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Summary

Homeosis is referred to as the transformation of an organ’s identity toward the
identity of another organ. This term was coined in 1894 and soon thereafter; these organ
transformations were attributed to the variation in certain genes. These genes became
known as “homeotic” genes and examples were highlighted in several model organisms
including Drosophila melanogaster and Arabidopsis thaliana. In Arabidopsis, the first of
these homeotic genes was cloned in 1990, and it was named AGAMOUS (AG), as plants
without a functional copy of this gene do not develop reproductive organs.

The phenotypes of several other floral homeotic genes led to the proposal of the
ABC model of flower development. This model states that the combinatorial action of
three classes of homeotic genes, which encode transcription factors, direct the
specification of the four types of floral organs, i.e. sepals, petals, stamens, and carpels.
Although AG was cloned over two decades ago; its role in specifying reproductive organ
identity has remained rather vague until recently. A number of genes have now been
identified as being regulated by 4G, however, genome-wide in vivo binding data of the
AG protein and a developmentally resolved view of gene expression changes upon
perturbation of AG function is still missing.

Therefore, the first and main focus of this Ph.D. thesis was to characterise the role
of AG on a genome-wide scale. Using several genomics technologies and genetical
experiments, | have shown that AG activates other transcription factors to promote
developmental processes such as reproductive organ development and floral organ
boundary maintenance. I also present evidence that AG ultimately regulates key factors
that maintain and promote epigenetic modifications, a process that is crucial for sexual
reproduction in plants. Furthermore, using an inducible perturbation system to
knockdown AG function, I have shown that AG controls distinct processes in early and
late morphogenesis.

Another focus of my thesis was to characterise the role of a downstream target of
AG, KNUCKLES. This gene is involved in floral meristem determinacy; therefore, it may
perform a distinct subset of AG functions. Alternatively, once activated, KNU might act

in parallel with AG to terminate the floral meristem. This work has yielded some



valuable transgenic lines that will allow the molecular and phenotypic characterisation of
KNU.

The study of the roles of AG and KNU in early flower development relies mainly
on the floral induction system, which allows the collection of large amounts of
synchronously developing flower buds at early stages of development. Collection of this
type of material is next to impossible without use of the floral induction system due to the
sequential initiation of flower buds in a developing inflorescence. APETALA 1 (AP1) is
important for the initiation of flower development; therefore, the floral induction system
is based on the activation of the APETALA 1 protein, which is overexpressed in this
system. | improved the floral induction system by replacing the overexpression construct
with the endogenous AP/ promoter. In summary, the use of the floral induction system

generated in this study is more appropriate for future genome-wide studies.
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Chapter 1 - Dissecting the Gene Regulatory Network

Underlying Flower Development: An Overview

1.1 Introduction

The generation of specific cell types from undifferentiated stem cells is largely
dependent upon differential gene expression. The developmental program of an organism is
encoded in its genome in the form of cis-regulatory elements that determine when and
where genes are expressed (Wellmer and Riechmann, 2005). Transcription factors interact
with these sequences in order to activate or repress transcription. Transcription factors are
themselves subject to control by other regulators and together they form a complex
regulatory network (Materna and Oliveri, 2008). Gene regulatory networks are difficult to
dissect, however, they are fundamental to developmental processes such as embryogenesis
and organogenesis. Flower development has served as a model system over the past 20
years to investigate the molecular basis of organogenesis in plants (Lohmann and Weigel,
2002).

One of the milestones in the field of flower development was the conception of the
ABC model of floral organ identity specification (Bowman et al., 1991b; Coen and
Meyerowitz, 1991). This model describes how the combinatorial action of three classes of
homeotic genes, which encode transcription factors, direct the specification of the four types
of floral organs, i.e. sepals, petals, stamens, and carpels. While ample information is
available regarding the steps that precede the activation of the floral homeotic genes, very
little is known about which genes their cognate proteins regulate (Ausin et al., 2005;
Lohmann and Weigel, 2002; Parcy, 2005). In spite of concentrated efforts, relatively few
genes have been identified that are directly regulated by the floral homeotic transcription
factors (Ito et al., 2004; Sablowski, 2009; Sablowski and Meyerowitz, 1998). Forward
genetic screens have identified many genes that are involved in flower development,
however, the functional redundancy that appears to be present among genes involved in
early flower development requires alternative approaches such as the genome-wide analysis
of gene expression by microarray analysis (Wellmer et al., 2006). This approach allows the
generation of high-resolution stage-specific datasets to reveal sets of genes whose

expression needs to be activated or repressed in order for a specific developmental program
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to take place. Moreover, these datasets will identify genes that are involved in the same
regulatory networks. Expression and phylogenetic analysis can then be used in order to infer
functional redundancy. Finally, null alleles for functionally redundant genes can be
generated in the same plant in order to reveal their functions.

In the paragraphs that follow, I will provide an overview of the molecular basis of
flower development and outline the current state of the field. 1 will discuss the original
developmental models that were proposed and their subsequent extensions. Because the
focus of this Ph.D. thesis is the functional characterization of the floral homeotic gene
AGAMOUS (AG), 1 will review topics relating to its role in floral organ identity
specification in detail. In addition, I will discuss methods that can be used for the
identification of components downstream of transcription factors in Arabidopsis and outline
a strategy to identify the stage-specific targets of AG on a genome-wide scale. I will also
describe transgenic lines generated in this study that perturb the activity of a putative direct
target of AG, KNUCKLES (KNU) (Chapter 4). To complement these projects, an approach
that aims to perturb AG and KNU function in specific domains of the developing flower will
be presented (Chapter 6). This approach will allow me to identify the regions of the
developing flower where AG and KNU activities are necessary to direct the gene regulatory
networks under their control. Finally, an improved system that allows the collection of large

amounts of early-stage flower buds will be described (Chapter 5).

1.1.1 The initiation of flower development

The life cycle of the cruciferous plant Arabidopsis thaliana can be divided into two
main stages of development, the vegetative and the reproductive phase. The reproductive
phase itself can be further subdivided into three distinct phases that occur in a temporal
sequence. First, the plant switches from a vegetative to a reproductive development (Figure
1.1A, B). This transition is characterized by the reprogramming of the shoot apical
meristem (SAM) into an inflorescence meristem (IM). The key phenotypic difference
between these meristems is that SAMs generate rosette leaves and axillary meristems

(Figure 1.1A), whereas IMs generate a stem and cauline leaves before establishing floral
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Figure 1.1 Vegetative and reproductive Arabidopsis development. (A) Schematic of a shoot apical
meristem (SAM) producing leaf primordia (LP). A pool of stem cells (SC) is maintained within the shoot
meristem. (B) A plant that has transitioned to flowering producing a stem, cauline leaves and flowers.
Environmental signals have induced the specification of an inflorescence meristem (IM) from the vegetative
shoot meristem. The inflorescence meristem produces floral meristems (FM) at its lateral edges and eventually

mature flowers form. Figure modified from http://biology.kenyon.edu and (De Veylder et al., 2007).

meristems (FM) on their flanks to generate flowers (Figure 1.1B). Genes known as
flowering time genes control this process through several distinct pathways (for review see
(Ausin et al., 2005)). The flowering time genes, which are regulated by cues such as light
and temperature, ultimately activate a group of genes known as the floral meristem identity
genes (for review see (Parcy, 2005)). Plants that carry deleterious homozygous mutations in
the floral meristem identity genes produce aberrantly patterned flowers, and floral organ
identity is affected or abolished (Kempin et al., 1995; Schultz and Haughn, 1991; Weigel et
al., 1992). These mutant phenotypes hinted that the transcription factors encoded by the
floral meristem identity genes activate the floral homeotic genes in specific regions of the
emerging floral bud (for a review see (Liu et al., 2009)). Once the floral homeotic genes are
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activated, the corresponding transcription factors direct the development of the immature
flower by activating, directly or indirectly, thousands of other genes which ultimately
specify the cell types and tissues of the mature flower (Jack, 2004). The manner in which
these homeotic transcription factors direct floral organ formation can be schematically

explained by the ABC model of floral organ identity specification.

1.2 The ABC model of floral organ identity specification

The Arabidopsis flower is composed of four organ types, which are arranged in
concentric rings, or whorls (Figure 1.2A). Four green leaf-like organs called sepals occupy
the outermost whorl (the first whorl), the second whorl contains 4 white petals, the third
whorl is comprised of six stamens that eventually produce pollen, while the fourth whorl
includes two fused carpels, which encompass the ovules (Smyth et al., 1990). Genetic
screens have led to the identification of a large number of mutants with abnormal flowers.
Arguably, the most striking of these mutants are the floral homeotic mutants where
individual floral organs develop normally but in an inappropriate whorl at the expense of
another organ type (Figure 1.2B - G). Each mutant phenotype can be classified by the
homeotic transformations observed. “A class” mutants include apetalal (apl) (Figure 1.2B)
and apetala? (ap2) (Figure 1.2C). ap2 plants generate flowers where sepals and petals are
transformed into carpels and stamens, respectively (Bowman et al., 1989) (Figure 1.2C),
although second whorl organs are often absent. ap/ flowers (Figure 1.2B) often lack petals
and in place of sepals, bract-like organs form (Irish and Sussex, 1990). “B class” mutants
include apetala3 (ap3) and pistillata (pi) (Bowman et al., 1989). The flowers of either
mutant have sepals in the second whorl instead of petals, and carpels or filamentous organs
in the third whorl instead of stamens (Figure 1.2D, E). The “C class” mutant ag has a dual
phenotype. The flowers of ag plants have no stamens or carpels but extra whorls of sepals
and petals are present in an indeterminate manner (see Figure 1.2F above). The organs that
develop within an agamous flower can be represented as: (sepal, petal, petal), (Bowman et
al., 1989). Given these mutant phenotypes, it was proposed that the formation of the four
floral organ types is developmentally controlled by the overlapping activities of the genes
affected in these mutants and that each gene is active in two adjacent whorls (Bowman et

al., 1991b; Coen and Meyerowitz, 1991) (Figure 1.2H). It was also suggested that A class
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Figure 1.2 Phenotypes of floral homeotic mutants and graphic representation of the organ
transformations that occur in each whorl. (A) A wild-type flower containing 4 sepals, 4 petals, 6 stamens
and 2 fused carpels. (B) An ap/-1 flower. (C) An ap2-2 flower. (D) A pi-1 flower. (E) An ap3-3 flower. (F)
An ag-1 flower. (G) A quadruple sep/-4 mutant flower. (H) A graphical representation of the ABCE model.
The SEP genes, which function as E class genes, are active in all whorls of the developing flower. (I) The
floral homeotic transcription factors form higher-order protein complexes in order to activate or repress their
target genes. Se: sepals; pe; petals; st: stamens; ca: carpels. Figure modified from (Krizek and Fletcher, 2005:

Lohmann and Weigel, 2002; Wellmer et al., 2004).

and C class gene activities are mutually exclusive since the corresponding mutants show

phenotypes that are essentially mirror images of each other.



According to the ABC model, API and AP2 are required in the first whorl to direct
sepal fate correctly. AP1, AP2, AP3 and PI are required for normal petal development in the
second whorl. AP3, PI and AG are required for proper stamen development, whereas AG is
the only homeotic gene that directs carpel development. All of the homeotic genes, except
AP2, encode MADS domain-containing transcription factors and are expressed in the
domains in which they are active. Although AP2 was initially thought to be expressed
uniformly throughout the developing flower (Jofuku et al., 1994), it was recently shown that
AP2 mRNA is largely confined to the two outer whorls during flower development
(Wollmann et al., 2010), as expected for an A class gene.

Plants in which all three classes of the homeotic genes are mutated contain leaf-like
organs (Bowman et al., 1991b), however, over-expressing the homeotic genes in leaves
failed to convert them into floral organs (Krizek and Meyerowitz, 1996; Mizukami and Ma,
1992). This suggested that there are additional factors required to specify floral organ fate.
Subsequently, it was discovered that the floral homeotic transcription factors require the
MADS domain-containing SEPALLATA (SEP) proteins as transcriptional cofactors (Pelaz
et al 2000). There are four SEP genes (SEP1-4) in Arabidopsis and plants mutant for all of
them have flowers that are entirely comprised of leaf-like structures (Figure 1.2G) (Ditta et
al., 2004). It has been shown that a simultaneous over-expression of the homeotic genes
with the SEP genes is sufficient to direct floral organ identity (Honma and Goto, 2001;
Pelaz et al., 2001).

Another important feature of the current model of flower development is that these
homeotic factors act in higher-order complexes with the SEP proteins in order to influence
transcription (Figure 1.21). The role of the SEP proteins in these complexes may be two-
fold: the SEP proteins may provide activation domains to those MADS domain proteins that
cannot activate transcription alone and/or the higher order complexes may increase DNA
binding affinity in comparison to lower order complexes (Honma and Goto, 2001). It has
also been shown that SEP3 binding sites are enriched for predicted binding sites of other
transcription factor families, apart from the MADS domain family (Kaufmann et al., 2009).
This raises the possibility that the floral homeotic transcription factors act in complexes
with other families of transcriptional regulators in order to control development. However,
no experimental evidence is available for this conjecture at present. It has been shown that
AG interacts with AP3, PI and a SEP protein in order to direct stamen development, and an

AG protein dimer appears to interact with a SEP protein dimer to direct carpel fate
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(Castillejo et al., 2005; Honma and Goto, 2001), although a final verification of this in
planta is lacking. Moreover, it has been shown that simultaneous over-expression of 4P3,
PI, API and SEP3 is sufficient to transform leaves into petals (Honma and Goto, 2001),
indicating that these complexes influence the transcription of their target genes to generate
reproductive organs.

The identification of protein complexes that are required for organ specification
alludes to a general mechanism of how these transcription factors differentially regulate
specific genes. Perhaps these MADS-box protein complexes interact with other proteins in
order to direct the expression of specific gene sets. This conjecture is supported by the
observation that APl and SEP3 interact with the transcriptional co-repressor proteins
LEUNIG and SEUSS in order to repress target genes such as AGAMOUS (Gregis et al.,
2006; Sridhar et al., 2006). Below, the progress that has been made of how 4G influences

floral organ identity specification and meristem determinacy is described.

1.3 The fioral homeotic gene AGAMOUS

The C class gene AGAMOUS was cloned in the early 1990s (Yanofsky et al., 1990). It
encodes a protein that is similar to the transcription factors MCM1, DEFICIENS and Serum
Response Factor (SRF), which are present in yeast, Antirrhinum majus and humans,
respectively. These proteins are the founders of a large family of proteins present in
eukaryotes that play fundamental roles in development and signal transduction, and are
known as the MADS domain transcription factor family (for review see (Messenguy and
Dubois, 2003)). The MADS domain is involved in protein dimerization and DNA binding
(Schwarz-Sommer et al., 1990).

