATT GCA AAG CTC CTT GGA
SSLP JV26/27 | 4 1.8 55 ACA TCC ACA TCCGATTT genetic map
GTT GAT CGC AGC TTT GGA GTT AGA
SSLP S0392 [ 10.9 325 55 TTG ATA AGC CACGGATCT G genetic map
GGA GGC TAT ACG GGA CAA CGT CTC
SSLP T27K12 | 16.1 52 55 AAT CTT GACA AAACGGTT genetic map
ACA TTT TCT CAA GAG AGC TTCTTT
SSLP Ciw1l [ 18.3 50 TCCTTACTC ATT TGT GAT validation and fine mapping
GAATTC TGT AAC GGT CTAATT GCC
SSLP NF19K23 | 22.9 66 55 ATC CCATTT CC GTT GTT GC genetic map
PAP2-CP-F + GGA ACA CCC ATC TAG TGT TTC TCA
CAPS PAP2-BP-R [ 24.76 55 TGA GTA AA CCGTTTGTT Bpml fine mapping
CAA CCA CCA GGC GTC AAACCAGTT
SSLP M1-13 | 255 78 56.5 TC CAATCA genetic map
GGA CAA GAA CCT AGA GAT AAG GAC
SSLP T8K14 [ 29.9 87 52 CAT ACC GTG GTAG genetic map
TGA GAG GGA CAG ATC AAA AGG GAT
SSLP M2-5 Il 0.2 3.3 50 ATAGGA A ACT GAC AA genetic map
GGT GTG ATG TCG TGC ACAACG TGC
SSLP F12A24b 1 7.3 18.5 55 ACC GGT AAA G TCTCCATG genetic map
GAT GAATCT TCT GAC AAA CTA AAC
SSLP PLS7 Il 9.8 25.9 57 CGT CCAAAAT AAC ATCCTTCTT genetic map




GAT TCC ACC ATA CTT CGT CAC TGC

SSLP M2-17 1l 10.7 29.7 50 TGTGGAT CAA TAC genetic map
GCA CAG TCC AAG CGC TACGCTTTT

SSLP NGA1126 1l 11.7 394 58 TCA CAACC CGG TAA AG genetic map

ATGATTCTCTTT

TTT ACG AAT AGG ATG GCT CCT CAG

SSLP T2N18 1l 15.6 42 55 ATT GGG TTT CATC C genetic map
ACA CAC GAA TAT TCA CTT GTC GGT

SSLP F17A22 1l 19.6 62.7 55 TGATTG TCT AAG G TTG TGT GG genetic map
GTG GGT GGC AAA AGA ATG GGC CGA

CAPS T4P13 Il 0.014 60 TTG GTG AAAGT AAA CAG TGA AA Rsal validation and fine mapping
TTTCCCTTG ATG TAC TAT ATC AGC

SSLP T22N4b 1] 0.085 48 ATT AGT CG CGC TAACTAG validation and fine mapping
TCG CAA CCA ACC CAT GAG ACA ATC

SSLP F4P13 Il 0.2 48 TAC AAG TAA CAA GGC validation and fine mapping
AAA TAC CAC ATC AGATTC TTA GAG

SSLP F28J7 Il 0.33 55 TTG CTT GAG ATG ACG TGG validation and fine mapping
ACT CCA ACA ACC AAA TGT TGC CAT

SSLP F14P3 Il 0.42 48 AGC CAG AACTCG G validation and fine mapping
AAC AAA ATG AAT ATC ATC TTC TCA

CAPS 3-452814 Il 0.45 55 ACATGC GTAA AAA TCA AAG G BsmFlI fine mapping
GCA AAG AAC TGG TTG CTG TGT TGA

CAPS 3-926376 1} 0.92 55 AAG GTATG AAG ATT TG Apol fine mapping
GCC TAG AGG AGT ACA AGA GCA AAA

CAPS 3-951148 1} 0.95 55 GTG TGT GT TGG AAA AA Fokl fine mapping
GAA AAC GCC AAA TAG TAC CCATCA

