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Summary

A fundamental question in developmental biology is how differentiated cell types and 

organs are formed from undifferentiated precursor cells. The establishment of the 

body plan of an organism is ultimately defined by its DNA sequence, but the 

developmental process relies on differential gene expression through interactions 

between a nucleus and its cellular environment. Recent technological advances have 

made it possible to study gene expression activities or protein-DNA interactions on a 

genome-wide scale (genomics). Here, I used a functional genomics approach to study 

gene regulatory networks underlying organ formation and sexual reproduction in the 

model plant Arabidopsis thaliana (Arabidopsis).

In a first part of my thesis, I developed and used analytical tools in a microgenomics 

approach to the characterization of female reproductive cell types. These cell types 

are closely related with regard to their cell lineage, yet they play distinct roles during 

reproduction. I showed that a developmentally resolved view of gene expression 

allows the dissection of genetic modules that are unique to distinct reproductive cells, 

and provides knowledge about processes of cell specification and function. For 

example, I identified three transcription factor families that are globally enriched in 

female gametophytic cell-types when compared with other plant organs and cells. 

Members of all three families have now been shown to play important roles in the 

development and function of the female gametophyte.

In the main part of the thesis, I studied the genetic network underlying floral organ 

specification in Arabidopsis. I focussed on two homeotic genes, APETALA3 and 

PISTILLATA, whose products specify petal and stamen organ identity. The two genes 

code for transcription factors, but very little was known about the genetic network 

that resides downstream of these transcriptional regulators. Through molecular and 

phenotypic analyses of gene network perturbation experiments I could show that these 

homeotic genes have multiple roles during organ development. Importantly, different 

processes are controlled during early and late stages of organogenesis, respectively. I 

mapped in-vivo DNA binding sites of the homeotic proteins by the use of chromatin 

immunoprecipitation and next-generation sequencing. Close association of many



binding sites with genes eneoding for developmental regulators supported the notion 

that the genetic network downstream of these homeotic genes is highly modular. 

Interestingly, genome-wide expression profiling upon gene network perturbations at 

different stages of flower development suggested that the repression of genes is 

equally important to the activation of genes for homeotic roles. I also provided 

evidence that these homeotic proteins have cadastral functions and directly suppress a 

developmental program that would otherwise lead to a different organ fate.

In a third part of the project, I pursued a reverse genetics approach to study the roles 

of a group of Reproductive Meristem transcription factors during sexual reproduction. 

These genes were found to be predominantly expressed in reproductive tissues and 

under control of the homeotic genes specifying reproductive organs. I isolated mutant 

alleles for a large set of these genes and found no novel phenotypes associated with 

single mutants. Preliminary results from the analysis of higher-order mutant 

combinations suggested, however, that these genes are involved in the development of 

cell types important for sexual reproduction.
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Chapter 1: Introduction

LI Studying the logic of developmental genetic networks

The development of a multicellular organism from a single fertilized egg cell 

can in principle be explained by reciprocal interactions between genes and the proto

plasm of the cell: the differentiation of cells is controlled by differential gene 

expression, whereby cells adopt distinct fates. In return, gene expression is controlled 

by factors such as cell lineage, cell position or extrinsic cues, so that this interaction 

network finally leads to distinct developmental processes in different parts of the 

developing organism (Morgan 1934; Lewis 1978; Nusslein-Volhard and Wieschaus 

1980; Anderson and Nusslein-Volhard 1984; Davidson et al. 2002). How exactly 

extrinsic signals combined with the concerted action of genes and gene networks lead 

to cellular differentiation and to the development of a multicellular organism is still an 

open and exciting question of biology.

The application of forward genetics has proven a useful tool to dissect genetic 

networks underlying developmental processes (Page and Grossniklaus 2002). How

ever, even though powerful and generally unbiased, the method has several limita

tions - for example problems arising from (i) genetic redundancy, where two (or 

more) genes have the same function and the inactivation of one of those genes has 

little or no effect on phenotypes (Nowak et al. 1997) and (ii) developmental epistasis 

and genetic pleiotropy, whereby a gene is reused at multiple stages during develop

mental processes (Domelas et al. 2011).

The recent development of high-throughput genomic methods has led to a vast 

amount of data and stimulated mathematical, as well as computational tools for study

ing gene networks during cellular differentiation and morphogenesis (Alvarez-Buylla 

et al. 2007). These approaches are starting to complement genetic analyses of devel

opmental pathways, and the combination of both approaches can potentially have a 

large impact in the field of developmental biology. However, the application of ge

nomic tools for the analysis of developmental processes has often been limited by 

heterogeneity of tissues or by asynchronously developing entities under study. Under-



standing the specification of cells on the molecular level requires a spatially, as well 

as temporally resolved view of gene expression (Brady et al. 2007).

1.2. Wider benefits of studying plant reproductive development

The flowering plants (angiosperms) form the largest group of extant land 

plants on the planet, and our survival critically depends on this group of organisms: 

they provide us with food, oxygen, medicine, building material, etc. A large 

proportion of our daily calorie intake are directly derived from grain staple food such 

as rice, wheat or maize (Hoisington et al. 1999). Even though the recent fluctuations 

in food prices, such as the 2007 price spike of some staple foods, were relatively 

minor ones in comparisons to food spikes in the 1970s, they had immediate impacts 

on global politics and economics, as well as the life of a large number of individuals 

(Piesse and Thirtle 2009). An estimated 1 billion people on this planet are already 

suffering from malnourishment due to suboptimal calorie intake (FAO 2010). With 

the world population predicted to hit 9.1 billion by 2050, questions of resource 

availability or the conservation of biodiversity for future generations are at the top of 

the global agenda. In addition, to mitigate the increa.sed demand for food due to 

population growth and negative impacts of climate change on yields (Lobell et al. 

2011), agriculture will have to buffer effects of higher calorie intake in growing 

economies (Nomura 2010). Increasing urbanisation and the negative effects of 

biodiversity loss and the importance of key ecosystem services will mount further 

pressure on agriculture to become more efficient (Nomura 2010). This increase in 

efficiency cannot further rely on increasing inputs such as fertilizer and energy (Piesse 

and Thirtle 2009).

The study of plant reproductive development can lead to an understanding of 

processes that are directly linked to yields. It will - as an isolated discipline - not solve 

the current problems of resource shortages and food security. However, it could 

provide some practical approaches to increase agronomical output and thus alleviate 

the pressure on farmers to produce more food with less fertilizer. For example, the 

study of the development of endosperm and embryo, two direct products of sexual 

reproduction, are of great agro-economic interest, as these structures form the basis of 

a large proportion of human calorie intake through staple foods such as wheat, rice 

etc. (Kermedy and Burlingame 2003). The insights in reproductive processes could
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also lead to the new breeding systems that would herald a small revolution in 

agricultural practices (Spillane et al. 2004). Future studies on parent-offspring 

conflicts in plants and a further understanding of strategies of maternal resource 

allocation (Lloyd 1980) also bear great potential to generate higher-yielding crop 

species (Bleecker and Patterson 1997) to offer solutions for more efficient agricultural 

practices.

1.3. Aims of the thesis

This thesis aims to develop a functional genomics approach to study processes 

involved in the specification and development of reproductive structures in Arahidop- 

sis thaliana, a model system for the flowering plants (angiosperms).

In the first part of the thesis (Chapter 3), 1 was involved in the first compre

hensive transcriptome study of the haploid female generation in angiosperms. For 

this, 1 wanted to develop an analytical approach that is suitable for the interpretation 

of single cell transcriptomes obtained from laser-assisted microdissection experi

ments. This part was done in collaboration with the research group of Prof. Ueli 

Grossniklaus (University of Zurich, Switzerland).

The second part of the thesis contains the main body of my work (Chapter 4). 
In this chapter, 1 wanted to analyze gene regulatory networks underlying floral organ 

specification, through the study of two homeotic genes called APETALA3 and 

PISTILLATA, whose products specify petal and stamen organ identity.

In the third part of the thesis, I wanted to use a reverse genetics approach to 

characterize the roles of several REM transcription factor family members, all of 

which seemed to be predominantly expressed in reproductive tissues.



Chapter!: Methods

2.1 Methods for Chapter 3

2.1.1 Data analysis software

All analyses were, unless otherwise stated, performed using the R statistical 

software versions 2.8.0 and 2.12.0 (R_Development_Core_Team 2010), and included 

the use of packages implemented in the Bioconductor project (Gentleman et al. 2004) 

as outlined below. Expression signals for the determination of transcripts enriched in 

a given cell type were calculated using the dChip v2010 software (Li and Wong 

2001).

2.1.2 Array annotation

Reannotation of an array can significantly alter the interpretation of a microar

ray dataset (Dai et al. 2005). Therefore, 1 used reannotation information where probes 

were mapped to predicted gene sequences of the latest Arahidopsis genome release 

(TAIR9) (downloadable at http://brainarray.mbni.med.umicli.edu/). The reannotated 

array targets 2r504 genes, representing around 78% of the Arahidopsis genome 

(27,416 protein coding genes according to TAIR vlO, www.arabidopsis.org) utilizing 

219,079 single probes. From the latter, 1,732 single probes match multiple genes in 

the genome perfectly and were removed from the mappings for the analysis using the 

dChip software; this resulted in 251 probesets being omitted from the analysis. The 

package affxparser (Bengtsson et al. 2008) was used to generate a new chip descrip

tion file where the multiple mappings had been removed.

2.1.3 Analysis of gene enrichment across an Arahidopsis tissue atlas.

I made use of extensive microarray datasets from Arahidopsis for comparing the 

gene expression profiles of gametes to those of other tissues in the plant body. For 

this, I processed an Arahidopsis tissue atlas consisting of mixed tissue and single-cell 

tissues as described (Schmidt et al.; Wuest et al. 2010).

For finding single genes that show enrichment in female gametophytic cells, 

log2-transformed dChip expression indexes were imported into R. A linear model was
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fitted on the data and modified t-tests, implemented in the limma package (Smyth 

2004), were used to test gene-wise contrasts of a given gametophytic cell type against 

all other tissues/cell types. Genes with an adjusted /?-value (Benjamin! and Hochberg 

1995) smaller than 0.01 in all contrasts were considered significant. Heatmaps were 

generated using the Bioconductor package gplots (Warnes et al.)