AG is a ~28 kD type Il MADS domain protein (Alvarez-Buylla et al., 2000). Type II
MADS domain proteins contain three other protein domains, termed the I, K and C
domains. The K domain has been shown to be important for protein-protein interactions and
it is linked to the C domain, which has been suggested to act as a trans-activation domain,
by the weakly conserved I domain (Riechmann and Meyerowitz, 1997). AG is thought to
participate in large protein complexes to control transcription as mentioned above. It

appears to interact with PI, AP3 and a SEP protein to specify stamens, whereas the
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Figure 1.3 A dexamethasone-inducible system for the specific activation of plant transcription factors.

The system is based on a fusion between a transcription factor (TF) and the hormone-binding domain of the
rat glucocorticoid receptor (GR). (A) The GR portion of the fusion protein excludes the transcription factor of
interest from the nucleus in the absence of dexamethasone (DEX), rendering it inactive. (B) Once
dexamethasone is added, the fusion protein is released from its cytoplasmic retention and is imported into the
nucleus. Dexamethasone binds directly to the GR protein fragment to release it from its cytoplasmic retention

(Mangelsdorf et al., 1995).

development of carpels is likely to be mediated by a complex including an AG protein
dimer and a SEP protein dimer (Ditta et al., 2004; Honma and Goto, 2001). The flowers of
plants lacking a functional copy of AG are indeterminate and have no stamens and carpels
(Figure 1.2F). This phenotype has been shown to correlate with an expansion of A class
function into the third and fourth whorls in the absence of AG protein (Bowman et al.,
1991b). In concert with the B class genes, the A class genes produce petals in the third
whorl and nested flowers in the fourth whorl of ag-/ flowers that have a sepal-petal-petal
pattern of reiteration (Bowman et al. 1989).

The phenotype of ag-/ flowers indicates that AG is a master regulator of reproductive
organ development. It is possible for AG to perform this function in several ways: AG could
activate other transcription factors and signalling pathways very early in development,
thereby passing on its functions to other genes that ultimately specify the appropriate floral
organs, or it could directly activate genes that are involved in basic cellular processes such
as cell division and metabolism. Alternatively, AG could perform both of these functions
simultaneously or its activity may change depending on the stage of flower development.
Some insights have been given into the molecular mechanisms underlying AG function by

examining its expression pattern and identifying some of its downstream targets, however, it
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remains largely unclear how AG specifies organ identity over the course of flower

development.

1.3.1 Transcriptional control of stamen development by AG

AG expression commences at stage 3 of flower development (developmental stages
according to Smyth et al., 1990) in the centre of the floral meristem. AG mRNA is found in
stamen primordia from stage 5 until stage 14 when an RNA hybridization signal is seen in
specific tissues of the stamen, such as the endothecium of the anther wall and nectaries.
However, AG expression is absent from the microspore cell lineage from the time meiosis
occurs (Bowman et al., 1991a; Drews et al., 1991). The expression pattern of AG mRNA in
stamens suggests that AG functions not only in early development, but also in stamen
maturation. Moreover, the expression pattern of AG during late stamen development is
much more restricted than its expression pattern in early development (Drews et al., 1991).
This suggests that AG may have distinct roles, and target genes, during late and early flower
formation.

Stamen development is initiated by the activation of the B and C class genes, and by
cofactors such as UNUSUAL FLORAL ORGANS (UFO) or the SEP genes, in the third
whorl. Although hundreds of stamen-specific genes appear to act downstream of the B- and
C-class transcription factors, evidence is available for the direct regulation of only a handful
of genes by these homeotic factors (Wellmer et al., 2004). One of these genes,
SPOROCYTELESS (SPL; also known as NOZZLE), was identified in a screen of Ds
transposon insertion lines by its complete male and female sterility (Sundaresan et al.,
1995). Subsequently it was revealed that SPL is a transcription factor required for
microsporogenesis and megasporogenesis (Schiefthaler et al., 1999; Yang et al., 1999).
Using a transgenic line in which AG can be specifically activated (Figure 1.3 explains the
inducible system that was used), Ito et al. (2004) showed that AG is sufficient to induce
microsporogenesis. An expression profiling study with this line was then performed and it
was demonstrated that SPL expression is responsive to AG activation. Next, using an
electro-mobility shift assay it was shown that AG can bind the putative binding motif for
MADS domain transcription factors, known as a CArG-box, that is present in the 3’ region

of the SPL gene. Moreover, a transcriptional fusion between fS-glucuronidase (GUS) and a
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putative promoter fragment of the SPL gene containing a mutated version of this CArG-box
sequence disrupted the GUS activity that was directed by the non-mutated version of this
transcriptional fusion. Finally, a steroid inducible version of SPL, when activated, could
induce microsporogenesis (Ito et al., 2004). These results together indicated that SPL is
directly activated by AG and acts as a mediator for AG in microsporogenesis. This was the
first indication that AG controls organogenesis as part of a transcriptional regulatory
hierarchy as opposed to directly regulating genes involved in basic cellular processes.

AG also appears to influence hormone signalling in order to direct stamen
development. Jasmonate has been found to be important for the maturation and release of
pollen while gibberellic acid (GA) has been shown to be important for microsporogenesis
and stamen elongation (Cheng et al., 2004; Stintzi and Browse, 2000). Yu et al. (2004)
demonstrated that the over-expression of the protein Repressor of GA (RGA) results in the
down-regulation of the floral homeotic genes, including AG (Yu et al., 2004). RGA is a
member of the DELLA protein family, which contains proteins known to be developmental
repressors involved in the signalling pathway of the phytohormone gibberellic acid (GA)
(Silverstone et al., 2001). Therefore, GA signalling appears to be a positive regulator of AG
expression. Recently, it was suggested that AG itself directly and positively regulates a gene
that is involved in GA biosynthesis, GA4 (Gomez-Mena et al., 2005). It is known that GA
upregulates genes involved in jasmonic acid synthesis (Cheng et al., 2009) and one of these
genes, DADI, has been suggested to be a direct target of AG (Cheng et al., 2009; Gomez-
Mena et al.,, 2005; Ito et al., 2007). Ultimately, it appears that jasmonic acid (JA)
upregulates transcription factors that control late stamen development (Cheng et al., 2009:
Mandaokar et al., 2006). It is know that other hormones, apart from JA and GA, are also
important for the regulation of stamen development. However, it has not been shown that
AG controls these processes directly (Cecchetti et al., 2008; Cheng et al., 2006; Kaufmann
et al., 2009). The genes that have been identified support the notion of AG acting as master
transcriptional regulator in early and late stamen development. The regulation of SPL
demonstrates that AG passes its function to another transcription factor in a region of the
stamen where AG is not expressed, thus indirectly controlling sporogenesis. In addition, the
complex hierarchy observed for the regulation of hormone signalling by AG demonstrates
how AG controls a myriad of other genes that ultimately activate genes involved in tissue
specification. These studies offer valuable insights into the regulation of stamen

development by AG; however, they are too few to build a model of AG activity
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Figure 1.4 The CRC, SPT and SHP genes direct carpel fate in parallel with AG. (A) An ag-/ ap2-2
double-mutant flower. Carpelloid tissue is present in the outer whorls of these flowers suggesting that genes
other than AG may also specify carpel fate. (B) An ag-/ pi-1 ap2-2 triple-mutant flower. The pi-/ allele was
crossed with ag-1 ap2-2 in order to remove lateral patches of stamen tissuc that arises in the first whorl of ag-
! ap2-2 mutants. (C) An ag-1 pi-1 ap2-2 crc-1 spt-2 quintuple mutant. No carpelloid tissue is present in these
flowers. The organs present are more ovate and leaf-like, however, they retain some sepalloid properties. (D)
An ag-1 ap2-2 shpl-1 shp2-1 flower. These flowers are very similar to the quintuple mutant shown in panel C.

Figure adapted from (Alvarez and Smyth, 1999; Pinyopich et al., 2003).

during third whorl organ development.

1.3.2 Transcriptional control of gynoecium development by AG

As previously mentioned, AG expression is quite uniform in the centre of the floral
meristem until around stage 6. At stage 9, AG expression is detected in ovule primordia and
in fully differentiated carpel cells such as stigmatic papillae and the ovular endothelium at
later stages (Bowman et al., 1991a). In the flowers of wild-type plants, AG expression is
restricted to the central two whorls by the product of the A class gene AP2. In a strong ap2

mutant flower, AG is expressed in all four floral organs and the outer whorl is composed of
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carpels as opposed to sepals due to the action of AG in specifying the tissue in the absence
of the AP2 protein (Figure 1.2C) (see Section 1.2) (Bowman et al., 1989; Drews et al.,
1991). In flowers of ap2 ag double mutants, however, the first whorl retains some features
unique to the fourth whorl such as stigmatic tissue and medial first whorl carpelloid leaves
(Figure 1.4A) (Bowman et al., 1991b). This observation suggests that AG function can be at
least partially replaced by other genes.

In 1999, two groups identified genes that appear to control carpel development in
parallel with AG (Alvarez and Smyth, 1999; Bowman and Smyth, 1999). These genes,
CRABS CLAW (CRC) and SPATULA (SPT), code for zinc-finger and basic helix-loop-helix
(bHLH) transcription factors, respectively (Bowman and Smyth, 1999; Heisler et al., 2001).
The carpels of crc mutant plants are shorter and wider, they are often unfused and the
number of ovaries is reduced when compared to the wild type. The carpels of spt plants lack
a transmitting tract, which is required for pollen tube growth. In addition, carpels are often
unfused and the number of ovules present is reduced compared to wild-type plants. Apart
from analysing the phenotypes and expression patterns of these genes, genetic interactions
between spt and crc and some of the floral homeotic genes was investigated. When an AP2
mutation was introduced into an ag pi double mutant background, the resulting plants
produced flowers that contained carpelloid organs in every whorl except lateral first whorl
organs. The addition of spr-2 and cre-1 alleles, to generate a quintuple mutant, abolished
nearly all of these carpelloid features. The organs found within the flowers of these plants
appear to be predominantly leaf-like (Figure 1.4C) (Alvarez and Smyth, 1999).

From analyzing mRNA expression patterns by in situ hybridization it was shown that
both SPT and CRC are expressed independently of AG, however, it seems that AG is
required to maintain or support their expression (Bowman and Smyth, 1999; Heisler et al.,
2001). Recently, it was shown by electrophoretic mobility shift assay (EMSA) and
chromatin immunoprecipitation (ChIP), that AG can bind the upstream promoter region of
CRC (Gomez-Mena et al., 2005). However, no such data is available for SPT. In addition, it
was shown that 4P2 negatively regulates both genes (Bowman and Smyth, 1999; Heisler et
al., 2001). These analyses show that AG may regulate carpel development in parallel with
CRC and SPT, and that the activation of these genes is independent of AG, although AG
appears to at least boost their expression levels.

Another set of genes that is important for carpel development is comprised of the

closely related SHATTERPROOF1 (SHPI) and SHP2 genes. When mutations in the SHP
15



genes are introduced into an ag ap2 background (see above), flowers no longer have any
carpel identity (Figure 1.4D). From the phenotypes, SHP1/2 appear to be active in ectopic
carpelloid tissue of ap2 ag flowers indicating that their expression can be independent of
AG (Pinyopich et al., 2003; Savidge et al., 1995). It has been proposed that the proteins
encoded by these two genes form higher order complexes with SEP3 and AG in order to
promote carpel development, which would support the idea that different combinations of
these MADS domain proteins may be able to control different aspects of development in the
fourth whorl (Favaro et al., 2003; Pinyopich et al., 2003).

The interactions between AG, SPT, CRC and the SHP genes are somewhat unclear at
present. The expression levels of SPT and CRC are reduced in ap2 ag mutants in
comparison to the wild type, but no data is available for expression levels of the SHP genes
in ap2 ag mutants (Bowman and Smyth, 1999; Heisler et al., 2001). AG has been shown to
bind both the CRC promoter and the SHP2 promoter, however, the activity of both persist in
the ag ap2 background (Gomez-Mena et al., 2005; Savidge et al., 1995). Furthermore, it has
been shown that CRC and SPT enhance the expression of AG (Bowman and Smyth, 1999).

A number of other genes have been identified as important for gynoecium
development. These include the STYLISH genes (STY! and ST7Y2), ETTIN (ETT), the
NGATHA genes (NGAI-4) and the HECATE genes (HEC1-4). The STY and NGA genes are
important for correct vascular and style development of the gynoecium (Alvarez et al.,
2009; Kuusk et al., 2002; Trigueros et al., 2009), whereas E7T and the HEC genes are
important for the development of the female reproductive tract (Gremski et al., 2007;
Heisler et al., 2001; Sessions et al., 1997). Direct binding of AG to DNA regions near some
of these genes has been suggested (Kaufmann et al., 2009), however, direct regulation has
not been shown. Strong ag mutants are epistatic over these genes, however, their expression
in ap2 ag double mutants has not yet been investigated (for a review of carpel development

see (Ferrandiz et al., 1999)).

1.3.3 Transcriptional control of floral meristem determinacy by AG

The indeterminate phenotype of ag-/ mutant flowers implies that the activity of AG is
essential to generate a determinate flower. In order to terminate the floral meristem, AG

could influence meristem maintenance genes, cell cycle genes or hormonal pathways. The
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precise mechanism of AG activity in this regard is unknown, however, several working
models have been proposed.

The floral indeterminacy displayed in ag flowers is correlated with the persistent
expression of the homeodomain-containing transcription factor WUSCHEL (WUS). The
main role of WUS is to maintain stem cell populations within the meristems of developing
plants (Laux et al., 1996) and it is clear that the down-regulation of WUS is ultimately
necessary for the termination of the floral meristem. In wild-type plants, WUS expression
begins to be down-regulated in the floral meristem at stage 6. However, in ag-/ plants, WUS
expression persists long after stage 6. This persistent expression leads to an
overproliferation of meristematic tissue in the centre of the flower resulting in the formation
of extra floral organs. AG is involved in terminating WUS expression, though available
evidence suggests that this repression is not direct (Lenhard et al., 2001; Lohmann et al.,
2001).

The C2H2 zinc-finger protein KNUCKLES (KNU) has also been implicated in floral
meristem termination (Sun et al., 2009). The carpels and siliques of knu plants contain
ectopic reproductive organs (see Chapter 4, Figure 4.1). The appearance of ectopic stamens
and carpels within the fourth whorl results in bulging of the carpels or siliques, giving a
knuckle-like appearance to the developing gynoecium (Payne et al., 2004). It has been
suggested that KNU is a direct target of AG (Sun et al., 2009). Moreover, is has been shown
that over-expression of KNU is sufficient to repress WUS expression in the centre of the
floral meristem. Although it appears that KNU can repress WUS, it is possible that other
proteins are involved in this process. Furthermore, it is unclear whether this repression is
direct. An alternative explanation of the knu phenotype is that the ectopic organs within the
siliques of knu plants are a result of respecification of placental tissue into another floral
meristem (Payne et al., 2004). Therefore, KNU may function as a repressor of floral
meristems in the placenta.