CAPS 3-1066606 Il 1.06 55 ATC TAA AG TTC GGT TC Mboll fine mapping




GGG AGT TGG ATA GGTTTCTCTTTT
CAPS 3-1112663 Il 111 55 CAG ATC AA GCGTTITTA Aflll fine mapping
GTT CTC AAG AGT CCG GAG TAG ATT
SSLP F7018 Il 1.23 50 GCC CTA AAG CTGATG G validation and fine mapping
CTC TTC AAG ACG CAG CAT AAG ACA
CAPS FLK7 1 1.25 55 ATAGGGTTGT GTG GAATCT G Acll fine mapping
ACA CAC AGT GAA TGG AAG CTC ACT
SSLP T12H1 Il 1.54 48 GAA ACA CG CGATTG validation and fine mapping
AAA GCT TCA TAT AGA CTT TAATGC
SSLP F22F7 Il 1.6 3.2 55 TGT CAC CAC TAC TCC AAG G genetic map
TGA ATG TGT CGG ACC GAT GAG TAC
CAPS FTN3-175 Il 1.75 55 TCT ACA AG TGATGA CC Bsml fine mapping
TCT TCA GCT CGC AAG ACC TTC AAG
SSLP F24P17 Il 1.95 48 CTT AAG TAC ATG CC validation and fine mapping
TTC CTC CAC CAT TGC TCC ACT TTA
SSLP F17A9 Il 2.22 50 ACCTGTC TTITGTGTTAG validation and fine mapping
GAA CTG ATG AAG CGG AAT CTC CTC
CAPS FTN3-245 Il 2.45 55 AAG AAA GGG GTT GAC Tsp509I fine mapping
CTC ATA TAT ACA
ATG AGA AGC TAT AAG AAC TAC TAT
SSLP CHIB Il 3.9 55 AAT TTTTTC AATA AC validation and fine mapping
TGG AAG CTC TAG ACC ACC TAAACC
SSLP NT204 Il 5.6 14.1 55 AAA CGATCG GAG AAT TGG genetic map
AGC TCC TCC TCC CAT TTG CCA GTG
SSLP MQC12 Il 7.1 19.2 55 TAA ACC G TCG CTA genetic map
GCA CTT GCAGCT CGT GAC TGT CAA
SSLP M3-32 Il 11.2 38.8 55 TAACTT ACCG genetic map




TAC AAG TCA TAA

GGG TTT AGC ATT

SSLP M3-28 Il 20.5 62.7 45 TAG AGG C TAG C genetic map
GGC AGA GTT TAG CTT TCA AAT TCA

SSLP M4-7 [\ 1 0 55 GGG AAG C ATG GGA CG genetic map
TGATCT GTT CTG CAA GGA TAC GGT

SSLP 24C21 [\ 1.4 50 TTGAGT TC GTTAGAG validation and fine mapping
TGC TTT GTG AAA CCCTTT GAT TGC

SSLP C6L9-78 W 2.7 4.8 60 GTC TCT CAT GCC TCA GTG ATATCG genetic map
GAATGG TTG TTG AAATTT CAG GAG

SSLP M4-25 [\ 7 23.6 50 ATA GTT GA GTG ATAGA genetic map
TAT TTC GGT GAA GCC TTG CAT AAA

SSLP M4-36 W 7.6 27.1 50 GAC AGA A CCAA genetic map
TGT TTC AGA GTA CAT CCA TCA AAC

SSLP G3883 [\ 10.6 37.8 50 GCC AAT TC AAACTCC genetic map
CTG CTATGT TGT AAG TCG GTA ACG

SSLP FI9D16 W 13.3 44.1 50 GACTTG TG TAGTTCC genetic map
TTTTTC CTT GTG TAG CCG GAT GAG

SSLP NGA1139 [\ 16.4 54 55 TTG CATTCC TTG GTACC genetic map
TTC TTT GAC ACG TGG TGAC ATA

SSLP M4-33 W 17.6 57 55 CAA ACA GAC CCA ATG genetic map
GAA ATC CAA ATC TCT CCC CAC TAG

SSLP NGA225 \ 1.5 0 55 CCA GAG AGG TITTGT GTCC genetic map
ACC TGA ACC ATC

CTC TCATTT TGG CCG

SSLP NGA158 \ 1.69 55 CGTC ACT TAG C validation and fine mapping
AAA AAC CCA AAC ACT TCG CTT CAA