2.1.4 Calculation of present/absent p-values using updated probe definitions

In order to calculate present/absent values, I applied a method termed 

atPANP (Wuest et al. 2010), which is a modified version of the original PANP 

method (Warren 2007). The method makes use of internal negative control for the 

ATH1 GeneChip® that consists of probes that do not match sequences from the latest 

Arahidopsis genome release. These negative probes were determined via BLAST 

(Altschul et al. 1990). For this, probes present on the ATHl GeneChip® but not used 

in the pro beset annotation were queried against the TAIR Version 9 cDNA and BAC 

databases (downloaded from www.arabidopsis.org) using the standalone BLAST 

executable function “blastall” Version 2.2.23

(ftp://ftp.ncbi.nih.gov/blast/executables/). Probes that matched either genomic or 

cDNA sequences with more than two mismatches or more than one gap-extension 

were considered reliable measures for background (a total of 1,574 probes). Single 

negative probes were randomly assembled into sets of 11, thus constituting negative 

probe sets. I generated a total of 2,000 negative probeset by resampling randomly 

from the pool of negative probes. Negative probe set signals were then calculated 

using the RMA algorithm (Irizarry et al. 2003), an algorithm that has been shown to 

be robust for the analysis of data from amplified RNA (Cope et al. 2006). An empiri

cal signal background distribution for each individual array was used to determine the 

probeset signal threshold for a given false-positive rate - as implemented in the 

pa.calls function from the Bioconductor package PANP (Warren 2007). P-value 

calculations on resampled negative probe sets were repeated 20 times and averaged in 

order to obtain more robust results.

P-values of less than 0.02 (early version) or less than 0.04 (updated version) 

were considered significant and a transcript was considered expressed when called 

“present” in at least two thirds of the biological replicates. Four-way Venn diagrams 

of present call overlaps were drawn using the software VENNY (Reference), area-
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proportional Venn diagrams were created using software “Venn Diagram Plotter” 

(Pazific Northwest - National Laboratory; http://omics.pnl.gov).

2.2 Methods for Chapter 4

2.2.1. Plant lines and growth conditions

Plants were grown on a soil:vermiculite:perlite (5:3:2) mixture under constant 

illumination at 20°C. Plants carrying the ap3-3 (null allele) and pi-1 (null-allele) 

alleles were kindly provided by Elliot Meyerowitz (Caltech). Null alleles were 

propagated in a heterozygous state. The ap3-l (temperature-sensitive allele) was 

ordered from the Nottingham Arabidopsis Stock Center (NASC, accession number 

N3085). The floral induction system used in this study consists of plants doubly 

homozygous for apl-1 and cal-1 harbouring an APl-GR transgene driven by the 

cauliflower mosaic virus 35S promoter (Wellmer et al. 2006).

2.2.2. Plant transformation

Agrobacterium-mediSLiQd plant transformation (strain C58 pGV2260,

(McBride and Summerfelt 1990) was carried out using the floral-dip method (Clough 

and Bent 1998). T1 transformant seedlings transformed with pML-BART were 

selected by spraying seedlings with 200 pg/ml ammonium-glufosinate (‘basta’). For 

wild-type plants of accession L-er, the floral dip was performed by applying a 

vacuum of 500 mbar for 5 minutes while inflorescences were submerged in the 

transformation solution.

T1 transformant seedlings from plants transformed with pART27-derived vec

tors were selected on 0.5xMS agar plates (Murashige and Skoog medium: 2.2 g/L MS 

salts, pH 5.7, 6 g/L agar) containing 50 pg/ml Kanamycin. Seeds were sterilized 

previous to plating using hypochlorous acid (100 mL bleach mixed with 3 mL hydro

chloric acid) for approximately 4 hours in a sealed container under a fume hood.

2.2.3. General cloning procedures

The following strains were used for the work in this thesis:

Escherichia coli strain XL 1-Blue - Genotype recAl endAl gyrA96 thi-1 hsdR17 

supE44 relAl lac [F proAB lacIZAM15 TnlO (Tet)] (Stratagene)
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Escherichia coli strain Tp611 - Genotype recBC hsdRM cya610 pcn-12 (Glaser et al. 

1993)
Escherichia coli strain STBL2 - Genotype F- endAl glnV44 thi-1 recAl gyrA96 

relAl A(lac-proAB) mcrA A(mcrBC-hsdRMS-mrr) X (Invitrogen)

Agrohacterium tumefaciens strain C58 pGV2260 (McBride and Summerfelt 1990) 

Medium compositions were as follows: Luria-Bertani medium (LB) - 10 g/L 

bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L NaCl; for LB plates, 15 g/L agar was 

added. Antibiotics concentrations were as follows: Rifampicin (50 mg/mL); 

Spectinomycin (100 mg/mL);

Competent E. coli cells were generated as described in (Inoue et al. 1990). 

Plasmids extractions were performed using the GeneJetTM plasmid miniprep kit 

(Fermentas).

2.2.4. RNAi and dominant-negative translational fusion construets

A F*/-RNAi vector was generated by cloning a 316 bp fragment of the Pl- 

cDNA into pHannibal (Wesley et al. 2001) using AT/oI and EcoR\ sites for the 

forward direction and Xba\IBam\\\ for reverse directio. For this, the forward construct 

was firstly PCR-amplified from E-er wild-type inflorescence cDNA with primer pair 

oSW240/242. A partial digest of the PCR product with XhoHEcoRX and subsequent 

cloning into pHannibal resulted in pSW97. The reverse fragment was PCR-amplified 

cDNA using primer pair oSW241/243 which coniain Xbal!BamHl restriction sites, 

respectively. These sites were used to clone the reverse fragment into pSW97, 

yielding plasmid pSWlOS. The 35S::RNAi fragment from pSWlOS was subcloned 

into the binary plasmid pML-BART (Gleave 1992) using Not\ restriction sites and 

used for plant transformation.

2.2.5. amiRNA constructs

Artificial miRNAs (amiRNAs) were designed using the web-based tool WMD 

(http://wmd.weigelworld.org) and the second version (WMD2, 

wmd2.weigelworld.org) of the software. In total, two different amiRNAs targeting 

APS and ten different amiRNAs targeting PI (see also Table 4.2: “Effects of different 

strategies for perturbation o^AP3 and PI function”) were cloned, whereby the target 

sequences for PI amiRNAs are dispersed across the transcript. The pRS300 miRNA
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backbone was used as a template for the PCR-based mutagenesis method to replace 

the sequences yielding target specificity as described previously (Schwab et al. 2006). 

The resulting amiRNA backbones were cloned into the pBJ36-vector, either 

containing a 35S cauliflower mosaic virus promoter (Benfey and Chua 1990) or the 

pAleA ethanol receptor responsive promoter from Aspergillus nidulans (Caddick et 

al. 1998; Roslan et al. 2001) using EcoKMBam\\\ restriction sites. The amiRNAs were 

then further subcloned into pML-BART using Aod-restriction sites. The ethanol- 

indueible amiRNAs were subcloned into a pML-BART derivative containing the 

AlcR-receptor driven by the 35S promoter instead.

2.2.6. Induction of amiRNA using ethanol vapour

Induction of the ethanol-inducible ^/*3-amiRNA, plants were transferred into 

trays that can be covered by transparent plastic lids. Several induetion conditions have 

been tested so far, and I found that limiting ethanol volume is essential for reducing 

plant stress. Throughout this study, plant were treated with 2x10 ml of 100% ethanol 
in 50 ml falcon tubes.

2.2.7. Generation of antibodies raised against peptide-epitopes

Antibodies that specifically recognize peptide sequences present in the AP3 or 

PI proteins were generated the following way: firstly, protein BLAST was used to 

identify regions with the respective proteins that exhibit little homology to other 

proteins of Arabidopsis. Then, three-dimensional protein strueture predictions were 

used to identify regions that are likely exposed on the surfaee of the protein. In 

addition, the hydrophobicity of these regions was estimated. The peptides used for 

immunization were ETNRNLRTQIKQRC for AP3 and C-ISKRRNEKMMAE for PI. 

The peptides were synthesized by GenSeript USA Inc., which also raised polyclonal 

rabbit antibodies against them. The antibodies were affinity-purified against the 

peptides used for immunization.

2.2.8. Epitope-tagged complementation eonstruct

Putative promoter elements of PI and APS (as assessed by the expression of a 

reporter transgene) have been described earlier (Hill et al. 1998; Honma and Goto
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2000) and include less than 1,500 bp and 1,036 bp upstream of the translational start 

codon, respectively. In addition, a 1.7 kb fragment upstream of the AP3 coding 

sequence (CDS) has been shown to eomplement the ap3-3 null mutant in an earlier 

publieation (Irish and Yamamoto 1995). Thus, for the P/and complementation 

eonstructs, three and four different translational fusions to either 6xHaemagglutin-tag 

(HA-tag) or the Green Fluoreseent Protein (GFP) were cloned, respectively. The 

GFP-tag has been ehosen beeause it has been sueeessfully used for the generation of 

epitope-tagged AP3 complementation construets (Lauri 2005). For the P/-CDS fusion 

to GFP, construets that differ in the linker-region between the CDS and the GFP-tag 

were generated, with one tag eoding for of GPGTRAMG and the other of 

PGFEIDKLGSAAAA (Ala-linker). In detail, the eloning proeedure was as follows 

(see also Figure 2.1 for overview):

a) vectors kindly provided by Frank Wellmer:

pPl-Pl was eut out from pBJ36-pPl:PI (a gift from Carolyn Ohno), and the veetor 

was first digested with Bam\\\ and overhangs were made blunt using Mung Bean 

nuclease (New England Biolabs). Subsequently, the linearized veetor was digested 

with Xho\. The resulting pPl-Pl fragment was introdueed into pBJ36-6xHA (a gift 

from Emmanuelle Graeiet) which was cut with XhoMSmaX. The insert in the 

resulting pFW212 plasmid was partially sequenced.