Similar to knu plants, stamens were occasionally observed within the fourth whorl
carpels of crc-1 mutants (Alvarez and Smyth, 1999). The indeterminate phenotype of crc
flowers was enhanced when mutations for ULTRAPETALA (ULT), REBELOTE (RBL) or
SQUINT (SON) were introduced into the crc background. While the role for CRC in floral
meristem determinacy remains unclear, the functions of ULT, RBL and SON appears to be
to positively regulate AG and SUPERMAN (SUP), which is another gene involved in

meristem determinacy (Bowman et al., 1992; Prunet et al., 2008). Flowers of sup plants
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contain extra whorls of stamens instead of a determinate gynoecium. This indeterminacy is
eliminated when mutations in AP3 or PI are introduced (Bowman et al., 1992). Therefore,

B-function may also be involved in meristem determinacy (Bowman et al., 1992).

1.4 Global identification of genes downstream of the homeotic

factors

Classic genetic approaches have identified many of the key regulators of flower
development (Alonso and Ecker, 2006), however, the regulatory hierarchy downstream of
these factors is poorly understood. Genomic technologies offer the possibility of studying
the expression of genes downstream of these master regulators on a global scale. Genes that
are differentially expressed in response to the perturbation of a main regulator can be
inferred to be part of the same gene regulatory network. Experimental approaches aimed at
identifying the regulatory elements to which transcription factors bind, such as ChIP, can be
combined with expression studies in order to establish the layout of a gene regulatory
network (Materna and Oliveri, 2008). Recently many genome-wide studies have focused on
discovering genes that are responsive to the floral homeotic genes.

One of the first genome-wide studies performed on the floral homeotic genes aimed at
determining spatial gene expression in Arabidopsis flowers (Wellmer et al., 2004). In this
study, the transcript profiles of inflorescences of five floral homeotic mutants (apl, ap2,
ap3, pi and ag) were compared with that of wild-type plants. This approach allowed the
analysis of genes that are predominately expressed in one floral organ type. Using a flower-
specific cDNA microarray and a whole genome oligonucleotide array, the expression
profiles of mutant and wild-type flowers were determined and the resulting datasets were
analyzed using a subtractive approach. For example, ag is the only mutant that lacks
carpels, whereas the other homeotic mutants, such as ap2 and ap3, have extra carpelloid
tissue. Therefore, one would expect genes that are preferentially expressed in carpels to be
down-regulated in ag and up-regulated in ap2, pi and ap3 in comparison with the wild type
(Figure 1.5A). Using this method, several hundred genes were identified as being
differentially expressed in a particular organ type. Most of these transcripts were detected in

the reproductive organs, which is in agreement with the complex architecture of the
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reproductive organs in comparison with the organs of the perianth. These datasets offered a
valuable resource for identifying candidate genes for reverse genetic studies and presented
the first insight into the components of the floral homeotic gene network. Although this
study offered important information regarding the floral homeotic gene network, very few
genes involved in early flower development were identified since the RNA used for these
experiments was isolated from whole inflorescences. This led to an overrepresentation of
RNA from older flower buds and therefore transcripts that are expressed late in flower
development were primarily detected.

Therefore, the next step in identifying the genes regulated by the homeotic factors was
to identify genes that are responsive to their activity during early flower development. A
central problem for this analysis was the fact that young flower buds are minute. Moreover,
each flower is initiated successively, such that a single flower in any given inflorescence is
at a distinct developmental stage (Smyth et al., 1990). This sequential initiation of flowers
prevents the analysis of stage-specific targets as it would be extremely difficult and time
consuming to collect enough early-stage flower buds at distinct developmental stages in
order to perform a genome-wide study. Two separate groups sought to circumvent these
issues in similar ways (Gomez-Mena et al., 2005; Wellmer et al., 2006). Both groups used a
plant where API and its paralog CAULIFLOWER (CAL) were mutated. Flowering is
significantly delayed in ap/ cal plants since floral meristems are not specified correctly. In
the absence of these two proteins, plants undergo an over-proliferation of inflorescence
meristem-like tissue, leading to a cauliflower-like appearance (Figure 1.5B) (Ferrandiz et
al., 2000).

The first of these studies introduced a null mutation for AG into the apl cal
background (Gomez-Mena et al., 2005). In addition, an AG-GR (see Section 1.3.1)
translational fusion was overexpressed in the triple-mutant background. When the
inflorescences of these plants were treated with dexamethasone, carpel and stamen
development was induced in a synchronous manner. This allowed the collection of large
amounts of tissue that are at identical stages of development. Once reproductive organ
development was induced, tissue was collected after 1, 3 and 7 days and the purified RNA
was hybridized to a whole genome oligonucleotide array. From the 22,810 genes
represented on the array, 149 genes were considered up-regulated and 68 were considered
down-regulated during the course of the experiment. Of the up-regulated genes, 26% were

annotated as transcription factors. This represents a significant enrichment when compared
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Figure 1.5 Global analysis of gene expression during early and late flower development by microarray
analysis. (A) Spatial gene expression during late flower development. Comparison of the transcriptomes of
wild-type, ag-1, ap3-3, pi-1, ap2-2 and ap/-1 mutant inflorescences. Genes whose expression was detected as
being differentially expressed in at least one of the comparisons are represented. Elements highlighted in
yellow indicate up-regulation in the wild type when compared to a mutant. Elements in blue indicate down-
regulation. (B — J) The 35:AP1-GR ap/ cal floral induction system. (B) A mock-treated inflorescence-like
meristem. (C) An inflorescence-like meristem 6 days after dexamethasone treatment. A large number of
developing flower buds are visible. (D) A flower lacking sepals and petals produced from a mock-treated
inflorescence-like meristem. (E) A flower containing a full complement of floral organs produced from a
dexamethasone-treated inflorescence-like meristem. (F-J) Scanning electron micrographs of flower buds
produced from 35S::4AP[-GR plants at different days after dexamethasone treatment (as indicated). These
flower buds develop similarly to wild-type floral buds. (K) The number of genes up-regulated (black bars) or

down-regulated (grey bars) 1-5 days after activation of flower development in a 35S::4P1-GR ap| cal
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to the genome-wide proportion of transcriptions factors of ~6%, indicating that a complex
transcriptional hierarchy exists in early flower development. Moreover, this dataset was
compared with that of Wellmer et al. (2004) (see above) and an overlap of only 20 genes
was observed. This indicated that the transcriptional programs of late and early flower
development are distinct. Finally, ChIP assays demonstrated that AG could bind its own
promoter and that of AP3, in addition to several other genes. Therefore, it was concluded
that AG auto-regulates itself in the third and fourth whorl and regulates AP3 in the third
whorl alone. This was already suspected given that 35S::AG-GR ap! cal plants only require
a single dexamethasone-treatment (Ito et al., 2004) in order for normal flower development
to proceed, whereas, plants with an additional mutation in 4G require continuous
dexamethasone treatments in order to restore reproductive organ identity.

The second study that used the ap! cal background reintroduced AP1 using the GR
fusion technique (Wellmer et al., 2006). After dexamethasone treatment of the
inflorescence-like meristems of 355::4P1-GR apl cal plants (this line if referred to as the
‘floral induction system” or FIS, hereafter), a synchronous proliferation of flower buds was
observed (Figure 1.5B — J). Of the 26,700 genes represented on the oligonucleotide array
used in this study, 1,653 were considered differentially expressed when compared to
untreated plants over the time points taken (tissue was harvested before dexamethasone
treatment and 1 — 5 days after dexamethasone treatment). The first day after treatment saw
the majority of differentially expressed genes down-regulated, while at later time points, the
majority of differentially expressed genes were up-regulated (Figure 1.5K). Of the 1,653
genes that were differentially expressed, 222 coded for transcription factors. This
represented a 13.4% enrichment, in comparison to the genome-wide representation of
transcription factors, again indicating an extensive transcriptional hierarchy in early flower
development. Another finding of this study suggests a high degree of functional redundancy

among genes controlling early flower development. Of the 222 transcription factors that

Figure 1.5 continued. background. (L) The proportion of closely related genes that were differentially
expressed over several developmental stages (black bars). White and grey bars are the proportion of closely
related sequences in equally sized sets of sequences that were randomly chosen from the dataset of
differentially expressed genes during early flower development and the Arabidopsis genome, respectively.
Clusters: genes predominantly expressed in inflorescence meristems (cluster A), in floral buds of stages 2-3
(cluster B), stages 3-4 (cluster C), stages 4-7 (cluster D), and stages 5-7 (cluster E). Floral stages are according

to Smyth et al. (1990). Figures adapted from (Wellmer et al., 2006; Wellmer et al., 2004).
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were differentially expressed, 91 fell into 37 distinct groups based on sequence similarity
and co-expression data. Further analysis of all differentially expressed genes revealed the
co-expression of genes with similar sequences in stages 4 — 7 of flower development and
immediately after AP1 induction (Figure 1.5L). Therefore, if a large degree of functional
redundancy did exist, disrupting the function of one gene would probably not result in a
mutant phenotype as other genes may compensate for its loss.

Recently, several studies have been published that use chromatin immunoprecipitation
combined with ultrahigh-throughput sequencing (ChIP-Seq) to identify the binding sites of
transcription factors involved in flower development. The first genome-wide binding study
attempted to identify the direct targets of the E-class gene SEP3 using wild type and ag-/
whole inflorescences (Kaufmann et al., 2009). SEP3 appears to form higher-order
complexes with the B and C class homeotic factors (Honma and Goto, 2001). Therefore,
identification of SEP3 binding sites should yield some information on the binding sites of
the B and C class of transcription factors as well. Using a peptide antibody specific to SEP3,
over 4,000 and 2,800 SEP3-binding sites were observed in wild type and ag-/
inflorescences, respectively. The subsequent analyses revealed that the binding sites were
enriched for sequences located near the coding sequences of transcription factors, indicating
a transcriptional hierarchy, which is in agreement with the transcriptomics data described
above. In addition, sequences close to the binding sites were enriched for consensus
sequences belonging to transcription factor families other than the MADS-box transcription
factors. This raised the possibility that the MADS-box proteins interact directly with non-
MADS-box proteins to bind DNA and affect transcription. Unfortunately, the fact that SEP3
interacts with the B- and C-function proteins precludes any interpretation of how B and C
class proteins individually direct flower development. Moreover, the use of whole
inflorescences may have resulted in identification of binding sites that are only relevant at
later stages of flower development.

The next study to utilise ChIP-Seq focused on the transcription factor AP1 (Kaufmann
et al., 2010b). Using the FIS (i.e. the 35S::AP1-GR apl cal line described above) and an
antibody specific to AP1, over 1,900 genomic regions were found to be significantly
enriched. The inflorescence meristem-like tissue used for ChIP was collected 2 hours after
dexamethasone treatment. In order to complement the binding studies, microarray analyses
were performed on mRNA extracted from the same type of tissue collected 2, 4, 8 and 12

hours after treatment with a dexamethasone-containing solution. Ensuing analysis of the
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data revealed that AP1 directly represses genes involved in the repression of flowering and
therefore activates flowering by preventing the expression of negative regulators of this
process. An important finding in this paper was that the number of genes bound by AP1 is
much higher than the number of genes differentially expressed upon AP1 activation. For
example, whereas ~2, 000 genes were identified as putative AP1 targets (i.e. a binding site
was detected within 3 kb upstream of the 5° end or 1 kb downstream of the 3" end of a
gene), only 249 of these genes also showed a robust (> 1.8-fold) change in expression. This
indicates that the binding of a transcription factor to a promoter sequence of a given gene
does not necessarily translate into expression changes. This also underlines the importance
of generating complementary expression data when interpreting transcription factor binding
data.

Although there have been massive advances in our understanding of flower
development over the last decade due to genomic technologies, all the experiments
described here share a common flaw. No tissue specific information has been derived from
these studies, offering, at best, spatial resolution at the organ level (Jiao and Meyerowitz,
2010; Wellmer et al., 2004). Several strategies can be implemented to deliver tissue specific
expression data including laser capture micro-dissection and fluorescence-activated cell
sorting (Birnbaum et al., 2003; Kerk et al., 2003), however, they are beyond the scope of the

current project.

1.5 Disentangling gene regulatory networks

In order to untangle a gene regulatory network (GRN), several criteria must be
satisfied (Materna and Oliveri, 2008). First, the general layout of the GRN must be
determined. Second, the main regulatory genes must be characterized with spatial and
temporal resolution. Third, perturbation experiments must be performed in order to reveal
the cause-effect linkages between regulatory genes. More elaborate perturbation approaches
may be needed in order to verify the effect of one regulator on its downstream target if it is
initially unclear. Ultimately these experiments would reveal a reasonably accurate
description of the network architecture. Fourth, the interaction of transcription factors with
cis-regulatory elements needs to be established in order to distinguish between direct and

indirect regulation (Materna and Oliveri, 2008). Many components of the flowering
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pathway have been characterized in detail; however, the genes that are activated by the
homeotic factors are largely unknown. Next, the methods that can be used in Arabidopsis to

identify genes regulated by the floral homeotic factors will be described.

1.5.1 The GRN of flower development

In the case of flower development, the first two criteria discussed in relation to
characterizing a gene network (see above) have been satisfied. The inductive signal to
transition from a vegetative state to a reproductive state is the starting point of this GRN.
This process has been very well described in Arabidopsis (Ausin et al., 2005). In addition,
the main regulatory genes, the floral homeotic genes, have been extensively characterized
yielding high-resolution spatial and temporal expression patterns (Krizek and Fletcher,
2005).

Although very little information is available as to which genes the floral homeotic
factors regulate, recent studies have shed some light on some of the genes these
transcriptions factors affect (Gomez-Mena et al., 2005; Jiao and Meyerowitz, 2010;
Kaufmann et al., 2009; Kaufmann et al., 2010b; Wellmer et al., 2006; Wellmer et al., 2004).
ChIP is an extremely robust method for identifying binding sites in vivo, however, the
information generated by this assay should be combined with expression data in order to
identify direct target genes. To this end, perturbation of gene function is required. In
Arabidopsis, several options are available for this purpose (Alonso and Ecker, 2006).
Below, the strategies and methods most promising for the characterization of the role of AG

in flower development will be described.

1.5.2 Strategies for gene network perturbation

As previously mentioned, cause-effect linkages in the GRN of interest can be
identified by perturbation analysis. In Arabidopsis there are several options available that
allow perturbation of transcription or translation and most of these options can be placed
under an inducible system in order to perturb gene function at distinct developmental stages.
These options include artificial microRNAs (amiRNAs), RNA interference (RNAi),

dominant negative versions of a transcription factor of interest and complete null alleles.

24



1.5.2.1 Artificial microRNAs

In recent years, microRNAs (miRNAs) have been shown to be important for the
regulation of many different biological processes in plants, including flower development
(Chen, 2004; Laufs et al., 2004; Palatnik et al., 2003). Conserved miRNAs are often present
in multiple copies in the genome, whereas, non-conserved miRNAs are usually present in a
single copy (Fahlgren et al., 2007). MiRNAs are transcribed by RNA polymerase II into
RNA hairpin structures that are bound and processed by several enzymes, such as DICER-
LIKE1 (DCL1), and binding proteins, such as HYPONASTIC LEAVES1 (HYL1) into a
miRNA duplex (Mallory et al., 2008). This duplex is then methylated on the ribose of the 3’
nucleotide by the methyltransferase, HEN1, which prevents its degradation (Chen, 2005).
Next, the RNA transporter HASTY exports either the miRNA duplex or single-stranded
miRNA into the cytoplasm where the more stable of the miRNA duplex strands associates
with its appropriate ARGONAUTE protein. This complex then targets mRNA transcripts
for degradation, translational repression or, alternatively, epigenetic modification of the
corresponding locus through the trans-activated small interfering RNA pathway (Mallory et
al., 2008; Mi et al., 2008).