SSLP MHFD \ 1.9 50 TTTCTATTT ATAC GTA AAG AGG validation and fine mapping




CAT TGG ATA ACT

CAG GCT GGA GAG

SSLP FLC 3.1 4.9 58 AAT CTT TGA GC ATG ACA AAA genetic map
GTT TTG ATC AGA AAG CTC GTA TAG

SSLP AN5-360 3.6 55 CGG TAT GC CTTGTT GC fine mapping
AGG GAG AAA GAG TTTCCATTT AGT

SSLP MTG13 5.46 54 AGA CAG AG TCCTTC AG validation and fine mapping
TGC CCCATTTTG GTTATGGAGTTT

SSLP NGA106 5.6 11.6 58 TTCTTCTC CTA GGG CACG genetic map
AGT GTG AAA CAA TTT GAC TGA GAA

SSLP M5.07005 7 55 GGA CGA AAC GAG AAG validation and fine mapping
GAA AAG TCG GTG GGTTGT TTG ATT

CAPS AN7-16 7.16 55 TCG TTAAG TGG TCA AC Rsal fine mapping
TAG TGA AAC CTT TTATGTTTT CTT

SSLP CIwW8 7.5 14.9 48 TCT CAG AT CAATCAGTT genetic map
AAC AAC CCT ATC TGT GAC CCC TTA

SSLP M5-14 7.5 15 50 TTCTTCTG CTC AATA genetic map
CAT CTG TGT TGA AGT CCG TAC ATT

SSLP AN7-5 7.5 55 CGCTTTAC TCATCA GG fine mapping
CTT GCA ACC GCC CCT GTC TCG CTC

SSLP ICE5 7.71 55 AAC TCAATCG CCG CACG validation and fine mapping
GTA GCA CCT TCC TGG ACA ATT TGA

CAPS hua2.5n* 7.85 58 TCTTTC TGT TCACCCTG Msel validation and fine mapping
TCA ATC ATT GTC GAA ACT GAC TTG

SSLP CDPK9 7.95 48 CAAAACTTG G GAG AAG GCA validation and fine mapping
CTC GGG TCA AAA GCT ACC AGATCC

SSLP ICE2 8.43 50 TTAGGG TTT CG GAT GGT AAG ATG validation and fine mapping




GGTTTC GTT TCA AGA GCT ACC AGA
SSLP NGA139 8.5 18 55 CTA TCC AGG TCC GAT GG genetic map
ATC ATC AAT TAG TAC TAC TCG AAC
SSLP T1IN24 9.01 49 TAG AGG TA TCA GAT validation and fine mapping
CCTGCTCCTCTT CAC ACT AAATTA
SSLP ICE15 9.08 55 TCCTTCTGCTC TCTATCAACT validation and fine mapping
AAC TGT CTC TTC CTT AAA CAT AAA
SSLP F21E10 9.28 50 TCC ATA GCA AAC ATC validation and fine mapping
TTT CAATAA TGG AGC CAATAG TCT
SSLP F2P16 9.48 51 ATCTCG G TCTTCCC validation and fine mapping
ATC ATC TGCC CAT TTG CTTTTT GGT
SSLP S0262 9.8 20.9 50 GGTTTITT TAT ATT CGG A genetic map
CTCTGTGTG TTG AAT TTA GCA GTC
CAPS AN5-108 10.8 55 AGG GAG AT GGAATT TG Haelll fine mapping
CGC TACTTG GCT ACA ATC CGA AGT
CAPS AN5-1155 11.55 55 TGTTATTT AGC AAC AG Tsp509I fine mapping
ATC AGA ACT CCG GAG CTT TGA TAC
SSLP AN5-120 12 55 CAATTA AG ATG CAA fine mapping
TAA AAT ACA ATT AAC AAT ATT CTA
SSLP M5-12620 12.62 55 TGA AAACGTA AAA CAA GGT AA validation and fine mapping
CCA AAC TGG ATT AGT AAT GTC TAA
CAPS AN5-133 13.3 55 AGATGG TG CGG CCA AG Bfal fine mapping
CGA CGT TTT GAT CTT CGA AAC TAC
SSLP MOK9 13.67 59 TCAGCT TG TTG AGC AGA AAC validation and fine mapping
GTTGGGCCTTTT GAT TCA TGG AAT
SSLP MOK10 13.7 59 GTTTTG AAAG CGAACACTGC validation and fine mapping