The AP3 eoding region was PCR-amplified from a plasmid provided by Toshiro 

Ito using primers 5’-GAGAATTCAAGAATATGGCGAGAGGGAAGATCCAG- 

3’ and 5’-ATCCCGGGTTCAAGAAGATGGAAGGTAATGATGTC-3’ and 

cloned into pTOPO (Invitrogen), resulting in pFW148. At the same time, a 1.1 kb 

AP3 promoter fragment was digested from pi 18 (a gift from Pradeep Das, 

baekbone veetor pBJ36) with Nsi\ and ligated into pBJ36-6xHA (digested with 

Nsi\), resulting in pFW170. The orientation of the insert was tested by Cla\ 

digestion. Then, the AP3 eoding sequence was eut from pi48 with EcoBA and 

Xma\ and ligated into pFW170, whieh resulted in plasmid pFW175.

b) eloning of further eomplementation eonstruets: 

pAP3::v4Pi(CDS)-Ala-GFP: pAP3 amplified from pFW170 using oSW238 and 

oSW239 and eloned into pBJ36-Ala-GFP (a gift from Pradeep Das) using 

SacMEcoKl sites added to the primers, which resulted in pSWlOl. Then, the AP3 

CDS was eut from pFW148 using SmallEcoPl sites and ligated into pSWlOl, 

resulting in pSW108.
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Genomic fusion of the APS locus to the GFP-tag: AP3g-GFP was cloned by PCR 

amplifying a genomic fragment from h-er genomic DNA using primers 

oSW140/oSW146 and digestion using Sma\. The fragment was then subcloned into 

pBJ36-mGFP5 (a gift from Emmanuelle Graciet).

GFP-fusions of PI; pPI::PI were amplified from pFW212 using the primer pair 

oSW138/oSW139 and cloned into pBJ36-mGFP5 using Pst\ and ATzol sites, 

resulting in pSW50.

The pPI::PI fragment was also amplified from pFW212 using primer pair 

oSW138/oSW261 and cloned into pBJ36-Ala-mGFP5 using Pst\ and Bam\A\ sites, 

resulting in vector pSWl 12.

The genomic translational GFP-fusion construct PIg-GFP was generated by PCR 

amplification using primers oSW138 and oSW139, and L-er genomic DNA as a 

template. The fragment was digested using PstMXhol and cloned into the pBJ36- 

mGFPS vector.

All complementation constructs were further subcloned into pML-BART 

using Not\ sites, resulting in binary vectors used for plant transformation.

»-n I I III 6xHA

■H~ ir~ i i rm GFP

H H IH JCiE

E3----- □O-O-Df GFP

Figure 2.1: Schematic drawing of complementation constructs created.

The scheme depicts PI epitope-tagged constructs cloned to complement the pi-1 null mutant. 

Arrows and grey box denote a 1,620 bp upstream region that was assumed to contain all 

necessary promoter-elements to drive correct gene expression (Honma and Goto 2000). Blue 

boxes denote the P/coding sequences. Epitope tags - separated by distinct linker regions 

(yellow/red) - were translationally fused to coding sequences. The plasmid constructs contain 

additional features such as terminator and resistance casette (not shown). TPi-constructs are



not drawn but are in principle identical to the /^/-construct shown here, however, an 

equivalent to construct number 3 was not generated for APS.

1. pPI::Pl-6xHA construct (pFW212)

2. pPI::Pl-GFP construct (pSWSO)

3. pPl::Pl-Ala-GFP(pSW112)

4. Plg-GFP(pSW177)

2.2.9. Epitope-tagged gain-of-function constructs

In order to generate GFP-tagged PI protein driven under the control of the 

constitutive 35S cauliflower mosaic virus promoter, the 35S promoter fragment from 

the 35S-pBJ36 vector was excised using HindiWIXbaX sites and ligated it into 

pSWl 12 (see above) containing the pPI::PI-Ala-GFP construct. The HindWMXhal 

digestion of pSWl 12 removed the pPI-fragment, which was replaced by the 35S 

promoter. The resulting translational fusion fragment in pSWl 17 was then subcloned 

into pML-BART using A^od-sites. Similarly, the GFP-tagged AP3 protein driven 
under the control of the 35S-promoter was generated by digesting the 35S-pBJ36 

vector using ^coRl/AAal-sites and ligating the resulting 35S promoter-containing 

fragment into pSWlOS, generating the plasmid pSWl 18. The 35S;:AP3-Ala-GFP 

fragment was subcloned into pML-BART using Not\ sites.

2.2.10. DNA extractions

DNA extractions from plant tissue was performed as described previously 

(Edwards et al. 1991).

2.2.11. Thermal asymmetric interlaced PCR (TAIL-PCR)

TAIL-PCR to for the isolation and mapping of T-DNA insertion loci was 

performed according to (Liu et al. 1995). Nested bands were analyzed by 

electrophoresis on 1 % agarose gels, gel-purified using a gel purification kit 

(Fermentas) and subsequently sequenced. Sequence comparisons against Arabidopsis 

BAC-sequences using TAIR BLAST (www.arabidopsis.org) allowed the 

identification of genomic insertion loci and design of genotyping assays (see 

Appendix, Table SI)
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2.2.12. Genotyping assays

Strategies for PCR-based genotyping of mutant alleles and transgenic lines 

carrying a T-DNA insertion are summarized in the Appendix.

2.2.13. Induction and tissue collection in the floral induction system (FIS)

Inflorescences from FIS plants were treated with a solution containing 10 

pM dexamethasone (Sigma-Aldrich), 0.01% (v/v) ethanol, and 0.015% (v/v) 

Silwett L-77 (De Sangosse). Tissue for molecular analyses was collected as de

scribed previously (Wellmer et al. 2006). For biochemical analyses, bulkier tissue 

samples were generally collected, generally including whole cauliflower heads.

2.2.14. RNA extraction, cDNA synthesis and real-time RT-PCR

Total RNA was isolated from plant tissue using the Spectrum Plant Total 

RNA kit (Sigma-Aldrich) according to manufacturer’s instructions. Generally, no 

DNase 1 treatments were included. RNA was reverse transcribed using oligo 

(dT)18 primers and the RevertAid [Ft minus] reverse transcriptase (Fermentas) 

according to the manufacturer’s recommendations.

Relative expression levels were determined using the Roche LightCycler 

480 system and the LC480 SYBR Green I Master kit (Roche Applied Sciences). 

Melting curves obtained for all reactions were examined for the presence of mul

tiple melting peaks, which would indicate multiple (unspecific) products in a PCR 

reaction. All PCR reactions were performed as technical duplicates. The amplifi

cation data were analyzed using the second derivative maximum method. The 

resulting Cp values were converted into relative expression values using the com

parative Ct method, assuming PCR efficiencies of E = 1 (or 100%) (Livak and 

Schmittgen 2001). Unless otherwise stated, transcript abundance for Atlgl3320, 

At4g34270 or At2g28390 (Czechowski et al. 2005) were used to normalize the 

data (see primer list for details. Appendix Table SI).

2.2.15. Western blotting

Protein extractions were performed by snap-freezing tissue in liquid nitrogen 

and subsequent grinding of the tissue to powder. Then, the powder was resuspended
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in 1X CCLR buffer (Promega) supplemented with 2 mM DTT, 1 mM PMSF and 

1:100-fold diluted plant protease inhibitor (Sigma-Aldrich) and centrifugated for 5 

min at maximum speed at 4°C. Alternatively, nuclei extraction was performed as 

described below (Section 2.2.18). Twenty or 40 pg of protein in the supernatant was 

then run on a 12% SDS-PAGE gel after boiling at 95°C for 5 minutes. Proteins were 

transferred from the SDS-PAGE gel to a Immobilon-P transfer membrane (Sigma- 

Aldrich) by electrophoresis (50 V) for 2 hours at 4°C. Then, the membrane was 

blocked for 15 minutes at RT in a IxPBST-solution containing 5% (w/v) milk powder 

(PBST-buffer: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HP04-7H20, 1.4 mM 

KH2PO4, 0.05% (v/v) Tween-20). The membrane was incubated overnight at 4°C with 

a solution containing a 1:1000 dilution of the antibody in 7.5 ml lxPBST/5% (w/v) 

milk powder. Non-hybridized antibody was removed by rinsing the membrane with 

IxPBST for several times. The membrane was then incubated with a IxPBST solution 

containing horseradish peroxidase-coupled anti-rabbit IgG antibodies (Sigma;

1:50,000) for 2 h at room temperature, followed by three more washes with IxPBST. 

Secondary antibody on the membrane was visualized using the Amersham ECL Plus 

Western blotting detection system (GE Healthcare) and exposing the membrane in a 

dark box (LAS-3000, Fujifilm) for 30-50 min.

2.2.16. Preparation of nuclear extracts

The extraction of nuclei was performed as described below in Section 2.2.18 

(protocol 1), without added formaldehyde and quenching of the fixative by glycine. 

After washing with M3 buffer (see Appendix Table S2 for buffer compositions), 

nuclei were resuspended in 50 mL 2x SDS loading buffer and incubated at 95°C for 5 

min. 15 mL of this denatured protein extract was loaded onto a 10% SDS-PAGE gel.

2.2.17 Chromatin immunoprecipitation

Note: the protocol optimizations were performed together with Diarmuid O Maoile- 

idigh and Emmanuelle Graciet.

Protocol optimizations for the ChlP procedure included testing different pa

rameters, which are summarized in Table 4.5 of Chapter 4. However, all different 

protocols used in the optimization are modified versions of two basic protocols: Pro

tocol 1 was adapted from protocols by Dr. Adrian Bracken (Cancer Transcriptomics
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Laboratory, Smurfit Institute of Genetics, TCD) and by (Ito et al. 1997) Protocol 2 

was similar to the one described in (Kaufmann et al. 2010), as described in the follow

ing sections.

2.2.18. Chromatin preparation

In protocol 1, the plant tissue was post-fixed according to a protocol by Toshiro 

Ito (National University of Singapore) (Ito et al. 2007): hereby, inflorescences were 

ground and snap-frozen in liquid nitrogen until further use. Then, the tissue was 

pooled and 500 pi of tissue was ground on ice. The resulting tissue powder was re

suspended in 900 pL Ml buffer (see Appendix Table S2 for all buffer compositions) 

and the tissue was ground further. 24.3 pL 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. The mixture was incubated for 10 min at 4°C on a 

rotating wheel. 50 pL 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. The cross-linked 

tissue was filtered twice through a layer of miracloth that had been pre-wet with M1 

buffer. The filtered extract was then centrifuged for 5 min at 7,700\g at 4”C to pellet 

the nuclei. The nuclei pellet was resuspended in 0.9 mL M2 buffer, followed by cen

trifugation for 1 min at 7,700x^ and 4°C. This step was repeated twice. Then, the 

pellet was resuspended in using 0.9 mL M3 buffer, followed by centrifugation for 5 

min at 2000xg, 4°C. The nucleus pellet was finally resuspended in 0.2 mL lysis buffer 

and incubated for 10 min on ice in order to lyse the nuclei. After incubation, the nu

cleus extract was diluted with 0.8 mL ChIP dilution buffer. Subsequently, sonication 

and chromatin preparation was performed as described below.