Schwab et al. (2006) recognized the potential that miRNAs have as a method for the
characterization of gene function (Schwab et al., 2006). From extensive computational and
experimental analysis several guidelines indicating how miRNAs function in plants were
proposed (Schwab et al., 2005). In summary, it was noted that there were
overrepresentations of certain nucleotides at certain positions, that mismatches at the 5° end
of miRNAs were usually not present and that there were a limited number of mismatches
allowed in the 3" portion of the miRNAs. From these guidelines, a system was generated in
order to perturb gene function with artificially generated miRNAs (amiRNAs). Several
important points were made about the advantages and disadvantages of the system. First, it
appeared that there were minimal off target effects observed from over-expressing an
amiRNA. This was shown by thorough and comprehensive microarray analysis. Second, it
is possible to generate amiRNA-resistant versions of a gene of interest by creating
synonymous mutations in the region bound by a given amiRNA, leading to less efficient
target recognition. This is important so that rescue constructs can be generated. Third,
transitivity (where an siRNA can seed the generation of new siRNAs) was not observed.

Fourth, tissue-specific and inducible promoters can be used in order to drive amiRNA
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expression, however, the amiRNAs may not function cell autonomously. Importantly, it was
also observed that the effects from an inducible promoter were transient, therefore gene
expression resumed as normal once the inductive conditions were removed. Fifth, different
transcripts appear to differ in susceptibility to amiRNA directed regulation. Sixth, a single
amiRNA can be designed in order to knockdown gene function of groups of genes, although
this appears to be more difficult than disturbing the function of a single gene. Seventh, and
finally, the endogenous backbones used to generate amiRNAs differed in their ability to
down-regulate their target mRNAs.

Given the demonstrated efficacy of the amiRNAs by Schwab et al. and the subsequent
effective use of amiRNA in perturbing gene function (Alvarez et al., 2009; Bomblies et al.,
2007; Niu et al., 2006; Stahle et al., 2009), this system has a great potential to aid the
discovery of gene functions. Moreover, the generation of a web-based amiRNA prediction
software and a reasonably high-throughput system for designing and cloning amiRNAs,
respectively, grant the plant community with an invaluable resource to characterize gene

function.

1.5.2.2 RNA interference

RNAI is based on the conversion of inverted repeats in the genome into long double-
stranded RNA (dsRNA) complexes that are ultimately converted into small interfering
RNAs (siRNAs). DICER-LIKE3 processes this complex into smaller 24-nucleotide long
siRNAs. Finally, these siRNAs associate with either AGO4 or AGO6 in order to effect gene
expression. The processing and functionality of the siRNAs also require isoforms of RNA
polymerase IV (Ramachandran and Chen, 2008).

The integration of inverted repeats complementary to a gene of interest into the
genome has been shown to be efficient at perturbing gene expression. Moreover, the
introduction of an intron between the inverted repeats appears to increase the efficiency of
gene silencing (Wesley et al., 2001). Although RNAi has been shown to be a valuable
system for perturbing gene expression, there are several disadvantages when compared to
amiRNAs. First, the generation of a construct with inverted repeats is more time-consuming
as care must be taken when choosing a region to clone in order to avoid regions that are

highly conserved. This is particularly problematic in the case of AG, as Arabidopsis
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contains many genes that are paralogous to 4G. Second, there is a higher chance of creating
unwanted off-target effects, as the RNAi constructs are much longer than amiRNAs.
Moreover, the risk of transitivity is higher in this case as there are no mismatches present in
the subsequent siRNAs. Third, generating an siRNA-resistant construct may be problematic
as it would be unknown which siRNA(s) are targeting the mRNA of interest.

Nonetheless, RNAi still is a useful tool for gene perturbation. Well-established
vectors have been generated and inducible systems have also been designed (Guo et al.,
2003; Wielopolska et al., 2005). As Schwab et al. (2006) found it difficult to perturb the
function of certain genes using amiRNAs; it is conceivable that RNAi might succeed where

amiRNAs fail.

1.5.2.3 Dominant negative repression

Several domains within transcription factors that are involved in transcriptional
repression have been identified and characterized (Hiratsu et al., 2002; lkeda et al., 2009;
Ohta et al., 2001; Payne et al., 2004; Sakai et al., 1995). It has been demonstrated that these
domains can be fused to other transcription factors in order to convert them into dominant
transcriptional repressors. Other domains, such as VP16, can convert transcription factors
into transcriptional activators (Hiratsu et al., 2003; Mitsuda et al., 2006; Triezenberg et al.,
1988). Chimeric repressors have been, in certain cases, shown to faithfully reproduce the
null mutant phenotypes of the transcription factors to which they are fused, however, the
over-expression of these chimeras is required in order to out-compete the endogenous
transcription factors. This over-expression may lead to the binding of these chimeras to
inappropriate loci, resulting in their undesired repression. In addition, inducible transient
expression has not been demonstrated. Although RNAi and amiRNAs appear to be more
specific and have certainly been characterized more thoroughly, they may fail to perturb
gene function as desired (Schwab et al., 2006). Therefore, chimeric repressors present an
alternative and potentially valuable method for knocking down gene function. However,
given the potential problems outlined above, caution should be exercised when using this

method to analyse gene expression.
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1.5.2.4 Null mutant alleles

Comparing the transcriptome of a loss of function mutant to a wild-type counterpart
has been extensively used to investigate the role(s) of a gene of interest on global gene
expression (Guo et al., 2009; Morohashi and Grotewold, 2009; Wellmer et al., 2004).
Although these experiments can be informative, they do not offer the same resolution as
inducible perturbation since, in the case of the homeotic mutants, entire organs are absent.
Therefore, the differential expression of a given gene may be due to the loss of function of
AG or the absence of that organ type (see Section 1.4). Although inducible perturbations
would reveal more about the transcriptional control of organogenesis throughout flower
development, comparing the transcript profiles of the homeotic mutants to wild-type

flowers would identify the components downstream of the homeotic factors.

1.5.3 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) is a technique for assaying protein-DNA
binding in vivo (Park, 2009). The premise of ChIP is to identify genomic regions that are
bound by a DNA-binding protein of interest. However, it can also be used to study
epigenetic modifications of chromatin such as histone methylation or acetylation. In a ChIP
protocol, tissue is harvested and then DNA-binding proteins are chemically cross-linked to
the DNA (Figure 1.6A, B). The tissue is then processed until only the chromatin remains.
The chromatin is then fragmented in order to generate shorter fragments (Figure 1.6A, C),
which can then be precipitated by an antibody specific to the protein of interest. The cross-
linking is then reversed and the DNA is purified and analyzed (Figure 1.6A, D — F). The
DNA sequences over-represented in the subsequent analysis should correspond to the
binding sites of the protein of interest (Figure 1.6D) (Robertson et al., 2007; Wang et al.,
2002).

There are several different methods available to anaiyse the DNA output from a ChiP
assay including ultra high-throughput sequencing (ChIP-Seq), microarray hybridization
(ChIP-chip) and PCR analysis. Quantitative real-time PCR (qPCR) analysis is a reliable
method to analyse data of this type as well. The specificity and simplicity of qPCR are

major advantages, though its low throughput and relatively high cost are limiting factors. In
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Figure 1.6 Chromatin immunoprecipitation (ChIP). (A) After formaldehyde cross-linking, cell lysis and
chromatin fragmentation, genomic regions bound by a transcription factor are immunoprecipitated using a
specific antibody against the protein of interest. (B) The chemical basis of chemically cross-linking chromatin
with formaldehyde. (C) The effect of sonication on the fragment size of chromatin. (D) The expected
distribution of genomic fragments after the ChIP procedure. Enrichments should be observed at specific points
of the genome in comparison to the background. (E) Quantitative real-time PCR for selected target genes can
be used to verify that the ChIP procedure was successful before a global target gene analysis is conducted (F).

The lower segment of panel F shows identification of consensus binding sites. Figure modified from (Johnson

etal., 2007; Massie and Mills, 2008).

order to perform a genome-wide study of transcription factor binding sites, sequencing or
microarray technologies must be used (Gregory et al., 2008). Ultra high-throughput
sequencing offers significant advantages over microarray platforms. First, a higher base pair

resolution can be obtained from ChIP-Seq. Although the density of probes on whole-
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genome tiling arrays is increasing, they are still relatively expensive and technical
difficulties due to the hybridization process can still impede accuracy. Second, the signal to
noise ratio is often much higher when ChIP-Seq is used. Again, the hybridization process
can increase background signals due to inaccurate binding of a probe to non-complementary
DNA.

In order to perform ChIP successfully, an antibody that efficiently and specifically
recognizes the protein of interest is required (Lee et al., 2006). To this end, there are two
different options: an antibody that recognizes the endogenous protein can be generated or
the protein of interest can be fused to an epitope-tag. Generating antibodies is a time-
consuming and expensive exercise, and their suitability for the use in ChIP assays is not
guaranteed. In contrast, epitope tagging is cost-effective, however, the generation of a
tagged protein which functions in the same manner as the equivalent endogenous protein
can be laborious. The advantage of epitope tagging is that well-characterized commercially
available antibodies can be used. In any case, the antibody chosen for immunoprecipitation
must be extensively tested as many commercially available antibodies have been reported to
be unsuitable for use in a ChIP assay (Park, 2009). Given the success of employing ChIP in
other organisms and the graduaily lowering costs of ultra high-throughput sequencing,
ChIP-Seq offers the opportunity to deconstruct the regulatory hierarchy in flower

development.

1.6 Project outline

In the following project outline, experiments are described that aim at obtaining
detailed insights into the processes underlying flower formation in Arabidopsis thaliana.
Although the homeotic factors have been extensively investigated, the genes which they
regulate, the cis-regulatory elements to which they bind and the regulatory interactions
between them remain, for the most part, unknown. Therefore, new experimental approaches
are necessary to obtain a detailed insight into the developmental mechanisms that regulate

flower development. As a master regulator of reproductive organ development, AG is of
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Figure 1.7 The pAlcA/AlcR ethanol-inducible system. (A) The AlcR transcription factor is constitutively
expressed from a Cauliflower Mosaic Virus (CaMV) 35S promoter; however, it is unable to bind the AlcA
promoter in the absence of ethanol (EtOH). (B) Once ethanol is present, the AlcR transcription factor is able to
bind the A/cA sequence and drive the transcription of the amiRNA of interest. 3'OCS; octopine synthase gene

terminator sequence, Nos; nopaline synthase gene terminator sequence.

central importance. As outlined in Section 1.3, to date, relatively few genes have been
identified to be directly regulated by AG have been identified. Therefore, a strategy that will
allow the identification of genes regulated by AG has been developed.

In order to characterize the GRN that AG controls, it is necessary to identify both the
genes that are responsive to AG expression and those whose promoters are bound by AG.
Inducible perturbation systems mentioned above can be used to identify genes responsive to
AG, whereas ChIP-Seq can be used to discover the genomic regions bound by AG. Using
the FIS, the direct and indirect targets of AG can be characterized at specific stages of
development. The FIS is the more robust of the two systems generated to induce flower
development (see Section 1.4). Indeed, the reintroduction of AP1 is more appropriate than
that of AG since it compensates for the loss of the endogenous copy in the FIS. Moreover,
the response from dexamethasone-treated AP1-GR plants is more quantitative, as all plants
treated respond in the same manner, whereas as few as 30% of the dexamethasone-treated
AG-GR plants respond to the inductive treatment. Finally, all organs are present in the
dexamethasone-treated AP1-GR lines, whereas only stamens and carpels develop in AG-
GR treated plants. Therefore, the AP1-GR FIS will be used to perform the experiments

described below.
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1.6.1 Perturbation analysis

As previously discussed, there are several options available to perturb specific
components of a GRN. Here, all three inducible options and use of the null mutant approach
will be tested. In order to make the appropriate constructs inducible, they will be placed
under the AlcA promoter that is bound by the ethanol-responsive transcription factor, AlcR
from Aspergillus nidulans (Figure 1.7) (Roslan et al., 2001). This system of regulation has
been shown to be highly responsive to ethanol treatment, allowing transcription levels
similar to a constitutive 35S promoter to be reached (Schwab et al., 2006). Initially, a
construct (e.g. an AG-specific amiRNA) under the control of the 35S promoter that
phenocopies ag flowers in a wild-type background will be identified. Once a suitable
construct has been found, it will be placed under the control of the ethanol inducible system
and tested in wild-type plants for an ethanol-induced phenocopy of the ag-/ null mutant
phenotype. When a suitably responsive line is identified, it will be crossed with the FIS.
Ultimately, this system will allow the study of stage-specific targets of AG by first
activating AP1-GR with a dexamethasone-containing solution, and then disrupting AG gene
function at different stages of flower development using the ethanol-controlled expression
system. Tissue will be harvested after ethanol-treatment and RNA will be isolated. The
RNA will then be hybridized to a whole-genome oligonucleotide microarray platform.

Given that the amiRNAs, RNAI constructs and dominant negative constructs do not
guarantee an ag phenocopy, the null mutant approach will also be used. Although it is not
an ideal approach, it will provide the expression data required to complement the ChIP data.
The ag-1 mutation has been crossed into the AP1-GR FIS. In this case, flower development
would be synchronously initiated, in both plants with an endogenous, functional copy of AG
and in plants homozygous for the ag-/ mutation. Tissue would then be collected at different
points of flower development. Although this strategy may not be as informative as the
inducible perturbation experiments, it would be an important complement to the ChlIP data,

should the other techniques fail to recapitulate the ag-/ phenotype.
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Figure 1.8 Experimental design to identify processes regulated by AG. Using the FIS to synchronize
flower development, one line of experimentation will aim at determining the effects that a perturbation of AG
activity has on the flowering GRN at distinct stages of flower development. In addition, via ChIP-Seq,
genomic regions bound by AG will be identified. The datasets from these experiments can then be combined

allowing the discovery of genes and processes controlled by AG either directly or indirectly.