AGA ACA AGT TAG

GGG ACA AGA ATG

SSLP M5-22 13.9 50 GTG GCT GAGT validation and fine mapping
TTG GTG TTT CGG TGG AAC GTT CCT
SSLP PHYC-Pro* 14 57 TCTTTT CC CCT TAG TGG validation and fine mapping
CATTGG TTC TCC
ATG GTA AAC AAT CAT CGT CTC TCT
SSLP T30G6 14.2 55 TAT GTC ACG TATG AG validation and fine mapping
CCATGT CTT GCA TCT GCA ATA AAA
SSLP MNJ8 14.74 55 CAA CTC ATT GAT GG validation and fine mapping
TCG AAA AAC TGT GCC TGC ATG ACA
SSLP K12B20 14.95 50 CAG AAG TGA ATC validation and fine mapping
CTC CAC CAATCA TGA TGT TGA TGG
SSLP T31G3 14.99 55 TGC AAA TG AGA TGG TCA validation and fine mapping
TGA GTT TGA CTA ATA GAC ACA TGG
CAPS 5-14994339 14.99 55 TTT CGG AGA CAA ATG CT Mspl fine mapping
CTC CAC CAATCA TGA TGT TGA TGG
SSLP S0191 15 34.6 50 TGC AAATG AGATGG TCA genetic map
CGT CATTTT TCG CAT GGT GGC GCG
SSLP M5-9 17.3 41.5 60 CCGCTCT TAGCTTA genetic map
CAC ACT GAA GAT TCA GGA GGA ACT
SSLP NGA129 20.1 45 60 GGT CTT GAG G AAA GTG AGG G genetic map
GAG CAT TTC ACA TCA TAC CTA CAT
SSLP MBK5 25.5 65.4 50 GAG ACG ATT GCCCT genetic map
AAC GCATTT GCT ATG GTT ATC TCA
SSLP M5-19 25.9 55 GTTTCC CA TCT GGT CT validation and fine mapping
AAT GCC AAG GAT GAT GAT CGG AGG
SSLP K8A10 26.8 69.6 58 CAAAAGTGTT AAA ATG AAA A genetic map