For 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. DNA was eluted 

from the beads by incubation in 150 pi elution buffer 1 at 65°C for 2 hours. The mix

ture was then centrifuged for I min at 2,400xg to pellet the beads. This elution step 

was repeated with 100 pL Elution buffer 1 and incubation for 2 h at 65“C. The super

natant was pooled and incubated overnight at 65°C to reverse the protein-DNA cross-
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links. Then, 2 |.aL DNAse-free RNase (Roche) were added to the eluted as well as to 

the input fraction. Samples were incubated at 37°C for 1 hour. Then, 2 pL proteinase 

K (Roche) was added, and the mixture was incubated at 55°C for 2 hours. This was 

followed by a phenol-chloroform extraction of the DNA in 1 volume phe- 

nol:chloroform:isoamyl alcohol (25:24:1) (Fluka). The DNA was precipitated by 

using 2.5 volumes of 100% ethanol, 0.1 volume of 0.1 M sodium acetate pH5.4 and 2 

pL glycogen (from a 20 mg/mL stock solution. Sigma), followed by incubation over

night at -20°C. After centrifugation at maximum speed for 15 min at 4°C, the DNA 

pellet was washed with 80% ethanol, dried in a sterile hood and resuspended in mo

lecular biology grade water.

For protocol 2, approximately 750pL-l mT of tissue was fixed in 1.5 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 fixation buffer was then 

removed, and 950 fresh MC buffer added to the tissue, together with 50 pL of a 2.5 M 

glycine solution to stop the fixation. The tube was inverted several times, placed back 

on ice and vacuum (800 mbar) was applied for 5 min. The fixed tissue was subse

quently washed three times with 1 mL MC buffer. After the last wash, the MC buffer 

was removed as much as possible, and the tissue snap-frozen in liquid nitrogen.

In order to extract the nuclei, approximately 250 pL Ml buffer was added to the 

tissue, which was then ground thoroughly. Additional Ml buffer was added to a final 

volume of 1.5 ml. The ground tissue was filtered twice through a layer of miracloth 

that had been pre-wet with approx. 200-300 pi Ml buffer. Nuclei were washed and 

lysed as described in Protocol 1.

Chromatin was prepared by the sonicating the resuspended and lysed nuclear 

extract in a Diagenode Bioruptor at 4°C. Each nuclear extract was split into three 0.3 

mL aliquots. “High” intensity sonication cycles were applied, which consisted of 30 

sec sonication, followed by 30 sec cooling periods without sonication. In protocol 1,

10 cycles were applied, while in protocol 2, 12 cycles were applied. DNA fragments 

obtained from sonicated chromatin ranged on average 350 and 750 bp in size. The 

sonieation efficieney was checked for eaeh assay by purifying a 80-pL aliquot of 

chromatin using a phenol-chloroform extraction and analyzing it on a 1.5% agarose 

gel.

23



2.2.19. Immunoprecipitation

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 serum albumine solution. The chromatin was diluted to 2 ml total volume 

using Chip dilution buffer (Protocol 1) or IP buffer (protocol 2) and pre-cleared 

through incubation with 60 pL of blocked protein A sepharose beads for 15-90 

minutes (see Table 4.5 for optimization results of preclearing duration). A 100-pL 

aliquot of the precleared chromatin was taken as the input control sample. The pre

cleared chromatin was pipetted out into a clean microtube and incubated with 4 pL of 

GFP-specific antibody (Ab290; Abeam/ A6455; Invitrogen) at 4°C for 1 hour on a 

rotating wheel. After incubation with the antibody, 60 pL of washed protein A sepha

rose beads were added and tubes were incubated with rotation for 2 hours at 4°C.

Next, the protein A sepharose beads were washed using different sets of buffers as 

follows:
For Protocol 2, washes and elution were performed as in (Kaufmann et al.

2010). The DNA was purified as described above.

2.2.20. Quantification of genomic DNA

To obtain an accurate estimate of the amount of genomic DNA present in ChlP 

samples, the Quant-iT dsDNA HS assay (Invitrogen) was used according to the manu

facturer’s instructions.

2.2.21. Illumina ChIP-Seq library preparation (performed by Diarmuid O 

Maoileidigh)

The preparation of Illumina ChIP-Seq libraries was performed as per manufac

turer’s instruction with some modifications. Briefly, ChlP DNA (5-10 ng) was 

treated with T4 DNA polymerase, E. coli DNA Pol I large fragment (Klenow polym

erase), and T4 polynucleotide kinase (PNK) to convert the overhangs of the ChlP 

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' 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
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adapters were then separated by agarose gel electrophoresis. To this end, a 2 % aga

rose gel 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 Sensitiv

ity DNA chips. The amount of DNA was measured as described in Section 2.2.20. 

Finally, these libraries were diluted to a final concentration of 50 pg/pL for qPCR 

analysis, and to a final concentration of 10 nM for lllumina sequencing.

2.2.22. Confocal imaging

A Zeiss LSM 510 confocal microscope equipped with a 40xC-Apochromat 

Lens was used to visualize the GFP tagged AP3 protein in homozygous line sSW61.1 

(genomic AP3-GFP fusion construct in a wild-type background). For this, older 

flower buds were dissected from freshly harvested inflorescences of plants that had 

been grown at 16°C for two days. Then, the inflorescences were placed in 1% agar 

and soaked for one hour in deionized water. Afterwards, further flower buds were 

pinched off the inflorescence, until only around four visible buds remained.

Thereafter, the tissue was soaked again for one hour in water, before about 10 pi of a 
333 pg/ml FM4-64 solution were applied to the inflorescence for 10 min for staining. 

GFP was excited at 488 nm, the filter range 505-550 nm was defined as green (GFP) 

signal and 585 nm was defined as red (FM4-64). Imaging on the confocal was kindly 

supported by Jens Hillebrand.

2.2.23. 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.

2.2.24. Epidermal surface imaging using differential interference contrast light 
microscopy
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Epidermal surface imprints were generated as described (Horiguchi et al. 

2006). Imaging was performed on an Olympus BX61 fluorescence microscope with 

differential interference contrast optics.

2.2.25. General data analysis

Unless otherwise stated, all analyses were performed using the R statistical 

software Version 2.13.0 (R Development Core Team 2010) and the listed libraries 

implemented in the Bioconductor project (www.bioconductor.org) Version 2.8.

2.2.26. Reannotation 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 Jose-I,uis Riechman, 

Center for Research in Agricultural Genomics, Barcelona). Because probe design was 

based on the TAIR version 8 genome release, I re-annotated all probes on the array to 

TAIR version 10. Figure 2.2 summarizes the approach. 1 used the standalone BLAST 

executable function “blastall” Version 2.2.24 (downloadable from 

ftp://ftp.ncbi.nih.gov/blast/executables/) (Altschul et al. 1990) to map all probes to the 

latest cDNA definitions (file TAIR10_cdna_20l01214); if a probe 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 labeled to have possible cross
hybridization 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 additional or several good hits only (same criteria as in the 

cDNA BLAST), it was also labeled to have cross-hybridization properties. If a probe 

had no hits, it was further blasted against genomic sequences (file 

TAIR10_bac_con_20]01028). If a probe had no hits with less than four mismatches 

or three gap-extensions, it was labeled as “negative probe” to be used later as a 

guidance for filtering based on expression levels. The remaining probes were labeled 

with their original identifiers, generally IDs containing the genomic coordinates.
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45'210 AGILENT Array; 60-mer probes 
based on TAIR v8 (JL Rtechman)

BLAST against TAIR 10 
cDNA sequences

> 2mismatches 
or > 1 gap-extension 

(only antisense sequences)

YES

NO

check number of hits

single hit 

remove (cross-hybridizing)

BLAST against TAIR 10 
Transposable Elements sequences

> 2mismatches 
or > 1 gap-extension 

(only antisense sequences)

check number of 
perfect hits

■^single
remove (cross-hybridizing)

BLAST against TAIR 10 
genomic sequences

< 4 mismatches 
or < 3 gap-extension

retain non-crosshybridizing 
probes with good target hits

retain initial identifier (genomic regions) negative probes 
(128 probes)

42740 reannotated probes based on TAIR v 10 
and negative probes for expression-based filtering

Figure 2.2: Reannotation of the Agilent 44K array to the latest genome release. Scheme 

summarizing the work-flow used to reannotate the 44K Agilent array - originally designed 

based on the TAIR version 8 genome release - to the TAIR 10 genome release using BLAST. 

Purple text outline decision rules. The reannotation was also used to remove potential cross- 

hybridizing probes. In case a probe could not be unambigously assigned to a locus or to the 

pool of negative probes, its initial identifier was retained.

2.2.27. Low-level microarray data processing and basic data handling

Low-level data processing was perfomed using functionality provided by the 

Bioconductor package limma (Silver et al. 2009). Agilent median signals and 

background were read into R and background correction was performed using the 

“backgroundCorrecf’-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 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 three arrays were retained.

Principal component analyses were performed using the prcomp function in R.
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2.2.28. Higher level microarray analysis

Separate-channel analysis (Smyth 2005) used to test for differential gene 

expression was performed using linear models (Smyth 2004) as described in the 

limma user guide.

Base-level annotations were retrieved from the Bioconductor homepage, 

(package arabidopsis.dbO 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 fAIRlO 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 according to (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 and Hochberg adjustments (Benjamini and Hochberg 1995). Gene 

set enrichment analysis was performed using the mroast function as implemented in 

the limma package (Wu et al. 2010) with 5,000 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 (Wames et al.).