1.6.2 Identification of direct AG targets by ChiP-Seq

Given the advantages high-throughput sequencing offers in comparison to tiling
arrays, ChIP-Seq will be the method of choice for this study. Since no member of the

Wellmer lab has ever performed a ChIP assay, it will first be optimized and validated by
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qPCR using inflorescence tissue from the FIS. Several genes have been identified as direct
targets of AG and can be analyzed for enrichment of AG at their promoters in order

to validate and optimize the ChIP procedure. To ensure that an antibody of suitable quality
can be used, a dual strategy of generating peptide antibodies complementary to the AG
protein and generating tagged lines of AG that will be tested for their ability to rescue the
ag-1 phenotype will be followed. Peptides will be designed that are likely to be on the outer
surface of AG, according to protein structure predictions. These designs will be synthesized
and rabbit polyclonal antibodies will be generated. Modified green fluorescent protein 5
(mGFP5) and a haemagglutinin (HA) tag will be translationally fused to the entire AG
locus. Commercially available antibodies are available for both epitope tags and several
ChIP assays have been performed using these epitope tags (Cole et al., 2009; Znaidi et al.,
2009).

1.6.3 Identification of molecular processes regulated by AG

The generation of lists of genes that are, directly or indirectly, responsive to AG
activity will allow the identification of molecular processes that AG regulates. Moreover,
doing this in a stage-specific manner using the FIS will allow a temporal characterisation of
AG activity and further the understanding of how organ identity is specified. Identifying
sequences to which AG binds will then allow the refinement of these data to separate
processes that are directly regulated by C class activity from those indirectly regulated
through a transcriptional hierarchy (Figure 1.8). Not only will these data allow the
generation of a model of AG function, they will also identify candidate genes that can be
analysed using reverse genetics tools in order to further dissect the GRN of flower

development.
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Chapter 2 — Materials and Methods

2.1 Strains and growth conditions

2.1.1 Plant Lines

The previously published plant lines used in this study are:

Landsberg erecta (L-er) wild-type

L-er ag-1 (Bowman et al., 1989)

L-er apl-1 cal-1 (Bowman et al., 1993)

L-er 35S::AP1-GR apl-1 cal-1 (Wellmer et al., 2006)

L-er pCLV1::LhG4 (Schoof et al., 2000)

L-er pCLV3::LhG4 (Lenhard and Laux, 2003)

L-er pWUS::LhG4 (Gross-Hardt et al., 2002)

L-er 35S8::AP1-GR apl-1 cal-1 ag-1 (generated in this study)

2.1.2 Bacterial Strains

Escherichia coli strain XL1-Blue — Genotype recAl endA1 gyrA96 thi-1 hsdR17 supE44
relA1 lac [F proAB lacIZAM15 Tnl10 (Tet)] (Stratagene)

Escherichia coli strain Tp611 — Genotype recBC hsdRM cya610 pen—12 (Glaser et al.,
1993)

Escherichia coli strain STBL2 — Genotype F- endA1 gInV44 thi-1 recAl gyrA96 relAl
A(lac-proAB) mcrA A(mcrBC-hsdRMS-mrr) & (Invitrogen)

Agrobacterium tumefaciens strain C58 pGV2260 (McBride and Summerfelt, 1990)
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2.1.3 Plant Growth Media

Plants were grown on a medium consisting of compost, perlite and vermiculite (NAD,

Dublin, Ireland) in a ratio of 5:2:3 (V:V:V).

0.5xMS agar plates (Murashige and Skoog medium) — 2.2 g/L. MS salts, pH 5.7, 6 g/L agar

2.1.4 Bacterial Growth Media

LB (Luria-Bertani medium) — 10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L
NaCl (15 g/L agar was added to make LB plates).

2.2 Cloning and Genotyping

2.2.1 Plasmid DNA preparation

Plasmids were extracted from XL1-Blue and STBL2 E. coli cultures using the
GeneJet'™ plasmid miniprep kit (Fermentas). Plasmid preparation from Tp611 was done
using a boiling lysis method. Briefly, a culture of Tp611 was pelleted by centrifugation and
the pellet was resuspended in 60 ul. TES buffer (see Appendix 2 for all buffer
compositions). The bacterial suspension was then incubated on ice for 10 min with 20 uL of
a solution containing 40 mg/mL lysozyme. 550 ul. of MSTET buffer was then added and
the mixture was incubated at room temperature for 10 min, and subsequently boiled for 60 s
before being centrifuged to pellet the cell debris. The mixture was then incubated at room
temperature for 10 min with a 10 pL solution of RNase (10 mg/mL) before binding buffers
and columns from the Genelet'™ plasmid miniprep kit (Fermentas) were used to purify the

plasmid DNA, following the instructions included in the GenelJet kit.
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2.2.2 Genomic DNA extraction using the CTAB method

This procedure was applied to generate contaminant-free genomic DNA preparations
from plant tissue, which were used as template in PCR reactions for cloning purposes.
Briefly, plant tissue was ground in CTAB buffer (Appendix 6.2) and purified by phenol-
chloroform extraction with phase-lock tubes (5-prime) twice. The DNA was then
precipitated using isopropanol and resuspended in molecular biology grade water once the

pellet had dried.

2.2.3 cDNA synthesis

Total RNA was isolated form plant tissue using the Spectrum Plant Total RNA kit
(Sigma-Aldrich) according to the manufacturer’s instructions. RNA was reverse transcribed
using oligo(dT)s primers (Fermentas) and the RevertAid H Minus reverse transcriptase
(Fermentas) according to the manufacturer’s instructions. cDNA obtained from this reaction

was used for PCR or quantitative real-time PCR.

2.2.4 Preparation and transformation of competent Escherichia

coli

Two separate protocols were used to generate competent £. coli. Competent XL1-
Blue and STBL2 were generated using protocol 1. Competent Tp611 was generated using
protocol 2.
Protocol 1: Competent cells were generated as described in Inoue et al. (1990).
Protocol 2: The Tp611 strain was streaked on a LB agar plate and incubated at 37°C
overnight. The following day, a single colony was grown at 37°C in 3 mL LB. This pre-
culture was used to inoculate 40 mL of LB and incubated at 37°C until an ODsgo of 0.5 was
reached. The culture was then chilled on ice for 10 min, and spun at 4,000 rpm for 6 min at
4°C. The pellet was then resuspended in 20 mL of an ice-cold solution containing 100 mM

CaCl, and 25% glycerol, and incubated on ice for 20 min. The cell suspension was then
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spun at 4,000 rpm for 6 min at 4°C and resuspended in 1 mL of an ice-cold solution
containing 100 mM CacCl, 25% glycerol. Aliquots of 200 pL. were frozen in liquid nitrogen
and stored at -80°C.

All competent cells were transformed by incubating for 10 min cells that had been
thawed at 4°C with the plasmid of interest. Afterwards the cells were incubated at 42°C for
1 min. The cells were then incubated at 37°C for 1 h with 1 mL of LB. After incubation an
aliquot of the transformed cells were plated on an LB agar plate containing the appropriate
antibiotic(s). If a low number of transformants were expected the cells were pelleted, the

supernatant was removed and the pellet was resuspended in 200 ul. LB before plating.

Plates were incubated overnight at 37°C.

2.2.5 Preparation and transformation of competent Agrobacterium

tumefaciens

In order to generate competent cells, a 5 mL culture of 4. tumefaciens was grown
overnight at 28°C. Then 250 mL of LB supplemented with 0.2 g/L. MgSO,4 was inoculated
with 0.5 mL of the 5 mL culture. This culture was grown at 28°C until an ODg between 1
and 2.5 was reached. The cells were then pelleted by centrifugation and washed with ice-
cold CaCl,. Subsequently, the suspension was pelleted and resuspended in 4 mL ice-cold
CaCl,. 100 uL aliquots were made and frozen in liquid nitrogen. In order to transform the
competent cells, an aliquot of cells was thawed and incubated with the plasmid of interest
for 5 min in liquid nitrogen. The cell suspension was then thawed at room temperature and
1 mL of LB was added. Afterwards, the cell suspensions were incubated at 28°C for 3-4 h.
After incubation the cells were pelleted though centrifugation and the pellet was
resuspended in 500 ul. LB. An aliquot was then plated on an LB agar plate containing
rifampcin (50 wg/mL), carbenicillin (100 ug/mL) and spectinomycin (100 ug/mL). Plates

were incubated at 28°C for approximately 3 days.
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2.2.6 Quick Arabidopsis genomic DNA preparation

The method used results in crude genomic DNA preparations, which were used for

genotyping assays. The procedure was performed as described in Edwards et al. (1991).

2.3 Plant transformation and selection of transformants

2.3.1 Plant transformation and seed sterilization

Plants were transformed by the floral dip method as described in Zhang et al. (2006).
If selection of transformants was to be done on MS agar plates, seeds from transformed
plants were sterilized using hypochlorous acid generated by mixing 100 mL bleach
(Domestos) with 3 mL concentrated hydrochloric acid. Sterilization was performed for 3-4

h in a sealed container under a chemical fume hood.

2.3.2 Selection of transgenic plants

In order to select for transformants that carry a T-DNA with a kanamycin resistance
gene, sterilized seeds were plated on 0.5xMS agar containing 50 ng/mL kanamycin. The
plates were placed in the dark at 4°C for 3 days and allowed to germinate under long day
conditions. Plants that formed true leaves were transplanted onto soil and genotyped for the
presence of the correct transgene.

In order to select for transformants carrying an ammonium-glufosinate (BASTA)
resistance gene, seeds were germinated on soil and seedlings were sprayed thee times in
three-day intervals with a 0.15% (v/v) BASTA (Bayer) solution. The seedlings that formed
true leaves were transplanted onto fresh soil and genotyped for the presence of the

transgene.
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2.4 Microscopy Techniques

2.4.1 Light microscopy

Dissection of flowers was done using an Olympus SZX7* zoom stereomicroscope.
Photographs were taken using an Olympus SP-500UZ digital camera mounted directly to a

microscope eyepiece using a camera-microscope adapter.

2.4.2 Epifluorescence microscopy

Visualization of GFP was performed using an Olympus BX61 fluorescence
microscope with excitation wavelengths of 460/480 nm and emission wavelengths of 495-

540 nm.

2.4.3 Confocal imaging

In order to visualize the AG-GFP fusion protein, inflorescences from homozygous ag-
I plants carrying the pAG::AG-mGFP5 transgene were dissected so that older flowers were
removed. The stem of the dissected inflorescences was then placed in a 0.5xMS medium
with 2% agarose, and the inflorescence itself was covered with de-ionized water. A Zeiss
LSM 510 confocal microscope equipped with a 40x C-Apochomat Lens was used to
visualize the GFP-tagged AG protein. GFP fluorescence was excited with a 488 nm argon

ion laser.

2.5 Treatments of Lines Encoding Inducible Promoters

2.5.1 Ethanol treatment of plants

Plants were placed in a sealable container with two 50 mL centrifuge tubes (Corning)
containing 10 mL 100% ethanol each. Each tube was placed at opposite ends of the
container. Mock-treated plants were placed in a similar container, but ethanol was replaced

with ddH,O.
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2.5.2 Treatment of plants with a dexamethasone-containing

solution

Once plants had bolted > 1 ¢cm, the inflorescence-like meristems of plants were treated
with a solution containing 10 uM dexamethasone (Sigma) and 0.015% Silwet-77 using a

plastic Pasteur pipette.

2.6 Generation of amiRNAs

The amiRNAs were designed using the Web microRNA  designer
(http://wmd3.weigelworld.org). Briefly, the Arabidopsis Genome Initiative (AGI) number
of the gene of interest was submitted to the database and a list of microRNAs were
presented which have the potential of targeting the mRNA of the gene of interest. These
amiRNAs are ranked by different criteria such as amiRNA sequence composition;
mismatch positions, hybridization energy when paired to intended targets, number of other
genes that have 5 or less mismatches to the amiRNA, and hybridization energies of other
genes with 5 or less mismatches to the amiRNA. The ranking system divides the potentially
functional amiRNAs into four different color-coded classes. The amiRNAs predicted to
perturb gene function most efficiently are colored in green, followed by intermediate ones
in yellow and orange, and the remaining ones in red.

Once an amiRNA sequence is chosen, an Oligo Designer application
(http://wmd3.weigelworld.org) generated oligonucleotides that allowed site-directed
mutagenesis to be performed on the pRS300 plasmid, which contains a copy of the
endogenous Arabidopsis miRNA miR319a (At4g23713) (Palatnik et al., 2003). Overlapping
PCR was used to generate the amiRNA precursor and the final PCR product was cut with
BamHI and EcoRI, and ligated to a vector (pBJ36) containing either the CaMV 35S
promoter or the AlcA ethanol-inducible promoter. After verifying the sequence of the
amiRNA, a fragment containing the promoter and the amiRNA was sub-cloned into either
of the binary vectors pML-BART or pART-27 using Notl sites. This vector was then used
to transform plants as described in Section 2.3.1.
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2.7 Quantitative real-time PCR

Primers were designed to have a Tm of 60+1°C. Each primer pair did not differ in
annealing temperature of more than 1°C. Additionally, primer pairs to amplify cDNA were
designed to span exon-exon boundaries whenever possible and were as close to the 3" end
of the coding sequence as possible. The annealing temperatures and primer dimerization
potentials of these oligonucleotide primers were checked using the thermodynamic
oligonucleotide software, Oligo Analyzer, available at the Integrated DNA Technologies
website (http://eu.idtdna.com). The Lightcycler 480 (Roche) with SYBR green master |
(Roche) was used to quantify relative enrichments of DNA. One reaction mix contained 5
uL of 2x SYBR green master 1, 1 uL (¢)DNA, 1 uL of 10 uM primers and 3 uL of
molecular biology grade water. An equivalent time of 60 s per 1 kb of DNA was given to
generate the amplicons. Annealing temperatures between 58°C and 60°C were used
depending on the primer pairs. The enrichment observed was calculated relative to the input

sample. Therefore, for each locus analyzed, the enrichment was calculated as follows:

For ChlIP: (2’\Cp(iNH“”) x VIN
For cDNA: (2ACp®FF) - (GENE),

where Cp is the crossing point calculated by the Lightcycler 480, Cp(IN) is the Cp value for
the input, Cp(IP) is the Cp value for the IP and V(IN) is percentage of the total volume of
the IP used to generate the input sample. Cp(REF) is the Cp value for the chosen reference
gene and Cp(GENE) is the Cp value for the chosen target gene. The reference gene used for
qRT-PCR was DM-97/DM-98 (At4g34270), which was chosen from (Czechowski et al.,
2005).

2.8 Thermal Asymmetric Interlaced PCR

TAIL PCRs were performed as described in (Liu et al., 1995). PCR products were
analysed on a 2% agarose gel and the desired DNA bands were extracted, purified and

sequenced using the primer DM-73. BLAST analyses (www.arabidopsis.org) were used to
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identify the genomic position of the sequenced DNA. Primers were then designed in order

to distinguish between the wild-type locus and presence of the T-DNA at the same locus.

2.9 Western blotting

291 Preparation of nuclear extracts for SDS-PAGE

electrophoresis

The extraction of nuclei was performed as described in Section 2.10.1 with the
exception that formaldehyde and glycine were not added and that after washing the nuclei
with the M3 buffer (Appendix 2), they were resuspended in 50 uL 2x SDS loading buffer
(see Appendix 2 for the composition of all buffers used for SDS-PAGE electrophoresis and
Western blotting) and incubated at 95°C for 5 min. 15 pL of this denatured protein extract
was loaded onto a 10% SDS-PAGE gel. One of the main differences between these
protocols is that the tissue is treated with formaldehyde after cell disruption in Protocol 1,
whereas intact whole tissue samples are treated with formaldehyde in Protocol 2 (i.e. before

cell disruption).