Table A.2: Marker used for sequencing candidate reg

ions and gRT-PCR primer for expression analyses

Physical Annealing Forward Primer
Gene model Marker Name Chr (Mb) T (C) Sequence Reverse Primer Sequence Experiment used
ETC1 AAG CTT GTC GGT CCT CTC AAT CTC TTC
AT1G01380 ETC1 0.14 60 GAA AGG TG TGC TGT TC gRT-PCR
PAP1 AAA TGG CAC CAA TCA GAG CTAAGTTTT
AT1G56650 PAP1 21.23 60 GTT CCT GT CCTCTCTTG AT gRT-PCR
EGL3 TTG GCA CGA CCG TTG ATAGTC TGATCT
AT1G63650 EGL3 23.59 60 AAC ATA TGT CGA TAT TGT gRT-PCR
MYB113 AAG AGT CTG GCT AGG ACC ACC TAA ACA
AT1G66370 Myb113-AP I 24.75 55 GCT AAG TG TTG TG Sequencing
GAT CGC GGT TCA ATT GAACTT TCT GAC
Myb113-BP | 24.75 55 ATA CTA GA GTT GG Sequencing
MYB114 TTA GCA AAT AAA GAT TTA GCC CTA CAA
AT1G66380 Myb114-AP I 24.75 55 GCACGACA AAC CA Sequencing
ACA CGT GCG TAT ACT CAC ACA GAA ACG
Myb114-BP | 24.75 55 GTG TGT AT GAA AC Sequencing
GTG GTT GGA GAA CCA AAA GCC AAAATT
PAP2-C2P 24.75 55 TTT ACT GG TAG AA Sequencing
MYB113 GGC AAA TGG CAT CAA CCATCT AAG TCT
AT1G66370 Myb113 I 24.75 60 CGAGTT ACA ACT CTT TCG gRT-PCR
MYB114 GTC TCT TGA GGC TTT TCC TGC ACC GAT
AT1G66380 Myb114 | 24.75 60 AGT GTATTG GT TTA GC gRT-PCR
PAP2 ACA CCT TAC CGC AAC CCT AAC AAC AAT
AT1G66390 1-24760748 | 24.76 55 TTT TAT GA GGC TA Sequencing
TTT TTG CGC TAT AAC | TAC TCATGT GCC GTG
1-24761596 | 24.76 55 TTTCTT ATA GA Sequencing




PAP2 TAT TGT GGG AAT GAA TTG AGT TCG AGG
AT1G66390 1-24762547 | 24.76 55 TGA AGT CG CTTTA Sequencing
PAP2-AP + PAP2- CGA TCC AAA GAC ACA TAC CAG CTC TCA
A3P 24.76 55 TCAATGTT AAG GA Sequencing
PAP2-A3P + PAP2- ATACCTATTCGC TCA| TCTTCG TTT AAATAA
B2PF 24.76 55 CAT GC ACT GCA Sequencing
PAP2-BP + PAP2- TCTTTTTGT TTT AAG | TGG CTC TTG AAA TAA
B3P 24.76 55 GAG CAA CCATT Sequencing
AAT GGT TAT TTC AAG | CCA GTA AAT TCT CCA
PAP2-C3P 24.76 55 AGC CA ACC AC Sequencing
PAP2 TGG GCT AAATCG CCA GCA ATC AAG GAC
AT1G66390 PAP2* 24.76 60 ATG CAG AAA GA CACCTAT gRT-PCR
TCL1 GAA ATG GGA GTT ACG TCC CAC CAC TCT
AT2G30432 TCL1 Il 12.96 60 TAT CAATAT GACC TCTTG gRT-PCR
ETC2 GAC CGA ACA AGA TCATTTGCCTTTCTT
AT2G30420 ETC2 Il 12.96 60 AGA AGATCT CA CCT ACG gRT-PCR
CPC AAG GCT TCT TGT CCT GTC GCC ACC GAG
AT2G46410 CPC Il 19.04 60 TCC GAA GAG TTT AT gRT-PCR
MYB12 CCACTT TGG GAA GTT GTG GAG TTT ACG
AT2G47460 Myb12 Il 19.47 60 ACAGGTGGTCACT GCT GA gRT-PCR
COoL2 TTT TGC CAACAATCA | CGAATT GGT TGT CCA
AT3G02380 COL2a Il 0.42 59 TTGC TGC Sequencing
CCGATTCTTCCATTA| CTC TGT ATC TCA GGA
COL2b 1 0.42 59 TCT GC CCCTAGC Sequencing
CCT TAA AGG ACC TAG GAA CAT ATC TGA
COL2c 1l 0.42 59 TAA ACC ATAGC TTAAACTCGTACT Sequencing