2.2.29. Short read alignment, quality control and general data handling

Reference datasets were downloaded from the NCBI SRA database 

(www.ncbi.nlm.nih.gov/sra), and sequence information from the sra-files dumped into
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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 chromosome fasta files TAIR10_chrl.fas- 

TAIRlO chrS.fas, including chloroplast and mitochondrial sequences). Short read 

alignments were performed using the S0AP2 software (Li et al. 2009) 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 

1 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.TAlR.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).

2.2.29 Peak calling

Peak calling was performed using the CSAR package (Muino et al. 2011), and 

enriched regions were identified at a FDR cut-off of 0.001 (with > 500,000 

permutations for each dataset). Only peak regions with stretches of >50 bp were 

retained. Furthermore, an independent peak calling method, as implemented in the 

BayesPeak (PP > 0.9) was used to confirm enriched regions (Spyrou et al. 2009; 

Cairns et al. 2011): CSAR peaks were retained only if they overlapped with a region 

detected by the BayesPeak method.

Peaks were associated with genes located in the vicinity using CSAR 

functionality, whereby a peak had to reside in a genomic region ranging from 3 kb 

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 

'fAIR10_GFF3_genes.gff). GO term enrichments were performed as described above
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by using GO mappings provided by the org.At.tair.dh 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).

2.2.29.3 Motif Detection

For the detection of motifs at putative binding sites, 200 bp core sequences 

centered around peak locations (as obtained from the CSAR analysis) from a dataset 

were written into a fasta-file and submitted to the browser-based MEME-ChIP 

analysis suite (http;//meme.sdsc.edu/meme/) (Bailey et al. 2009)

2.3. Methods - Chapter 5

2.3.1. Microarray data analysis

The atlas of tissue specific expression was used as described in Chapter 3. 

Graphical representations and calculations of correlation coefficient were performed 

in the statistical software R (Version 2.12.0, http://www.r-project.org/) using the 

gplots package (Warnes et al.).

2.3.2. Cloning of amiRNA constructs

The generation of constructs for the expression of amiRNAs targeting REM 

genes was done as described for Chapter 1. The plasmid descriptions amiRNA 

sequences and predicted target genes can be found in the Appendix, Table SI). The 

sequence used to generate the amiRNA against REM19 is 

TATGTTCGTAGTAAGACCTTG.

2.3.3. Cloning of overexpression constructs and repressor/activation domain 

fusions

In order to generate gain-of-function constructs and tranlational fusion 

constructs with constitutive repressor- or activator domains, fragments of the
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respective REM transcription factor-coding genes was PCR-amplified using cDNA 

derived from L-er inflorescence. cDNA fragments were inserted into pBJ36-vectors 

containing the constitutively active 35S promoter using the restriction sites indicated 

in the primer list (see Appendix, Table SI). The SRDX-domain or VPl6-domain were 

fused C-terminally to the REM22 and REM17 cDNAs fragments after PCR- 

amplification of the respective fragment from the corresponding 35S-pBJ36 vectors 

and reverse primers that allowed for the substitution of the STOP-codons. In detail, 

REM22 CDS was amplified from L-er inflorescence-derived cDNA using primers 

forward 5’-GAGAATTCATGGGTAAGAGTAGTAACATAG-3’ and reverse 5’- 

ATGGATCCAACATAGATAGTTTTGTTAGCATAAC-3’ and ligated into pBJ36- 

pAlcA using BamHl/EcoRl sites, resulting in pSW31. A second PCR using the 

forward primer from above and reverse 5’-ATGGATCCAGGAACTACTCC- 

CCAATCGATCATGCACTGATC-3’ was used to amplify a fragment from pSW31 

that could be used for translational fusion, and was inserted into the pBJ36- 

35S::SRDX vector (a gift from Pradeep Das) using EcoRl/BamHl sites, resulting in 
pSW98.

Part of the REM 17 cDNA was amplified from L-er inflorescence-derived 

cDNA using forward 5’- TACTCGAGTCTTCATACAACATTTTAGC-3’ and 

reverse 5’-ATGGATCCAGCTCAAAGATTAGATATTG-3’ and the fragment was 

inserted into pBJ36-pAlcA using XhoUBamWl sites, resulting in pSW54. A second 

PCR on pSW54 using forward 5’-TACTCGAGTCCAAGATGGCCTCTTCAATG-3’ 

and reverse 5’-ATATCGATGTACAGATCCTTACCGCGGATG-3’ and subcloning 

of the fragment using A7ioI/C/aI sites into pBJ36-35S;:SRDX resulted in pSW99.

The pBJ36-35S::VP16 vector was generated by subcloning the 35S-promoter 

from pBJ36-35S into pBJ36-VP16 (a gift from Pradeep Das) using Pst\ and Sad sites 

(whereas the backbone was only partially digested using feci).

The REMIT and REM22 CDS were subcloned into the resulting pBJ36- 

35S::VP16 vector using EcoRMBamViX undXhoUClaX restriction sites, respectively.

2.3.4. Insertion lines

T-DNA and transposon insertion lines from large-scale mutagenesis projects 

(Sessions et al. 2002; Alonso et al. 2003; Rosso et al. 2003; Woody et al. 2007) were 

ordered from the Nottingham Arabidopsis Stock Center. Plants were grown in long-
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day conditions as described in the methods fore Chapter 4. Genotypings were 

performed using insert-specific primers and two locus-specific primers as indicated in 

the Appendix - Table SI.

2.3.5. RNA extractions, RT-PCR and qRT-PCR

RNA extractions, RT-PCR and qRT-PCR were performed as described in the 

methods section for Chapter 4. Primer sequences can be found in Appendix I'able SI.

2.3.6. Tissue flxation and chloralhydrate clearings

Flowers were fixed in Farmer’s fixative (3:1 Ethanol:Acetic Acid) under 500 

mbar vacuum (2x10 min) and washed three times with 1 ml of 100% EtOH (10 min 

each wash). Clearings were made using chloralhydrate:glycerol of Chloral hydrate in 

30% glycerol (2.5 grams of chloral hydrate to 1 ml of 30% glycerol).
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Chapter 3: A microgenomics approach towards the charac
terization of female reproductive cell types in Arabidopsis

3.1 Introduction

The application of genomic technologies for the analysis of developmental 

processes has often been limited by heterogeneity of tissues or by asynchronous de

velopment of the studied entities within a single plant. A spatially as well as tempo

rally resolved view of gene expression can provide knowledge about the specification 

of cells at the molecular level (Brady et al. 2007). In Arabidopsis, this has been most 

impressively demonstrated by the advances made through single-cell genomics in root 

tissues (Birnbaum et al. 2003; Brady et al. 2007; Moreno-Risueno et al. 2010). A 

major advantage of studying root differentiation processes is the relatively stereotypi

cal pattern of cell arrangements and divisions that occur over an extended period of 

root growth. This has made it possible to adopt high-throughput fluorescence-assisted 

cell sorting for the isolation of relatively pure populations of different root cell types. 

The approach is, however, not directly applicable for more complex plant tissues, 

such as the reproductive structures that are the focus of this thesis. To study develop

mental processes in these structures, it is desirable to generate such a temporally and 

spatially resolved view of gene expression. In this first chapter, I focussed on analyti

cal methods that 1 developed and applied during my Ph.D. project towards the inter

pretation of transcriptome data that were generated by the scientific community, by 

myself during my M.Sc. research project at the University of Zurich, as well as by 

collaborators at the University of Zurich.

The main focus of this chapter is the development of a highly resolved view of 

gene expression activities and its use to study reproductive processes. I discuss the 

value of such a dataset to i) gain further insights into molecular processes underlying 

cellular differentiation; ii) to unravel gene function through reverse genetics; and iii) 

to provide shortcuts in fine mapping and cloning of mutant loci.

The biological focus of this chapter lies on the development and function of 

female reproductive structures - primarily the female gametophyte. The plant life 

cycle alternates between a diploid sporophyte and a haploid gametophyte generation 

(Figure 3.1). During the course of the evolution of land plants, the gametophyte gen-
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eration has been reduced in size and complexity (Yadegari and Drews 2004; Dolan 

2009; Niklas and Kutschera 2010). In mosses the gametophyte generation grows as an 

independent organism that is photosynthetically active (Figure 3.2). In angiosperms, 

the gametophyte generation is composed of only a few cells and develops embedded 

in sporophytic tissues. Nutritionally, the angiosperm gametophyte is totally dependent 

on the sporophyte generation.

Figure 3.1: The life cycle of angiosperms. An angiosperm’s life cycle alternates between 

two heteromorphic generations - a dominant diploid sporophytic phase (green background) 

and a highly reduced haploid gametophytic phase (orange background). The sporophytic 

phase begins with the process of double fertilization, whereby two sperm cells are delivered 

to the female gametophyte, with two fertilization products (embryo and endosperm) develop

ing as part of the seed. Embryogenesis still occurs within maternal structures and is dependent 

on maternal resources. After seed dispersal and seed germination, the sporophyte develops 

post-embryonically by the production of new cells through meristematic tissues, firstly to 

produce vegetative structures and later reproductive structures. The determination of a sensu 

stricto germline happens only within reproductive units (female carpels and male stamens), 

shortly before meiosis occurs and the gametophytic phase begins. Gametophytic growth is 

limited to only a few cell divisions. The production of mature gametes (female egg and cen

tral cell and male sperms) marks the end of the gametophytic phase.
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A unique feature of angiosperm reproduction is double fertilization, whereby 

two sperm cells delivered by the pollen tube to the mature ovules fertilize female 

gametophytic cells (Marton and Dresselhaus 2008). One sperm fertilizes the haploid 

egg cell, giving rise to the diploid zygote that will develop into an embryo and thus 

the new sporophyte generation. The other sperm fertilizes the diploid central cell, 

giving rise to the triploid endosperm, which will nourish the embryo during its devel

opment but not contribute genetically to the next sporophytic generation. The en

dosperm is not only an interesting structure from an evolutionary point of view 

(Friedman 2001; Friedman and Williams 2003), but also of great economic interest, as 

it forms the basis of a large proportion of human calorie intake through staple foods 

such wheat, rice etc .

Pollen tubes
Sperms

- I Micropyje i

Carpel

Synergids

Central cell

Antipodals

Ovule

Figure 3.2: Reduction of gametophyte complexity during the evolution of angiosperms.