2.9.2 Transfer of proteins from an SDS-PAGE gel to a membrane

Proteins were transferred at 50 V for 2 hours (4°C) from the SDS-PAGE gel to an
Immobilon-P membrane (Sigma-Aldrich) (Appendix 2). The membrane was then incubated
in a blocking solution for 15 min at room temperature. A 2,000-fold dilution of the Ab290
antibody (Abcam) in blocking solution was then incubated overnight at 4°C with the
membrane. Non-hybridized antibody was removed by rinsing the membrane with 1xPBS
supplemented with 0.05% (v/v) Tween-20 (noted PBS-T) for 5 min. This wash was
repeated twice more. The secondary antibody (a-rabbit conjugated to horse radish
peroxidase (Sigma)) was diluted 50,000-fold in the blocking solution and was added to the
membrane. The latter was then incubated with the secondary antibody solution for 4 h at
room temperature with mild shaking. The excess of secondary antibody was rinsed by
washing the membrane 3 times 5 min with PBS-T. The presence of GFP was detected using
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the Amersham ECL Plus Western Blotting Detection Reagent (GE Healthcare) in the LAS-
3000 Intelligent Dark Box Image Reader (Fujifilm).

2.10 Chromatin immunoprecipitation

Two different chromatin immunoprecipitation protocols were tested. Protocol 1 was
adapted from protocols by Dr. Adrian Bracken (Cancer Transcriptomics Laboratory,
Smurfit Institute of Genetics, TCD) and by Ito et al. (1997). Protocol 2 was performed as
described in (Kaufmann et al., 2010a). The main difference between the two protocols is the
time at which the fixation is performed. In protocol 1, fixation was performed after the
tissue had been ground into a fine powder. In protocol 2, fixation was performed on whole
plant tissue, prior to any treatments. There are other differences between the two protocols,
including buffer compositions, however, the point at which the tissue was treated with

formaldehyde appeared to result in the greatest differences between the results obtained.

2.10.1 Fixation and nuclei extraction

In protocol 1, approximately 500ul tissue was ground in liquid nitrogen. The
resulting tissue powder was resuspended in 900 ul. M1 buffer (the composition of all
buffers used in this section is detailed in Appendix 2) and the tissue was ground further.
24.3 ulL of a 37% (w/v) formaldehyde solution (Sigma-Aldrich; final concentration was
1%) was then added to the tissue extract to crosslink proteins to the DNA. This mixture was
incubated for 10 min at 4°C with rotation. 50 ul. of a 2.5 M glycine solution was added to
stop the cross-linking reaction, followed by incubation for 5 min at 4°C with rotation. In
order to remove the debris, the cross-linked tissue was filtered twice though a layer of
miracloth that had been pre-wet with M1 buffer. The filtered extract was then centrifuged
for 5 min at 7,700xg at 4°C to pellet the nuclei. Next, the nucleus pellet was resuspended in
0.9 mL M2 buffer, followed by centrifugation for 1 min at 7,700xg and 4°C. This step was
repeated twice more. The next wash step was performed by resuspending the nucleus pellet
in 0.9 mL M3 buffer, followed by centrifugation for 5 min at 380xg, 4°C. The nucleus pellet
was finally resuspended in 0.2 mL lysis buffer and incubated for 10 min on ice in order to
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lyse the nuclei. After incubation, the nucleus extract was diluted with 0.8 mL ChIP dilution
buffer.

In protocol 2, approximately 1 mL of tissue was fixed in 2 mL MC buffer with 1%
formaldehyde on ice under vacuum (800 mbar). The vacuum was released after 15 min, the
tissue was mixed and the vacuum was applied 3 more times for another 15 min each (total
fixation time was 60 min). The formaldehyde fixation was stopped by adding 50 uL of'a 2.5
M glycine solution. The tube was inverted several times, placed back on ice and vacuum
(800 mbar) was applied for 5 min. The excess solution was removed and the tissue was
washed in 1 mL MC buffer. The excess buffer was removed and replaced with 1 mL MC
buffer. This wash step was repeated once more, after which the excess MC buffer was
removed carefully. The tissue was then snap frozen in liquid nitrogen.

In order to extract the nuclei, approximately 200 uL. M1 buffer was added to the
tissue, which was then ground thoroughly. More M1 buffer was then added until a final
volume of 1.25 mL was reached. In order to remove the debris, the cross-linked tissue was
filtered twice though a layer of miracloth that had been pre-wet with M1 buffer. At this

stage, nuclei were extracted using M2 and M3 buffers, as detailed in protocol 1.

2.10.2 Sonication

Chromatin was sonicated using a Diagenode Bioruptor at 4°C. The nucleus extract
was split into 0.3 mL aliquots. “High” intensity sonication cycles were applied, which
consisted of 30 sec sonication, followed by 30 sec without sonication. In protocol 1, 10
cycles were necessary, while in protocol 2, 12 cycles were required in order to shear the
chromatin into fragments averaging between 350 and 750 bp. The sonication efficiency was
checked for each assay by purifying a 10 uL aliquot of chromatin using a phenol-

chloroform extraction (see below) and analyzing it on a 1.5% agarose gel.

2.10.3 Immunoprecipitation

The protein A sepharose beads (GE Healthcare) were washed with ChIP dilution
buffer (Protocol 1) or IP buffer (Protocol 2) and blocked with a 0.5 mg/mL lipid-free bovine
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serum albumine solution. Next, the chromatin was pre-cleared by incubating it with 60 ulL.
of washed protein A sepharose beads (15 min in Protocol 1 and 90 min in Protocol 2). A
100-uL aliquot of this pre-cleared chromatin was taken as the input control sample. The
remaining of the pre-cleared chromatin was pipetted out into a clean microtube and
incubated with 4 ul. of GFP-specific antibody (Ab290; Abcam) at 4°C for 1 h, with
rotation. After incubation with the antibody, 60 ul. of washed protein A sepharose beads
were added, in order to purify the antibody/chromatin complexes. This mixture was
incubated with rotation for 2 h at 4°C. Next, the protein A sepharose beads were washed
using different sets of buffers, depending on the protocol used.

In Protocol 1, the beads were washed 3 times with 1 mL Mixed Micelle Wash Buffer,
twice with 1 mL buffer 500, twice with 1 mL LiCl buffer and once with 1 mL IxTE buffer.
All wash steps were performed at 4°C by adding the wash buffer to the beads, followed by
centrifugation for 1 min at 2,400xg and 4°C. After centrifugation, the supernatant was
removed and replaced with fresh wash buffer. The antibody/chromatin complexes were
eluted from the beads by incubating the latter with elution buffer 1 at 65°C for 2 hours. The
mixture was then spun | min at 2,400xg to pellet the beads. The supernatant was collected
and incubated overnight at 65°C to reverse the protein-DNA cross-links.

In Protocol 2, the protein A sepharose beads were washed 5 times with 1 mL IP buffer
at 4°C. For each of the washes, the beads were incubated with the IP buffer on ice with mild
shaking for 8 min, followed by centrifugation for 1 min at 2,400 g, 4°C. After the last wash,
the antibody/chromatin complexes were eluted by adding 100 uL elution buffer 2 to the
beads. This mixture was incubated at 37°C with vigorous shaking for 1 min. After
centrifugation for 1 min at maximum speed, the supernatant was removed and 50 uL of a 1
M Tris pH 9.0 solution was added. The elution was repeated twice more and the eluates

were combined.

2.10.4 Purification of ChiP DNA

In Protocol 1, 2 uLL DNAse-free RNase (Roche) was added to the protein/DNA

. . . !
mixture eluted from protein A sepharose beads, as well as to the input fraction. These °

samples were incubated at 37°C for 1 h. Next, 2 uL. proteinase K (Roche) was added, and

46




the mixture was incubated at 55°C for 2 h. This was followed by a phenol-chloroform
extraction of the DNA. To this end, 1 volume of phenol:chloroform:isoamyl alcohol
(25:24:1) (Fluka) was added to the protein/DNA mixture. The latter was then centrifuged in
a phase-lock tube (5-prime) and the aqueous phase was transferred to a clean tube for DNA
precipitation.

In protocol 2, the eluate (i.e. antibody/chromatin complexes) and input fractions were
treated with 4 uL proteinase K (Roche) and incubated overnight at 37°C. This was followed
by addition of 2 ul. DNAse-free RNAse (Roche) and incubation for 30 min at 37°C.
Finally, another 4 uL. proteinase K was added, followed by incubation at 65°C for at least 6
h, in order to reverse the cross-links. The DNA was then extracted using phenol-chloroform
extraction, as described for Protocol 1.

Finally, independently of the protocol used, the DNA was precipitated by adding 2.5
volumes of 100% ethanol, 0.1 volume of 0.1 M sodium acetate pH5.4 and 2 ul. glycogen
(from a stock solution at 20 mg/mL, Sigma), followed by incubation at -20°C for 30 min.
After centrifugation at maximum speed for 15 min at 4°C, the DNA pellet was washed with

80% ethanol, dried and resuspended in molecular biology grade water.

2.10.5 Quantification of genomic DNA

To obtain an accurate estimate of the amount of genomic DNA present in ChIP
samples, the Quant-iT dsDNA HS assay (Invitrogen) was used according to the

manufacturer’s instructions.

2.10.6 lllumina ChIP-Seq library preparation

The preparation of Illumina ChIP-Seq libraries was performed as per manufacturer’s
instruction with some modifications. Briefly, ChIP DNA (5 — 10 ng) was treated with 74
DNA polymerase, E. coli DNA Pol I large fragment (Klenow polymerase), and 74
polynucleotide kinase (PNK) to convert the overhangs of the ChIP DNA into
phosphorylated blunt ends. Next, an adenine base was added to the 3' end of the blunt
phosphorylated DNA fragments using the polymerase activity of Klenow fragment (3' to 5'
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exo minus). Then the ends of the DNA fragments were ligated to adapters (a dilution of
1:40 of adapter oligo mix was used instead of 1:10). Excess adapters were then separated
by agarose gel electrophoresis. To this end, a 2% agarose gel (Low Range Ultra Agarose,
Bio-Rad) was run for over six hours at 20 V. DNA fragments ranging from 300 to 500 bp
were excised and purified using Qiagen’s Gel extraction kit. Then adapter-specific primers
were used to amplify the size-selected DNA. The products from these PCR reactions were
again separated on an agarose gel. DNA fragments ranging from 300 to 500 bp were
excised and purified from the gel using Qiagen’s Gel extraction kit. These libraries were
then analyzed on an Agilent Bioanalyser using the High Sensitivity DNA chips. The amount
of DNA was measured as described in Section 2.10.5. Finally, these libraries were diluted to

a final concentration of 50 pg/uL for qPCR analysis, and to a final concentration of 10 nM

for Illumina sequencing.

2.11 In situ hybridisation

Non-radioactive in situ hybridisations were performed as previously described
(Long and Barton, 1998). The primers DM-31/68 (Appendix 1) were used to amplify the
GR fragment using the vector pAP1::AP1-GR-pBJ36 as a template. The resulting PCR
product was ligated into pJET 1.2 (Fermentas) using blunt ends and sequenced in order to
determine the orientation of the insertion. This vector was linearised using the restriction
enzyme Clal and anti-sense RNA was synthesized using T7 RNA polymerase (Roche). The
probe was hybridised to 8 uM sections of tissue from pAP1::API1-GR plants.

2.12 Data analysis and Bioinformatics

Unless otherwise stated, all analyses were performed using the R statistical software
Version 2.13.0 and the listed libraries implemented in the Bioconductor project

(www.bioconductor.org) Version 2.8.
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2.12.1 Re-annotation of the Agilent 44K array to the latest genome

release

A custom-made Agilent 44K array was used throughout this study for microarray
profiling experiments (array design performed by Dr. Jose-Luis Riechmann, Centre for
Research in Agricultural Genomics, Barcelona). Because probe design was based on the
TAIR version 8 genome release, all probes were re-annotated on the array to TAIR version
10. Figure 2.1 summarizes the approach. The standalone BLAST executable function
blastall Version 2.2.24 (downloadable from ftp:/ftp.ncbi.nih.gov/blast/executables/)
(Altschul et al., 1990) was used to map all probes to the latest cDNA definitions (file
TAIR10_cdna 20101214); if it had one or multiple hits with less than two or less
mismatches or no more than one gap-extension it was assigned the corresponding
transcripts. If a probe exhibited multiple hits at these criteria, it was assigned to all

transcripts and labelled to have possible cross-hybridisation properties.

If no cDNA hit was found, the probe was blasted against the transposable elements
(TE) sequences (file TAIR9 TE.fasta). If a probe showed only a single perfect hit with no
mismatches or gap-extensions, it was assigned to the corresponding TE, if it had additional
or several good hits only (same criteria as in the cDNA BLAST), it was also labelled to
have cross-hybridization properties. If a probe had no hits, it was further blasted against
genomic sequences (file TAIR10 bac con 20101028). If a probe had no hits with less than
four mismatches or thee gap-extensions, it was labelled as “negative probe” to be used later
as a guidance for filtering based on expression levels. The remaining probes were labelled
with their original identifiers, generally identification codes (IDs) containing the genomic

coordinates.
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Figure 2.1 Reannotation of the Agilent 44K array to the latest genome release. Scheme summarizing the
workflow used to re-annotate the 44K Agilent array - originally designed based on the TAIR version 8
genome release - to the TAIR 10 genome release using BLAST. The purple text outlines decision rules. The
re-annotation was also used to remove potential cross-hybridizing probes. In case a probe could not be

unambiguously assigned to a locus or to the pool of negative probes, its initial identifier was retained.

2.12.2 Low-level microarray data processing and basic data

handling

Low-level data processing was performed using functionality provided by the
Bioconductor package /imma (Silver et al., 2009). Agilent median signals and background
were read into R and background correction was performed using the backgroundCorrect-
function (Ritchie et al., 2007) with maximum likelihood estimation of the background
(Silver et al., 2009) and an offset of 50. Between-channel normalization was performed
using loess-normalization, between-array normalization using quantile normalization
(Smyth and Speed, 2003). Duplicated probes were averaged using the avereps-function

provided in the limma package. Non-specific filtering was performed using the genefilter
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package, based on a signal cutoff at the median of all negative probe signals, so that only
those probes with higher signals in at least thee arrays were retained.

Principal component analyses were performed using the prcomp-function in R.
Testing for differential expression: Separate-channel analysis (Smyth, 2005) was performed

using linear models (Smyth, 2004) as described in the /imma users guide.

2.12.3 Higher level microarray analysis

Base-level annotations were retrieved from the Bioconductor homepage, (package
arabidopsis.db0 Version 2.5.0) and an annotation package for the custom-made 44K Agilent
array was generated using AnnotationDBI package as described in the SQL Forge vignette.
Gene ontology terms contained within the Biological Process class used for further
analyses, and terms with less than 10 genes associated with them were removed. Parent-
children relationship information as contained within the GO.db data package (Version
2.5.0) were used to remove redundancy between terms, and parent terms were removed if
they had more than 95% percent gene-association overlaps with their daughter terms.