CoL2

CGG TAG CAACTT

GAT AAA GAA GAT GGA

AT3G02380 coL2d Ml 0.42 59 AAC AAT GAG A GAA ACAGAG A Sequencing
TTCTCTTTC TCTTTC | ATT ACG GAG GAA GAA
COL2e 1 0.42 59 AAT ATCTTIG TG GAAGTT GT Sequencing
GAG CCC TAG AGT CGA ATC GTC CGT GGT
CoL2f 1] 0.42 59 TGCCTTT AA Sequencing
AAG AAC CAA GAT TTA CAA CAA CAA CAA
COL2g Ml 0.42 59 CGT GGATT CAA CAACA Sequencing
CAG TCC AGT CCA GGA TAA GAT TCT CAG
COL2h Il 0.42 59 TAA GTT ACCA AGATTG CTA Sequencing
COoL2 CCA AAA CAG TAA AGA TAA TGG AAG AAT
AT3G02380 COL2i Ml 0.42 59 AAG TAAATAGCAA CGG AACT Sequencing
FLK TCT TTC TCC GCC TGG TGA ACA AGG GTC
AT3G04610 FLK1 1 1.25 59 GAACT TCAT Sequencing
CGG GAC TAATGT ATC ACC TTT GCG ACC
FLK2 1l 1.25 59 GTGTTATCT G AA Sequencing
TAT TCC GTATGC GCC GAT TAACTT CCT
FLK3 Il 1.25 59 TGGTTCCT CCTTT Sequencing
GCA TCA AGC GAA TAG CAG CCATTA CCA
FLK4 1l 1.25 59 ACC AT ACCT Sequencing
CCTGGATGATTG GAG ATG ATT CGG GCT
FLK5 1 1.25 59 ATGTCT TG CTTC Sequencing
TCG CAG GTT ATG TTC TGA GAT GTG ACG
FLK6 1] 1.25 59 GTTTCT G CAATC Sequencing
CTC TTC AAG ACG CAG CAT AAG ACA GTG
FLK7 Ml 1.25 59 ATAGGGTTGT GAATCT G Sequencing




FLK GGT GTG GGG ATT CGA TTA GGC ATC TAG
AT3G04610 FLK8 Ml 1.25 59 TGTTTG CGTTT Sequencing
GGC TTG TGA ACG CAT TGT GTG TAG ACT
FLK9 Il 1.25 59 CATCTAC GTG TGG TA Sequencing
CTACCACCTTCA CTT CCATCG CCATCT
FLK10 1 1.25 59 ACG AGATTG TTC Sequencing
CGC AGA GAG ACT CCT CGT TGT GTT GCT
FLK11 1l 1.25 59 GAA AGA AGA GAA Sequencing
GAG GTA CAT TCA AGC GGC AAC TTC TTC
FLK12 1 1.25 59 GCAACACAAC TTG Sequencing
TGT TGG GCA AGT TGATTT GGA AGT GGG
FLK13 1l 1.25 59 CAG ACA ATA GG Sequencing
GTT CAATGA CCT AAT TCA GAG TCC AGA
FLK14 1 1.25 59 ATCCCACTTC TAA CAC ACA Sequencing
Actin2 GAT TCA GAT GCC TGG ATT CCA GCA GCT
AT3G18780 ACT2* Ml 6.47 60 CAG AAG TCT TGT TCC AT gRT-PCR
ETC3 TGC ATAAGC TTG CTC AAT TTC TCC AGC
AT4G01060 ETC3 WY 0.46 60 TCG GTG AC GGTTC gRT-PCR
TT8 TGA ATC AAC CCA GGG GTG TGA CAT GAG
AT4G09820 TT8 WY 6.18 60 TAC GTT AGA CA AAG TGT gRT-PCR
ANL1 CGG GTTTTT ATT ATT | GAG ATA GCA AATTTG
AT5G17050 NL1 V 5.6 55 GTT GG GGT TG Sequencing
TTC CTC AAG ATT TTC | GCT TAC GAA GCT GTC
NL2 V 5.6 55 TGA GC TCTTC Sequencing
TTT GTC CAA AAT CAT | TTT GGA TAG GAC AAG
NL3 V 5.6 55 TTC AC AGA GC Sequencing