A. Sporophyte of a moss growing from the tip of the gametophyte generation. The gameto

phyte in mosses is a complex multicellular organism that is photosynthetically active and 

grows independently of the sporophyte B. In angiosperms, the gametophyte generation is
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enclosed within the dominant sporophyte generation (an example of a Pedicularis sp sporo- 

phyte is shown), in specialized reproductive structures termed carpels that form part of the 

flower. C. Model of the mature female gametophyte of the Arahidopsis thaliana. The female 

gametophyte is a seven-celled organism that develops within specialized reproductive sporo- 

phytic structures, the ovules. It consists of four cell types: three antipodals that degenerate 

during the maturation process, a binucleate central cell that will be fertilized by a sperm cell 

to give rise to the triploid endosperm, an egg cell that will be fertilized by the second sperm to 

give rise to the next generation, and two synergids, accessory cells that are critical to the 

fertilization process (Marton and Dresselhaus 2010). After pollen has landed on the receptive 

stigma of the carpel, germinating pollen produces a pollen tube that grows within the trans

mitting tract of the carpel deliver the sperms to the micropyle, an opening in the integuments 

at the distal end of the ovule. The funiculus contains a vascular strand and provides a link of 

the ovule to the maternal placenta. The female gametophyte and embryonic stages of the next 

sporophytic generation are nutritionally dependent on the mother plant, paralleling reproduc

tive strategies of placental animals.

3.1.1 Development of the mature female gametophyte from a somatic cell within 

the nucellus

The processes of megasporogenesis and megagametogenesis, as outlined in 

Figure 3.3, encompass the production of female reproductive structures including the 

spores as a product of meiosis, and the gametes (Grossniklaus and Schneitz 1998). In 

angiosperms, both processes occur in female reproductive structures (ovules) that are 

enclosed in the carpel. During the process of ovule primordium development, a single 

cell in the nucellus is selected to become the megaspore mothercell that will undergo 

meiosis. The result of meiosis is a tetrad of reduced cells - megaspores. Most fre

quently, three of these megaspores degenerate, and the surviving megaspore under

goes three rounds of mitosis during the process of megagametogenesis to form a 

seven-celled embryo sac. One of the cells of the mature embryo sac called central cell 

contains two nuclei: during double fertilization, this cell is fertilized too and gives rise 

to the endosperm, a tissue on which the developing embryo is nutritionally dependent. 

The fertilized egg gives rise to the zygote that will develop into the next generation.
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Figure 3.3: Key steps in megasporogenesis and megagametogenesis (after Koltunow and 

Grossniklaus 2003).

Angiosperm female reproductive development occurs in specialized structures termed ovules 

that are enclosed in carpel tissue. A. Ovules are initiated through periclinal divisions of cells 

in the L3 and L2 layers within a carpel region termed the placenta. B. The selection of a 

archesporial cell from nucellar somatic cells can be seen as a germline selection process and 

initiates the process of megasporogenesis C. The archesporial cell differentiates into the 

megaspore mothercell. D. Meiosis of the megaspore mothercell results in the formation of a 
tetrad of haploid spores, three of which undergo programmed cell death. The single remaining 

functional megaspore develops into the mature female gametophyte. E. This happens through 

three initial rounds of nuclear divisions without cytokinesis, which results in a eight-nucleate 

syncytium. Subsequent nuclear migrations and cellularization produces the seven-celled 

gametophyte (in the so-called Polygonum-type gametopytes as e.g. in Arabidopsis), contain

ing four different cell types - synergids, egg, diploid central cell and antipodals.

3.1.2 Isolation and transcriptional profiling of single cells of the Arabidopsis 

female gametophyte.

The haploid female gametophyte of flowering plants is a highly reduced or

ganism: at maturity it often consists of as few as three cell types derived from a com

mon precursor. Because only a limited amount of cell divisions are required for the 

formation of the female gametophyte, it is an ideal system to study differentiation 

processes in the light of cell lineage and cell position. Furthermore, due to its simple 

structure and polar organization, it can be used to obtain a complete expression map
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of an organism. However, the small number of cells and the inaccessibility of the 

female gametophyte have made molecular and genome-wide studies difficult. To 

determine cell type-specific expression profiles in the female gametophyte of Arahi- 

dopsis thaliana, 1 combined laser-assisted microdissection (LAM) of individual cells 

with microarray expression profiling using Affymetrix ATI 11 whole genome 

GeneChip®, a microarray platform commonly used in Arabidopsis research. The data 

collection and validation experiments were done as part of my M.Sc. thesis research 

project in the laboratory of Ueli Grossniklaus at the University of Zurich (Wuest 

2006). There, LAM allowed me to dissect the cells of the mature female gametophyte 

based on cytology with little cross-contamination by neighboring cell types. mRNA 

isolated from 300 to 800 cells per sample was amplified using a linear amplification 

protocol and hybridized to ATH1 GeneChips®. Three biological replicates of good 

quality were produced for each cell type. Cell type-specific transcriptomes were 

obtained for the synergids and the two female gametes, the egg and central cell (Fig

ure 3.4).

rnn|lpil5||mJ?lm iniifsss gssE??
? .mm Ml

complete linkage

Figure 3.4: Isolation and transcriptome analysis of tYic Arabidopsis female gametophyte.
The left panel shows subsequent isolation of single cell types from an 8 pm thin section
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through a mature ovule. A. Section through an ovule bearing a mature embryo sac before 

laser microdissection Mic = micropyle, Sy = synergids, Ec = egg cell, Cc = central cell, Fu = 

funiculus. Scale bar: 37 mm. B and C. Isolation of the egg cell using a UV laser (1-2 mm 

beam diameter) and adhesive surface of a collection tube cap C. The synergids have been cut 

and removed from the section. E. The large central cell has been collected and an empty 

ovule is being left over. F. Two large central cells sticking to the adhesive cap surface; cells 

of a single cell type were collected subsequently on the same cap surface and pooled. G. 
Sample clustering of the resulting female gametophyte dataset (coloured labels) together with 

transcriptome data from pollen and sperm (male gametophyte (Borges et al. 2008)) and 

ovules (maternal sporophytic tissues from (Yu et al. 2005)). Biological replicates group 

together, indicating high reproducibility between experiments.

In this chapter 1 present the results of analytical methods that I developed at 

Trinity College Dublin in order to interpret these datasets. Several problems of low- 

level data pre-processing as well as higher-level analyses had to be solved, as a con

sequence of the particular method of sample collection and processing. In particular, 

the algorithm commonly used to determine whether a transcript had been present in 

the hybridized RNA source, performed poorly on this particular dataset.

I aimed to assess whether alternative algorithms could be devised and applied. 

The description of the method requires some more detailed technical knowledge; its 

introduction was included in the respective results sections to make the understanding 

of the results easier and enable a better text flow.

In a second section. I wanted to refine the analytical tools developed for the 

analysis of the mature female gametophyte dataset, and apply the methods on a re

lated dataset - to support the research project of Dr. Anja Schmidt (group of Prof Ueli 

Grossniklaus). The experimental part and data collection was performed mainly by 

Anja Schmidt. I analyzed data obtained from the megaspore mothercell transcriptome 

of Arabidopsis that, too, was obtained by combining LAM of reproductive tissues and 

microarray expression profiling.

The work presented in this chapter has been included in three publications 

(Wuest et al. 2010; Schmidt et al. 2011; Kritsas et al. submitted).
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3.2 Results

3.2.1 Analytical and quantitative methods for the analysis of single-cell microar
ray data

3.2.1.1 Systematic biases in microarray data from amplified RNA of laser- 
capture projects

The technical challenges of single-cell transcriptome analyses reside in the 

limited amount of mRNA that can be isolated from biological material. To estimate 

gene expression through hybridization-based technologies - such as microarrays - 

from such samples, an RNA amplification through cDNA intermediates is commonly 

employed. Popular RNA amplification strategies have mostly been adapted from the 

so-called Eberwine-method (Van Gelder et al. 1990), which is based on a linear am

plification of mRNA through the incorporation of a T7-promoter sequence in the 

primer used for cDNA synthesis step and subsequent in vitro transcription. However, 

a consequence of the linear amplification strategy in combination with small amounts 

of input RNA is the predominant amplification of 3’-mRNA ends resulting in a loss of 

signal at the 5’-mRNA end, hereafter referred to as 3’bias (Cope et al. 2006). This 

3’bias can be problematic for accurate estimation of gene expression signals by com

monly used data pre-processing and estimation procedures. It has been shown that 

certain data pre-processing methods are more robust to this 3’ bias (Irizarry et al.

2003; Cope et al. 2006; Wuest 2006).

In addition to these estimates of relative transcript abundance derived from a 

microarray experiment, a popular feature of Affymetrix GeneChips® is the use of a 

decision algorithm that determines whether a transcript was present in the original 

mRNA pool. This method has been implemented in the analysis pipeline of Af

fymetrix, the Microarray Analysis Suite 5 (MASS) and produces so-called MASS 

present/absent calls: a present-call provides statistical evidence that a measurement 

lies significantly above the background noise in a microarray experiment. However, 

this default algorithm performs relatively poorly on data from amplified samples 

(Casson et al. 200S; Wuest 2006) and an alternative method would be desirable.

In order to determine how the 3’bias in the gametophyte dataset influences the 

signal and present/absent call estimates, 1 first tested whether the bias is readily de-
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tectable in primary data. As shown in Figure 3.5, the mean intensities for different 

microarray probes targeting the same transcript are generally for those higher target

ing 3’transcript end, even for data that have been obtained from high-quality RNA 

material (ovules of different stages from Yu et al. 2005). This effect is, however, 

strongly enhanced in datasets obtained from amplified RNA sources (examples shown 

are egg and central cell biological replicates). Probes targeting the 5’end exhibit lower 

overall mean intensities. The figure also shows that overall signal in some biological 

replicates is reduced (e.g. the third central cell replicate).

RNA degradation plot

Probe Number

Figure 3.5: Influence of 3’ bias on the performance of the MASS present/absent calling 

method

A. RNA degradation plot showing the preferential signal retention at the 3’ location of tran

scripts targeted by different probes on the ATHI array. The plot shows mean intensity values 

detected from probes that are sorted according to the relative 5’-3’ position of the comple

mentary transcript sequences they were designed to target. Red and orange lines were used 

arrays whose amplified RNA sources exhibited stronger 3’ bias. Lower signal intensities, as
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in the case of central cell replicate 3, result in lower number of transcript determined to be 

“expressed”, according to the conventionally used MASS algorithm (see panel B). B. Present 

call overlaps between arrays that represent biological replicates. Green: central cell replicates. 