Pfam- and Gene family information was retrieved from the TAIR homepage (files
gene families sep 29 09 update.txt and TAIR10 all.domains) and parsed in R to generate
family-to-gene mappings. AGls for the gene family records of B3 transcription factors were
missing and included as described by Romanel et al. (2009). Only families with 10 or more
associated genes were included in the analysis. Redundancies amongst protein families were
removed by searching for protein families that had more than 95% overlaps in gene-
associations with another family, and removing the smaller family from further analyses.
The same procedure was used to remove redundant gene families.

Adjustments for multiple testing were performed using the p.adjust-function in R,
using Benjamini & Hochberg adjustments (Benjamini and Hochberg, 1995). Gene set
enrichment analysis was performed using the mroast function as implemented in the /imma
package (Wu et al., 2010) with 5000 rotations, and no adjustment of the p-values were
performed (because the number of tests was limited by testing only terms that had been
identified in the GO-term enrichment analysis before). Heatmaps were generated using the

gplots package (Warnes et al.).
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2.12.4 Short read alignment, quality control and general data
handling for ChIP-Seq

Reference datasets were downloaded from the NCBI SRA database
(www.ncbi.nlm.nih.gov/sra), and sequence information from the sra-files dumped into
fastq-files using the sratoolkit (Version 2.0.1) software as described in the manual at
www.ncbi.nlm.nih.gov/books/NBK47540. Quality control of the sequenced libraries was
performed using the FastQC software (www.bioinformatics.bbsrc.ac.uk/projects/fastqc/).

Arabidopsis genomic sequences were downloaded from TAIR version 10
(www.arabidopsis.org - single chomosome fasta files TAIR10 chl.fas- TAIR10 chS5.fas,
including chloroplast and mitochondrial sequences). Short read alignments were performed
using the SOAP2 software (Li et al., 2009b) with default settings.

Data were read into R using the ShortRead package from the Bioconductor project,
and functionality provided by various Bioconductor packages (including the /Ranges and
(GenomicRanges packages) was used for various data handling operations, with some help
from example scripts described in the online tutorial provided by Thomas Girke
(http://manuals.bioinformatics.ucr.edu/home/ht-seq). Pattern matching was performed using
the Biostrings package. Genomic sequences within R were retrieved from the R data
package BSgenome.Athaliana. TAIR.TAIR9 (Version 1.3.18) that uses infrastructure from
the BSgenome package to store genomic information (note that TAIR 9 and TAIR 10

genomic sequences are identical).

2.12.5 Peak calling

Peak calling was performed using the CSAR package (Muino et al., 2011b), and
enriched regions were identified at a FDR cutoff of 0.001 (with > 500000 permutations for
each dataset). Only peak regions with stretches of >50 bp were retained. Furthermore, and
independent peak calling method, as implemented in the BayesPeak (PP > 0.9) was used to
confirm enriched regions (Cairns et al., 2011; Spyrou et al., 2009): CSAR peaks were
retained only if they overlapped with a region detected by the BayesPeak method.
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Peaks were associated with genes located in the vicinity using CSAR functionality,
whereby a peak had to reside in a genomic region ranging from 3kb upstream of a gene’s
transcriptional start position to 1 kb downstream of its transcriptional end position. Gene
range definitions were downloaded from TAIR (file TAIR10 GFF3 genes.gff). GO-term
enrichments were performed as described above by using GO-mappings provided by the
org.At.tair.db data package (version 2.5.0) downloaded from the Bioconductor homepage.
Relative location of peaks to nearest gene features were determined using the
annotatePeakInBatch-function from the ChIPpeakAnno package (Zhu et al., 2010).
Visualization of genomic regions was performed using the GenomeGraphs package

(Durinck et al., 2009).

2.12.6 Motif Detection

For the detection of motifs at putative binding sites, 200 bp core sequences centred
around peak locations (as obtained from the CSAR analysis) from a dataset were written into
a fasta-file and submitted to the browser-based DREME analysis suite
(http://meme.sdsc.edu/meme/) (Bailey, 2011).

2.13 Transgenic line generation

2.13.1 Generation and expression of an amiRNA that targets the
AG mRNA

A detailed description of how amiRNAs are designed, cloned and expressed in
Arabidopsis is available in Section 2.6. The sequences of the primers used are available in
Appendix 1. In brief, amiRNAs were amplified, cleaved with restriction enzymes and
ligated to pBJ36 vectors that contained either the CaMV 35S (vDM-1) or the AlcA promoter
(vDM-2) sequence. Once the sequences of these vectors were verified, the promoter-
amiRNA cassette was excised from pBJ36 using the Notl restriction enzyme and ligated to
pML-BART (vDM-3), which had been digested with Norl and treated with alkaline

phosphatase. In order to generate ethanol inducible expression plant lines, a pML-BART
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vector that contained the 35S::4lcR cassette was used for ligation (vDM-4). Plants were
transformed as described in Section 2.3.1. Colony PCRs and genotyping assays were
performed using primers DM-3, DM-7, DM-11, DM-15, DM-19, DM-23 and DM-27 for
the different AG amiRNAs, in combination with DM-31.

2.13.2 Generation of an RNAi construct to disrupt AG function

The sense strand complementary to 300 bp of the AG coding region was amplified
using the primers DM-43/DM-44 and inserted upstream of the intron within the
pHANNIBAL (vDM-5) vector and downstream of the CaMV 35§ promoter. The primers
used incorporated Xhol and EcoRI sites into the amplified product. The anti-sense strand
was amplified using primers DM-45/DM-46, which incorporated a BamHI and an Xbal site
into the amplified product and subsequently was inserted downstream of the intron within
pHANNIBAL (Wesley et al., 2001). Using the 2 Notl sites that flank the promoter and
terminator sequences, this fragment was transterred into the binary vector pML-BART that
had been digested with Notl and treated with alkaline phosphatase. Plants were transformed
as described in Section 2.3.1. Colony PCRs and genotyping assays were performed using

primers DM-43 to DM-46.

2.13.3 Generation of dominant negative versions of AG

Three different dominant negative fusions with AG were overexpressed in
Arabidopsis. Two of these fusions were with the SRDX domain (SLDLDLELRLGFA) from
the plant transcription factor SUPERMAN. Two different linker regions were used to fuse
the AG coding sequence with the SRDX domain (Linker 1: PGFEIDKLG and Linker 2:
RGIRYPGFEIDKLG). The SRDX domain was translationally fused to the coding region
of AG under the control of the CaMV 35S promoter. The primers DM-47/DM-48, which
incorporated Xhol and Smal sites into the amplified product, were used to amplify the AG
coding region from wild-type (accession: L-er) flower cDNA. This PCR product was then
ligated between the 35S promoter and the SRDX domain of a pBJ36 vector (vDM-6) using
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Xhol and Smal sites to create an in frame translational fusion containing linker 1 (see
above).

The primers DM-63/DM-64, which incorporated Xhol and Pstl sites into the PCR
product, were used to amplify the AG coding region from wild-type (accession: L-er) flower
cDNA. This PCR product was then ligated between the 35S promoter and the SRDX
domain of a pBJ36 vector using XAhol and Pstl sites to create an in frame translational fusion
containing linker 2.

A third repressor domain, noted WUSB (HRTLPLFPMHGED) (Ikeda et al., 2009),
was translationally fused to the coding sequence of AG. Primers DM-47/DM-48, which
incorporated Xhol and Smal sites into the PCR product, were used to amplify the AG coding
region from wild-type (accession: L-er) flower cDNA. This PCR product was then ligated
between the 35S promoter and the WUSB domain of a pBJ36 vector (vDM-7) using Xhol
and Smal sites to create an in frame translational fusion containing linker 1.

The restriction enzyme Notl was then used to excise each of these fragments from
pBJ36 and ligate them to pML-BART (vDM-3) using complementary Notl sites. Plants
were transformed as described in Section 2.3.1. Colony PCRs and genotyping were

performed using primers DM-47/DM-99 (SRDX) or DM-47/DM-100 (WUSB).

2.13.4 Generation of lines carrying the pAG::AG-6xHA rescuing

construct

Primers DM-37/DM-38 were designed that incorporated a PstI site 1.6 kb upstream of
the translational start site of 4G, and a Clal site at the very end of the final exon (excluding
the stop codon). Due to recombination with the E. coli genome, there was difficulty in
cloning this PCR fragment into a pBJ36 vector (vDM-8) encoding six copies of the
haemagglutinin tag (denoted: 6xHA). In order to alleviate this problem, a different construct
was made that encoded a genomic region starting 1.6 kb upstream of the initial ATG up to
the end of the second intron, followed by the remaining cDNA sequence of AG (Yanofsky
et al., 1990). The genomic region used has been shown to contain essential transcriptional
regulatory elements and should therefore be sufficient to express AG in a pattern similar to
that of the endogenous gene.

In order to generate this construct, 2 PCRs were carried out using primers DM-
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38/DM-40 and genomic DNA as a template, and DM-37/DM-39 and flower cDNA as a
template (accession: L-er). The 2 PCR products were then assembled together by
overlapping PCR using primers DM-37/DM-38. The resulting PCR product was digested
with Clal and Pstl and cloned into a pBJ36 vector that encoded the 6xHA tag, which had
been digested with the same enzymes. Despite the removal of most introns, recombination
problems with the E. coli genome persisted after ligation with the pBJ36 6xHA vector. In
order to bypass this problem, an E. coli strain (Tp611, (Glaser et al., 1993)) that reduces
plasmid copy number and is deficient in homologous recombination (due to mutations in
the pcnB and RecBC genes, respectively) was used for transformation after ligation of the
PCR product with pBJ36 6xHA. pBJ36 encoding the pAG::AG-6xHA rescue construct
could then be obtained and was controlled by sequencing. The DNA fragment encoding the
rescue construct was then sub-cloned into the binary vector pML-BART (vDM-3) using
Notl sites and ultimately transformed into plants as described in Section 2.3.1. Colony PCRs
were performed using primers DM-39/DM-40.

To genotype ag-1 pAG::AG-6xHA plants for the rescue transgene and the ag-1 allele,
DNA was extracted from transformants as described in Section 2.2.6. The primers DM-
39/DM-40 were used to verify the presence of the correct transgene. The presence of the ag-
I allele was confirmed by using a derived cleaved amplified polymorphic sequence
(dCAPS) (Neff et al., 1998). Briefly, a PCR was performed with primers DM-35/DM-36,
which resulted in a product of 144 bp. The primer DM-35 carried mismatches that resulted
in the incorporation of an Af/II site in the PCR product, if the ag-/ mutation was present.
After digestion of the PCR product with AfI1I, the DNA was analyzed on a 3% (w/v)
agarose gel. A fragment of 144 bp indicates a wild-type allele and a fragment of 114 bp

indicates the presence of an ag-/ allele.

2.13.5 Generation of lines carrying the pAG::AG-mGFP5 rescuing

construct

The entire AG genomic locus was amplified using primers DM-38/DM-41. The use of
these primers incorporated a Pstl site 1.6 kb upstream of the translational start site and an
EcoRl site at the end of the final exon of 4G (excluding the stop codon). This PCR
fragment was cloned into the vector pBJ36 (vDM-9) containing the mGFP5 gene using the
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E. coli strain Tp611 (Glaser et al., 1993). The fragment encoding the pAG::AG-mGFP5
rescue construct was then sub-cloned into the binary vector pML-BART (vDM-3) using
Notl sites and transformed into plants as described in Section 2.3.1. The presence of the
correct transgene in plants resistant to BASTA was verified by extracting DNA as described
in Section 2.2.6 and genotyping for the presence of mGFPS using primers DM-31/DM-59.
The removal of the introns downstream of the second intron in the pAG::AG-6xHA
rescue construct also removed the annealing site for primer DM-35, which is used together
with primer DM-36 to genotype for the presence of the ag-1 mutant allele. Therefore, no
modification of the genotyping assay for ag-I needed to be made in transgenic plants
encoding the pAG::AG-6xHA fusion. This was not the case when the pAG::AG-mGFP5
transgene was introduced, as all introns were present in this rescue construct. Thus, to
genotype the ag-/ mutant in the presence of the pAG::AG-mGFPS5 rescue construct, a
modified assay was developed. In this case, primers DM-35/DM-34 were used in order to
amplify a fragment containing part of the 3°UTR, which is missing in the pAG::AG-mGFP5
transgene. This PCR product was then digested with Nalll and Aflll. A band of ~500 bp
was present in all samples, whereas a band of ~220 bp indicated the presence of the ag-/

mutation and a band of ~250 bp showed the presence of a wild-type allele.

2.13.6 Crossing pAG::AG-mGFP5 ag-1 lines into the FIS

Pollen from a 35S::AP1-GR apl-I cal-1 ag-1/+ line was used to fertilize emasculated
flowers from a pAG::AG-mGFP5 ag-1 plant. F, plants were genotyped for the presence of
the ag-1 allele, as described above, and seeds were collected from plants homozygous for
this allele. F, plants that exhibited an ap/ cal mutant phenotype were genotyped for the
presence of the 35S::API-GR transgene using primers DM-61/DM-62, as well as for the
presence of the pAG::AG-mGFP35 transgene using primers DM-31/DM-59. F3 plants that
were homozygous for all mutations and for the T-DNA encoding the 35S::AP1-GR fusion
were isolated (genotyped using primer pairs DM-61/DM-62 (absence of T-DNA) and DM-
DM-60/61 (presence of T-DNA)). However, because no positional genotyping assay was
available for the T-DNA encoding the pAG::AG-mGFP5 fusion, a segregation analysis had
to be carried out on the offspring of individual F5 plants in order to isolate a line that was

homozygous for the rescue transgene.
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213.7 Introduction of the pAG::AG-mGFP5 fusion into an

alternative FIS

As described in Chapter 5, an alternative FIS was generated, which is based on the
introduction of a transgene encoding the API-GR fusion under the control of the
endogenous AP promoter (see Section 2.13.13) into an apl-1 cal-1 mutant background.
This alternative FIS is denoted pAP1-FIS hereafter. Pollen from a 35S::AP1-GR pAG::AG-
mGFPS apl-1 cal-1 ag-1 line was used to fertilize flowers of a pAP1::AP1-GR apl-1 cal-1
plant (line #3). F, plants were genotyped for the presence of the pAP1::AP1-GR transgene
using primers DM-70/DM-73. F, plants were genotyped in order to isolate plants
homozygous for the ag-1 mutant allele and for the pAP1::AP1-GR transgene (using primer
pairs DM-69/DM-70 (genomic locus in the absence of T-DNA) and DM-70/DM-73
(presence of T-DNA at the expected genomic locus)). The absence of the 35S::AP1-GR
transgene was also checked using the PCR reactions described above. Finally, the presence
of the pAG::AG-mGFPS5 transgene was checked using primers DM-59/DM-31, but because
the position of this T-DNA in the genome was unknown, it was not possible to check
whether plants were homozygous for this T-DNA. In order to isolate plants that were
homozygous for the pAG::AG-mGFP5 rescue T-DNA, a segregation analysis was carried
out on the offspring of individual plants of the F» population.