ANL1 GTA CAC CAC CCG AAA GAT GCT TCA TCA
AT5G17050 NL4 5.6 55 ATACACTC AAT GG Sequencing
CGT CAATGT AGG AGC AAA CTC ACT CTC
NL5 5.6 55 ATC CAA AT TGCTC Sequencing
AAA AGA CAA AAT CTTCTCTTT CTT CAA
NL6 5.6 55 CAC AAG TCG CAC CG Sequencing
GGA AAATAA CGA AAC ACG AGC TTT ACA
NL7 5.6 55 AGA GTT GG CTT GC Sequencing
TT19 AAT GCC AAC ACA GGA GCT AAT TCA GTG
AT5G17220 TT19C 5.65 55 TCT ACT CTC ACC AG Sequencing
HUA2 GCC TCATCT CTC CCA AAA AGA AAA ACA
AT5G23150 5-7785924 7.78 55 TCT GTC TG CTT GG Sequencing
HUA2 TAG ACC TCG GTT TCC CAG TAG AAT CAG
AT5G23150 5-7786865 7.78 55 ATC AGG TG ATC CA Sequencing
CTC ACG TGC TGC GCG ACA TAC ACA CAA
5-7787778 7.78 55 TAA AAA G AAA GA Sequencing
GAG GAC TTG TCT AGA GGA AAG CTC ACC
5-7788700 7.78 55 GCT GCT AT TITTT Sequencing
GTG AAT CTC ACT TGA ACT CGG TTG ATT
5-7789570 7.78 55 TCC ATC GT TTTCT Sequencing
GTA GCA CCT TCC TGG ACA ATT TGA TCA
hua2-5n 7.78 58 TCTTTC TGT CCC TG Sequencing
TTT AAA CCC CCT AAA GCC TGC AGT AGT
5-7791127 7.78 55 GGA CAT TITTG Sequencing
TTG1 AGA GTG GAT ATG TTC ATG TCATCC TAG
AT5G24520 TTG1-UTR1 8.37 55 GTG AGT CG TGATCC Sequencing




TTG1 GGA GAG AAG GAG ATA ATT CAG CTC CAG
AT5G24520 TTG1-EX2 8.37 55 GAC TGA AC ATT CG Sequencing
AGA GCC TGT GTA AAA CGT CTC GGA ACT
TTG1-EX1 8.37 55 TCATCACC TGT AG Sequencing
CCA ATAATC AAT GCT | TAT GGC TAC GATTTT
TTG1-INT1 8.37 55 TCCTC GAT GG Sequencing
ATG TTT CTG AGG AAT CAG TTG CAG TGG
TTG1-INT2 8.37 55 GCA TAC AG TCTTC Sequencing
TAC TCACCAAATTCC | TTG TTT ACT GCT GAC
TTG1-UTR2 8.37 55 CAT TG TGT GC Sequencing
CHS TCA GGC GGA GTA CGT TTC CGA ATT GTC
AT5G13930 CHS 4.48 60 TCC TGACTA GACTT gRT-PCR
TTG1A GTC TTC TTC GCA AAA CCA GCATGA AGT
AT5G24520.3 TTG1A 8.37 60 GCCTGATT TTC CAA gRT-PCR
TTG1B TTG GAT TGG TAT CGG GTC TAT GCT AAA
AT5G24520.2 TTG1A 8.37 60 TGCTTT TGC ATC CTT ATT gRT-PCR
TT2 AAG GCA AAT GGA CTA CAG CTT TTG CCA
AT5G35550 TT2 13.72 60 GCACTCTC CAC CTC gRT-PCR
DFR AAC GGA TGT GAC TCC ATT CAC TGT CGG
AT5G42800 DFR 17.16 60 GGTGTTTT CTTTA gRT-PCR
TRY ACA GAC TTG TCG CTATCTCCTCTG GTT
AT5G53200 TRY 21.58 60 GTG ATAGGT G GTC TTC CA gRT-PCR
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