Brown: three microarray replicates from ovules at maturity, from a previously published 

microarry experiment (Yu et al. 2005)

I next tested how this 3’bias influenees the performanee of the MASS pre

sent/absent call method by comparing overlaps of transcripts determined to be present 

in biological replicates between good quality RNA sources and amplified RNA 

sources. 1 found strong overlap of present calls in biological replicates from good 

quality RNA sources, such as ovules at maturity (Yu et al. 2005). In contrast, 1 found 

a strong reduction in overlaps of present calls in biological replicates from amplified 

RNA sources (see Figure 3.5 and data not shown). Furthermore, the method seems 

sensitive to overall array intensities (see also Wuest 2006). For example, the overall 

number of present calls for central cell replicate 3 is reduced (Figure 3.5).

3.2.1.2 Obsolete probes present on mieroarray plattforms used to estimate array 

baekground signal

A major drawback of microarray-based expression measures is that probe 

design is based on the current knowledge of genome composition and sequence, 

which changes as new information about the genome becomes available. Generally, 

the probe-to-transcript mappings have to be updated once newer genome versions are 

released - which is generally considered a disadvantage of mieroarray plattforms, and 

some probes on the array become obsolete (negative probes). By using these negative 

probes, 1 developed an algorithm for the creation of present/absent calls for the Arabi- 

dopsis Affymetrix GeneChip®, hereafter denoted AtPANP or simply PANP {Arabi- 

dopsis thaliana Presence/Absence calls from Negative Probes). The algorithm is an 

adaptation of a method that was originally developed on the human HGU133A-series 

of Affymetrix GeneChips (Warren 2007). The original method uses negative probe- 

sets, which were designed based on Expressed Sequence Tags (EST) sequence data 

and turned out to target only antisense transcript sequences. As these probesets are 

very likely to measure only background noise, they can be used to estimate the distri

bution of array background signals. The original method has been shown to be similar
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to the default present/absent call method in terms of accuracy and sensitivity, based 

on evaluations using a calibration dataset on the HGU133A platform (Warren 2007).

In order to adopt the method ^or Arabidosis arrays, I searched for probes that 

had become obsolete on the ATHl GeneChip. The microarray platform has been 

designed based on an early Arabidopsis genome release (Redman et al. 2004). A 

recent array reannotation project has revealed that updates in probeset definitions can 

improve array data interpretation (Casneuf et al. 2007). In a first development of the 

method (Wuest et al. 2010), I had used the 1,607 obsolete probes on the ATHl-array 

based on “The Arabidopsis Information Resource” (TAIR) release 7 cDNA and 

genomic sequences (kindly provided by Tine Casneuf). For a further development of 

the method in context of the Arabidopsis megaspore mothercell transcriptome (see 

section 1.2.2: “The transcriptome of the Arabidopsis sporogeneous cell”), I used the 

standalone BASIC LOCAL ALIGNMENT TOOL (BLAST) software and sequences 

from the TAIR9 genome release to determine negative probes - according to the 

strategy outlined in Figure 3.6. I found that 1,574 probes on the array did not match 

updated genome or cDNA sequence information anymore and could thus be consid

ered negative probes.

Figure 3.6: Use of negative probes to generate an empirical signal baekground distribu
tion. A) Probes on the array that do not match updated genome sequence information any

more were identified using BLAST and the TAIR version 9 genome release (using cDNA as
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well as BAC-genomic sequences). Probes whose best sequence match against the two se

quence datasets contained more than two mismatches or one gap extensions were classified as 

negative probes. The box at the bottom shows an example of a negative probe that produced 

only a suboptimal BLAST hit against the TAIR9 cDNA database. B) The expression signals 

estimated from negative sets of probes (blue) are amongst the lowest amongst all signal 

estimates on the array (black). In contrast, the signal estimates of probesets from genes de

termined to be expressed by the conventional MASS algorithm (purple) are generally higher 

than negative probeset signals. Therefore, the expression signal estimates can be used as a 

proxy as to how likely a transcript is present or absent in an RNA sample, when combined 

with the empirical background distribution. The red line shows the signal densities of tran

scripts that were determined to be expressed this way by the new method AtPANP.

I estimated expression signals for these negative probeset using a robust pre

processing method (Irizarry' et al. 2003) and found that their distribution exhibited 

properties expected from background signals (Figure 3.6B): Negative probesets are 

generally associated with low expression values. Transcripts that are predicted to be 

expressed -using the conventional MASS present/absent call method- are associated 

with higher expression values and follow a distribution that is different from the one 

from negative probes. Therefore, a background distribution estimated from negative 

probesets allows partitioning of the expression estimates into two different distribu

tions and assigning higher estimates a “present” call (Figure 3.6B).

3.2.1.3 Improved performance of an alternative method to generate 
present/absent calls

To assess the performance of the new present/absent calling method AtPANP,

I compared it with the conventional MASS method. As shown by the p-value histo

grams in Figure 3.7, the AtPANP method generates a larger number of low p-values 

than the MASS method in data from gametophytic cell types (and thus assigns more 

present calls within a sample). I assessed the performance of the new algorithm using 

measures of accuracy, by testing its predictive power for genes known to be expressed 

in the female gametophyte as well as of precision, i.e. overlaps between biological 

replicates.

For the test of accuracy, information collected from the literature on reported 

expression of genes within the mature female gametophytic cells (Wuest et al. 2010) 

was used. I divided the negative probes into a training set to calculate the empirical
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background distribution used for the AtPANP method, and a test set to calculate false 

positive rates associated with a p-value threshold. 1 then assessed the power of the 

algorithm by comparing the true positive rate (i.e. how many genes known to be 

expressed in a gametophytic cell were correctly assigned a present call) with the false 

positive rate at a given /?-value thresholds. The resulting Receiver Operator Curves 

(ROC) shown in Figure 3.7 C show that the AtPANP method outperforms the conven

tional MASS method in terms of accuracy, with consistently higher true positive rates 

at any given false positive rates. In addition, the use of updated negative probes and 

probeset definitions (based on TAIR version 9 genome release) improves the accuracy 

of the method further (compare Figure 3.7C left and right panel).

To test whether the AtPANP method also increases precision, I calculated the 

overlaps of present calls between biological replicates as determined by MASS and as 

determined by AtPANP', these overlaps were compared (see Figure 3.8). For the 

MASS method, a p-value of 0.04 was used to determine presence / absence, and for 

the AtPANP method a /?-value of 0.02 was. The different /^-values were used because 

p-values have not equivalent meanings in the two methods (Warren 2007), and to be 

conservative in the ‘"present” calls derived from the AtPANP method. Overlaps were 

higher when present calls were calculated with the AtPANP method. The most dra

matic improvement was found for the synergids, where only 782 genes were called 

“present” in all three replicates by the conventional MASS method in contrast to 

4,604 genes by the AtPANP method. This is a nearly 6-fold increase of overlaps 

between all three replicates. These results suggest that AtPANP improves both accu

racy and precision of the present calling in array data from amplified RNA sources.
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Figure 3.7: Performance of the AtPANP method on data from amplified RNA sources.

A. Use of background estimates for individual arrays: the AtPANP method works by assess

ing whether a transcript signal lies above a given threshold which -rather than being arbitrar

ily detennined- is derived from a background distribution generated from negative probe 

signals. In A., the signal densities on two different arrays are shown (dashed vs dotted lines). 

The background signals are shifted towards higher expression values in the second array 

(dotted blue), which results in a similar distribution shift in signals of genes determined to be 

expressed B. Histogram of p-values estimated from central cell replicate 1 using MAS5 

(conventional method) and AtPANP. A significantly higher proportion of probesets are as

signed ap-value < 0.04 (indicated in blue) using AtPANP than using MASS. C. ROCs gener

ated by using literature information on transcripts known to be expressed in the central cell 

[cc] (true positives) and half the negative probes on the ATHl array (“test-set”, true nega

tives). The two plots were generated using array annotations and negative probe information 

based on: TAIR version 7, as in (Wuest et al. 2010) (left panel) and TAIR version 9, as in 

(Schmidt et al.) (right panel). Both graphs suggest that AtPANP results in better accuracy for 

present call /7-values, and the update of probeset definitions improved the method further. 

True positive rates of AtPANP (solid lines) are higher than those of MAS5 /7-values (broken 

lines) at any given false positive rate for all replicates.
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Figure 3.8: Reproducibility of expression calling methods on array data from female 

gametophytic cell types.

Present call overlaps between biological replicates when determined by the two different 

methods MASS and AtPANP. The Venn diagrams show present call overlaps in the three 

biological replicates for MASS (upper row) and AtPANP present calls (lower row) usingp- 

value cut-offs of 0.04 and 0.02, respectively. Areas within a Venn diagram are number pro

portional, however, areas between different Venn diagrams are not to scale.

3.2,2 The transcriptome of the Arabidopsis female gametophyte

3.2.2,1 Estimated transcriptome size of female gametophyte slightly larger than 

the transcriptome of the male gametophyte

The assessment of the new method to determine present calls suggested that 

transcriptome size and composition from single-cell types could be estimated with 

improved accuracy. I therefore determined the transcriptome of the different female 

gametophytic cell types. Using the earlier version of the method and the reannotation 

information based on TAIR7 genome release, I estimated that the transcriptome of the 

mature female gametophyte includes around 8,850 genes of the 20,777 represented on 

the ATHl array (Wuest et al. 2010), which is similar in size to the transcriptome of 

the male gametophyte (Borges et al. 2008). Because of the stringent p-value cut-offs 

used, outdated array annotations and the 3’bias discussed above, the size of the tran- 

scriptomes of the female gametophytic cell types is likely somewhat greater than what
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this number would suggest. I present here the results based on the updated probeset 

definitions as well as attempts to estimate the fraction of false positives and false 

negatives in the transcriptomes.