2.13.8 Isolation of pAlcA::AG4-amiRNA lines in the pAP1-FIS

Pollen from pAPI-FIS plants (line #5) was used to fertilise emasculated flowers of a
plant encoding the pAlcA::AG4-amiRNA (line #52). F; plants were genotyped for the
presence of the pAPI1::AP1-GR transgene using primers DM-73/DM-74. F, plants were
checked for the presence of an ap/-I cal-1 double mutant phenotype and treated with a
dexamethasone-containing solution (see Section 2.5.2). Plants that responded to the
treatment with synchonous flowering (i.e. plants that had at least one copy of the pAP::AP1-
GR transgene) were then genotyped for the presence of the AlcA::AG4-amiRNA transgene
using primers DM-15/DM-31. These plants were then genotyped for the homozygous
presence of the pAP1::API-GR-containing T-DNA using primer pairs DM-74/75 (genomic
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locus in the absence of T-DNA) and DM-73/DM-74 (presence of T-DNA at the expected
genomic locus). Because the location of the T-DNA encoding the AlcA::AG4-amiRNA
construct was unknown, a segregation analysis was carried out in the offspring of plants

from the F, population to isolate plants that were homozygous for this T-DNA.

2.13.9 Generation and expression of an amiRNA that targets the
KNU mRNA

A detailed description of how amiRNAs were designed, cloned and expressed in
Arabidopsis is available in Section 2.6. The sequences of the primers used to generate the
KNU-amiRNA are available in Appendix 1 (DM-55-58). In brief, the amiRNA was
amplified as described in Section 2.6 and the resulting PCR fragment was cleaved with
BamHI and EcoRI. The resulting DNA fragment was ligated into pBJ36-based vectors that
contained either the CaMV 35S (vDM-1) or the pAlcA (vDM-2) promoter sequence which
were also cleaved with BamHI and EcoRI. Once the sequences of these vectors were
verified, the 35S::KNU-amiRNA cassette was excised from pBJ36 using the Notl restriction
enzyme and ligated to the binary vector pML-BART (vDM-3) that had also been cleaved
using Notl and treated with alkaline phosphatase (Roche). In order to generate lines for an
ethanol-inducible expression of the KNU-amiRNA, a pML-BART vector that contained the
358::AlcR cassette was used for ligation in combination with the AlcA::KNU-amiRNA
cassette. Plants were transformed as described in Section 2.3.1. First generation
transformants were identified by their herbicide resistance and by using PCR-based
genotyping. Colony PCRs and genotyping assays were performed using primer DM-57 in

combination with primer DM-31.

2.13.10 Over-expression of the KNU coding sequence

In order to generate a line that constitutively over-expressed KNU, the KNU coding
sequence was amplified from cDNA generated from an mRNA population, which was
extracted from L-er wild-type flowers, using primers DM-86/DM-87 that incorporated Pistl

and Acc65] restriction sites, respectively. The resulting PCR product was cleaved and
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ligated to a pBJ36 vector containing the 35S promoter (vDM-1). Once the presence of the
insertion had been verified by colony PCR, this vector was cleaved using Nozl and ligated to
the binary vector pML-BART that had also been cleaved with Norl and treated with alkaline
phosphatase (Roche). The resulting vector was used for plant transformation. The sequence
of the 35S5::KNU cassette was verified by sequencing. First generation transformants were
identified by their herbicide resistance and were genotyped by PCR. Colony PCRs and
genotyping assays were performed using primers DM-86 and DM-31.

In order to generate a line that conditionally overexpressed KNU, the KNU coding
sequence was amplified from cDNA generated from mRNA, which was extracted from L-er
wild-type flowers, using primers DM-88/DM-89 that incorporated Pstl and EcoRI
restriction sites, respectively. This PCR product was cleaved and ligated into a pBJ36-based
vector containing six copies of the haemagglutinin (denoted: 6xHA) tag. Once the presence
of the insertion had been verified by colony PCR, this vector was cleaved using the
enzymes Pstl and Spel. The Spel site was within the 3°OCS terminator sequence. A pBJ36
vector containing the AlcA promoter sequence was also cleaved using Pstl and Spel and the
KNU-6xHA fragment was ligated into it. This ligation reaction reconstituted the 3°OCS
sequence. Next, this vector was cleaved using Notl and ligated into the binary vector pML-
BART (vDM-3) that had also been cleaved with Notl and treated with alkaline phosphatase
(Roche). The resulting vector was used for plant transformation. The sequence of the
AlcA::KNU-6xHA cassette was verified by sequencing. First generation transformants were
identified by their herbicide resistance and were genotyped by PCR. Colony PCRs and
genotyping assays were performed using primers DM-33 and DM-89.

2.13.11 Generation of an epitope-tagged version of KNU resistant
to the KNU-amiRNA

The primer combinations DM-90/DM-93 and DM-91/DM-92 were used to generate
two PCR fragments that were subsequently used in an overlapping PCR with primers DM-
90 and DM-91. The primers DM-92/DM-93 introduced synonymous nucleotide
substitutions into the region of the KNU coding sequence that the KNU-amiRNA targets.
The primers DM-90/91 introduced the restriction sites Pstl and EcoRI that were ~2.6 kb
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upstream of the translational start site and at the end of the KNU coding sequence,
respectively. This PCR product was then ligated to a pBJ36-derived vector containing the
mGFP5 coding sequence (vDM-9) followed by the 3°OCS terminator sequence. Once the
presence of the KNU-encoding fragment was confirmed by colony PCR, this vector was
cleaved using Nofl and ligated to the binary vector pART27 (vDM-10) that had been
cleaved with Notl and treated with alkaline phosphatase (Roche). Plants containing the
358::KNU-amiRNA transgene (line #2) were transformed with this construct. First
generation transformants were identified based on kanamycin resistance and were
genotyped using PCR. Colony PCR and genotyping assays were performed using the
primers DM-59 and DM-31.

2.13.12 Generation of a kanamycin-resistant 35S::AP1-GR floral

induction system

A pBJ36 vector containing the 35S::API-GR transgene, which had been previously
generated (Wellmer et al., 2006), was digested with Nofl and ligated into the plant
transformation vector pART27 (vDM-10). This construct was then transformed into apl-1
cal-1 plants as described in Section 2.3.1. The primers DM-53/DM-54 were used for colony
PCRs and genotyping assays (see Appendix 1). All transformants were tested by placing a
solution containing 10 uM dexamethasone, 0.015% (v/v) Silwet L-77 in water on the
inflorescence-like meristems and observing the phenotype several days later. In order to
identify lines homozygous for the transgene, T3 plants were tested by segregation analysis;
by genotyping for the presence of the transgene; and by testing their response to

dexamethasone treatment.

2.13.13 A floral induction system based on the genomic locus of
AP1

The last exon of the genomic AP1 locus was translationally fused to a portion of the
hormone-binding domain of the rat glucocorticoid receptor (GR) using the primers DM-

51/DM-52 (see Appendix 1), which incorporated an Xhol site 3.2 kb upstream of the
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translational start site and an Xbal site at the end of the last exon of A4P1. The PCR fragment
was ligated into a pBJ36 vector containing the GR coding sequence (vDM-11). Finally,
Notl sites were used to transfer this fusion to the plant transformation vectors pART27
(vDM-10) and pML-BART (vDM-3), respectively. Plants were transformed and
transformants were selected for as described in Section 2.3. The primers DM-49/DM-50
were used to perform colony PCRs and the primers DM-31/DM-68 genotyping assays (see
Appendix 1). The inflorescences of transformants were treated with 10 uM dexamethasone
and 0.015% (v/v) Silwet L-77 and the resulting phenotypes were monitored over several

days.

2.13.14 A floral induction system based on the over-expression of
CAL

The coding region of CAL was amplified from Col-0 cDNA using the primers DM-
80/DM-81 (Appendix 1) that incorporated BamHI sites at both the 5° and 3" ends of the
coding region. After restriction digestion, this PCR fragment was ligated with pGREEN-
0229-GR (vDM-12) that had also been cleaved with BamH]I. The presence of the insertion
and correct orientation were confirmed by restriction digestion. This vector was made
available to Dr. Jiao Jin (Riechmann group, Catalan Institution for Research and Advanced

Studies, Barcelona) for plant transformation.

2.13.15 A floral induction system based on the genomic locus of
CAL

The final exon of the genomic CAL locus was translationally fused to a portion of
the hormone-binding domain of the rat glucocorticoid receptor using the primers DM-
82/DM-83 (see Appendix 1), which incorporated an Mlul site 1.7 kb upstream of the
translational start site and an Xhol site at the end of the last exon of C4AL. The PCR
fragment was ligated into a pBJ36 vector containing the GR coding sequence (vDM-11).
Finally, Notl sites were used to transfer this fusion to the plant transformation vector pML-
BART (vDM-3). This vector was used by Dr. Jiao Jin (Riechmann group, Catalan

Institution for Research and Advanced Studies, Barcelona) for plant transformation.
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2.13.16 Identification of the T-DNA insertion sites in plants
harbouring the pAP1::AP1-GR transgene

The genomic DNA of two independent transgenic lines, pAP1-3 and pAPI-5, was
used in a Thermal Asymmetric Interlaced (TAIL)-PCR reaction (see Section 2.8). The
resulting PCR products were analysed on agarose gels containing ethidium bromide and
DNA bands were excised, purified and sequenced. The pAPI1-5 transgene identified is
positioned within the third exon of At4g24204. Based on the location of the T-DNA, the
primers DM-74/DM-75 can be used to determine the absence of the T-DNA, while the
primers DM-73/74 can be used to determine the presence of the T-DNA. The pAPI-3
transgene is situated in the intergenic region between At3g59050 and At3g59040. The
primers DM-69/DM-70 can be used to determine the absence of the T-DNA, while the
primers DM-70/DM-73 can be used to test for the presence of the T-DNA.

2.13.17 Generation of plants expressing the AG4-amiRNA in

specific developmental domains

The sequence for the AG4-amiRNA was excised from the pAlcA::AG4-amiRNA-
pBJ36 vector (see Chapter 3) using the restriction enzymes EcoRl and BamHI. This DNA
fragment was ligated to the 6xOP-pBJ36 vector (vDM-13) that had also been cleaved with
EcoRI and BamHI. The E. coli strain STBL2 (Invitrogen) was transformed with the ligation
mixture (see Section 2.2.4). Colony PCRs were performed using the primers DM-15/31 to
verify the presence of the 6xOP::AG4-amiRNA transgene. Once vectors containing the
amiRNAs were purified from the transformed E. coli, they were digested using the
restriction enzyme Notl. The resulting DNA fragment was ligated into pART27 (vDM-10),
which had also been cleaved with Notl and treated with alkaline phosphatase. This vector
was transformed into Agrobacterium tumefaciens. The Agrobacterium strain containing the
6xOP::AG4-amiRNA transgene were then used to transform pCLV1::LhG4 (Schoof et al.,
2000), pCLV3::LhG4 (Lenhard and Laux, 2003) and pWUS::LhG4 (Gross-Hardt et al.,

2002) driver lines using the floral dip method (see Section 2.3.1). First generation

63



transformants were selected on MS agar plates containing kanamycin as described in

Section 2.3.2 and were genotyped using the primers DM-15/31.

213.18 Generation of plants expressing the KNU-amiRNA in

specific developmental domains

The generation of plants containing the 6xOP.::KNU-amiRNA transgene was
performed in the same manner as described in Section 2.13.17, except that the pAlcA::KNU-
amiRNA-pBJ36 vector was used to excise the KNU-amiRNA sequence and the primers DM-
57/DM-31 were used for colony PCRs and genotyping assays.
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Chapter 3 — Characterization of the transcriptional network

controlled by AGAMOUS

3.1. Introduction

As outlined in Chapter 1, AGAMOUS (AG) is essential for the development of
reproductive organs in Arabidopsis (Bowman et al., 1989) (see Chapter 1 for a detailed
discussion of the known functions of 4G). The aim of this project was to identify the genes
directly and indirectly regulated by AG on a genome-wide scale using microarray
technology and chromatin immunoprecipitation combined with ultrahigh-throughput
sequencing (see Section 1.6). To this aim, several transgenic lines were generated including
an ethanol-inducible system to perturb AG activity (Sections 3.2.1 — 3.2.2) and an epitope-
tagged version of AG that can restore reproductive development in an ag-/ mutant (Section
3.2.3). These transgenic lines were then crossed into an improved version of the floral
induction system (see Chapter 5) in order to investigate early stages of flower development.
Additionally, the ag-I mutation was isolated in the floral induction system (Section 3.2.4).
The generation of these lines is described below in addition to the expression profiling

(Sections 3.2.4 and 3.2.5) and ChIP-Seq analyses (Sections 3.2.6 — 3.2.7) performed.

3.2 Results

3.2.1 Perturbation of AG function

As outlined above (Section 1.5), it is possible to identify genes that are, directly or
indirectly, dependent on AG function by perturbing its activity followed by a global
analysis of gene expression. In order to identify the most efficient method of perturbing AG
activity, three different strategies were tested: amiRNAs and RNAi constructs
complementary to the AG mRNA were designed and translational fusions of AG with
transcriptional repressor motifs were generated. The results for these approaches are

presented below.
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3.2.1.1 Identifying an amiRNA that efficiently targets AG

Prior to designing amiRNAs against AG, an amiRNA targeting the AP3 mRNA was
designed and overexpressed in wild-type plants by Adrian Bonner, an undergraduate student
in the Wellmer laboratory. The overexpression of this amiRNA recapitulated the ap3-3 null
allele phenotype (data not shown). Given this result and the reported high success rate of the
amiRNA approach in Arabidopsis (Schwab et al. 2006 and Ossowski et al. 2008), a single
amiRNA (AG1) against AG was initially designed using the Web MicroRNA Designer
(WMD, http://wmd3.weigelworld.org). This amiRNA was expressed in wild-type plants
under the control of the constitutive Cauliflower Mosaic Virus (CaMV) 35S promoter as
illustrated in Figure 3.1A and described in Sections 2.6 and 2.13.1. None of the 24
independent transformants obtained had phenotypes similar to those of an ag mutant (Figure
3.1B and Table 3.1), suggesting that this amiRNA was non-functional. Therefore, two
additional amiRNAs (designated AG2 and AG3) were generated and expressed in wild-type
plants under the control of the CaMV 35S promoter. When designing these amiRNAs, it
was noted that the prediction software had been updated, and no longer predicted the AGI
amiRNA as a suitable candidate amiRNA to perturb AG activity. Transgenic plants
expressing the AG2 and AG3 amiRNAs did not display any deficiencies indicative of a
significant perturbation of AG activity. While most AG2 transformants displayed some mild
carpel and stamen defects (Figure 3.1C), all 