I determined how many transcripts are “expressed” in different cell types. “Ex

pressed” is defined here by present/absent /i-values of a transcript below a given 

threshold in more than one replicate experiment - calculated by using the AtPANP 

method and the training set of negative probes. The number of probesets contained 

within the test set of negative probes that was wrongly determined to be expressed at 

this given threshold was counted. This was used to estimate a false discovery rate at a 

given p-value cut-off: the results are summarized in Table 3.1. Using a more relaxed 

AtPANP cut-off /7-value of 0.04 resulted in a higher percentage of true positives 

correctly identified as expressed, with only limited increase in the number of false 

positives (compared to a cut-off p-value of 0.02). 1 estimated that the method identi

fies approx. 67-75 % of transcripts truly expressed in a cell type. Therefore, after 

extrapolating to the ATHl-array genome of 21,504 probesets (TA1R9 annotation), a 

total of 11,904 (central cell), 11,247 (egg cell) and 10,144 (synergids) transcripts 

should be assigned to be expressed in these cells, respectively - if the method of pre

sent calling was perfect.

It should also be considered, that the ATHl array covers only around 78% of 

the transcriptome of Arabidopsis: the current release of the Arabidopsis genome 

(TAIR vlO) contains 27,416 protein-coding genes. Thus, accounting for this, ap

proximately 15,230 (central cell), 14,340 (egg cell) and 12,930 (synergids) transcripts 

are to be expected in these cells, respectively. In summary, the transcriptome size of 

the female gametophyte is probably slightly higher than the one of the male gameto- 

phyte (Honys and Twell 2004; Borges et al. 2008; Wuest et al. 2010).

Table 3.1: Method performances for present calling for data from female gametophytic 

cell types. The performances of the MASS and AtPANP (at different /7-value cut-offs) were 

determined by using information from the literature where gene expression patterns in the 

female gametophyte have been reported (true positives). Probesets representing true negatives 

(i.e. transcripts that are not expressed in the gametophyte) were simulated by sampling from 

pools of negative probes - after splitting the negative probes into a training set (used for in 

AtPANP method) and a test set (used to assess method performances). Definition of probesets 

and negative probes are based on TAIR version 9. The True Positive Rate (TPR) indicates the
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fraction of transcripts known to be expressed in a cell that is correctly determined to be ex

pressed by a method. The False Positive Rate (FPR) indicates the fraction of negative probe- 

sets incorrectly determined to be expressed by a method.

DataSet Known
TPs

TPR
PANP
p<0.04

TPR
PANP
p<0.02

TPR
MASS
p<0.04

FPR
PANP
p<0.04

FPR
PANP
p<0.02

FPR
MASS
p<0.04

Central cells 64 72% 58% 50% 2.60% 0.70% 2.10%
Egg cells 53 75% 68% 57% 2.60% 0.90% 2.10%
Synergids 55 67% 64% 47% 220% 0.90% 0.50%

Table 3.2: Estimation of the transcriptome sizes of female gametophytic cell types. The

table summarizes the results from AtPANP (p<0.04) present/absent call calculations, whereby 

a transcript was only called “present” if this was supported by at least two replicates. Esti

mates of true positives (TPs) and false positives (FPs) represent extrapolations based on 

method performance assessment (literature-supported transcripts versus negative probes 

sampled from the test set - see Table 3.1 above). Based on these two estimates, 1 could deter

mine how many transcripts are approximately expressed in the gametophytic cells (true 

positives + false negatives) - from all 21,504 target transcripts represented on the ATHl 

array.

DataSet
No. of genes 
called “pre
sent”

Estimated 
number of
TPs

Estimated 
number of
FPs

Extrapolated 
number of to
tally expressed

Central cells 8,834 8,585 249 113»45
Eggs 8,755 8,488 267 11247
Synergids 7,063 6,824 239 10,144

3.2.3. The transcriptome of the Arabidopsis sporogeneous cell

In contrast to most animals, plants do not set aside a germline (i.e. a group of 

cells designated to specifically produce the gametes) during early development 

(Marton and Dresselhaus 2008). During plant sporogenesis, a somatic cell (the 

archesporial cell) within the nucellus is generally selected to produce the next genera

tion. The megaspore mothercell (MMC), which undergoes meiosis to give rise to the 

spores, directly differentiates from this selected cell. Therefore, it can be speculated 

that transcriptome of the MMC exhibits similarities with the remaining cells of the 

nucellus. However, it is also likely that distinct molecular blueprints of the female 

gametophyte are already being activated in the MMC. In a sense, the selection of the
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sporogeneous cell from a somatic cell lineage can be considered a germline selection 

process (Schmidt et al. 2011). Thus, both germline features as well as gametophyte 

features should theoretically be visible in the MMC transcriptome, in addition to 

features derived from its somatic cell lineage. During my work 1 have helped to char

acterize the transcriptome of the MMC and tried to relate it to cells of similar function 

or lineage. This was done as part of a collaboration with Dr. Anja Schmidt (University 

of Zurich).

The strategy used for transcriptional profiling of the megaspore mothercell 

was similar to the ones used to determine the transcriptome of the mature female 

gametophyte. In brief, thin sections of paraffin embedded gynoecia were used as 

material for laser assisted microdissection. Because of the small size of the structures, 

multiple sections were pooled before RNA extraction. In addition, a larger part of the 

nucellus surrounding the megaspore mothercell was isolated. 1 his was necessary 

because the megaspore mothercell could not be isolated in absolutely pure popula

tions and some contamination by nucellar tissue could not be excluded. The nucellus 

thus provided a background control and a reference transcriptional profile of a sporo- 

phytic tissue closely related in terms of cell lineage. All the experimental work was 

performed by Anja Schmidt while 1 performed a large part of the microarray data 

analysis.

I used two main strategies to analyse the transcriptome of the MMC:

Firstly, I applied ihe AtPANP method to estimate the number and identity of genes 

expressed in the cell type. Using a conservative p-value as a cut-off value, 6,650 

genes were called “presenf’ {i.e. p-value < 0.02) in at least three out of four array 

replicates, and an additional 2,465 genes were called “presenf’ in two out of four 

replicates. For the nucellus reference tissue, 10,081 transcripts were detected at this 

significance level in at least three of four replicates, while an additional 1,442 tran

scripts were judged as “presenf’ in two of four replicates (see Figure 3.9 B). The 

number of transcripts detected in heterogeneous nucellar tissue is expectedly higher 

than the number of transcripts detected in the MMC. However, it could also reflect to 

a small extent that the megaspore mothercell arrays exhibit slightly increased variabil

ity in array qualities (not shown).

Secondly, in order to find transcripts with enriched expression in the MMC, I 

compiled publicly available gene expression information for a large variety of cell-
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and tissue types of Arabidopsis shoot, root and reproduetive tissues as described in 

(Wuest et al. 2010) and added the two following datasets:

1) laser-microdissected early embryo and endosperm stages (Harada-Goldberg dataset 

provided by Ryan Christopher Kirkbride: GSE12404; www.ncbi.nlm.nih.gov/gds; as 

used in (Le et al. 2010))

2) cell-sorted subdomains of the shoot apical meristem (Yadav et al. 2009).

Together, this atlas of gene expression in different tissues contained a total of 

70 different tissue and cell types. 1 tested which genes were significantly upregulated 

in the MMC or the nucellus as compared to all other tissues and cell types. Forty-nine 

genes were significantly enriched in nucellus tissue as compared to the tissue atlas 

(with an adjusted p-value cutoff of 0.01). Eighty-two genes were identified whose 

transcripts were significantly enriched as compared to the tissue atlas when the back

ground control (nucellus) was not included in the analysis. A functional gene classifi

cation suggested an enrichment of tyrosine biosynthesis, translation, acid phosphatase 

activity, and ATP-dependent RNA helicase activity pathways amongst this set 

(Schmidt et al. 2011). When the background control sample (nucellus) was included 

in the tissue atlas that the MMC was contrasted against, only 13 genes exhibited 

higher expression in the MMC (see Figure 3.9 C). Amongst those genes were SOLO 
DANCERS (SDS), previously shown to be important in meiosis (Azumi et al. 2002), 

as well as YUCCA2, a gene involved in auxin biosynthesis. The remaining eleven 

genes have not been functionally characterized so far. However, one of these genes 

which codes for a putative DEAD/DEAH-box helicase protein was found to have an 

important function in megaspore selection and megagametogenesis and was named 

MNEME, after the Greek muse of memory (Schmidt et al. 2011) (see Figure 3.9).
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Figure 3.9: Genes expressed and enriched in t\ie Arabidopsis sporogenous cell.
A. Schematic representation of cell types that were isolated using laser assisted microdissec

tion for expression profiling. As the megaspore mothercell is difficult to isolate in pure single 

cell populations from thin sections of young ovules, a larger part of the nucellus was isolated 

to estimate tissue contamination effects and to be used as a reference dataset (experiments 

performed by Anja Schmidt). B. Venn diagram of original AtPANP-call overlaps of the four 

biological replicate arrays for the megaspore mothercell (conservative p-value cut-off 0.02). 

C. Heatmap showing enriched expression of 13 genes (as rows) globally enriched as com

pared to the background control (nucellus) as well as a comprehensive transcriptome atlas of 

Arabidopsis tissues and cell types (as columns). Yellow colour denotes high expression, blue 

denotes low expression. The transcript for MNEME is highlighted with a red box: for this 

gene, reverse genetics has yielded two mutant alleles that result in developmental problems 

during female germline selection, gametogenesis and early embryogenesis (Schmidt et al.

2011).
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To determine how the transcriptomes of the reproductive tissues relate to each 

other, to other tissues, to cell types of i\\Q Arabidopsis shoot or root system, as well as 

to the developing microgametophytes, I calculated present/absent calls for

tissues from the compiled tissue atlas and for array data from early stages of pollen 

development (Honys and Twell 2004). Multidimensional scaling and sample cluster

ing, both based on Manhattan distance (whereby “gene expressed” was coded as 1 and 

“gene not expressed” was coded as 0) suggest that the MMC exhibits a transcriptome 

that is similar in size and/or composition to male and female gametophytes (Figure 

3.10). Male and female gametophytic cell types seem to exhibit transcriptomes that 

differ from those of maternal sporophytic tissues. Furthermore, there is some similar

ity of nucellar tissue and the MMC with male microspores and early pollen stages, as 

evident from the sample clustering. Further support for this observation awaits results 

the availability of RNA-Seq datasets, but the result might indicate shared gene ex

pression modules expressed during both male and female early reproductive stages.
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Figure 3.10: Transcriptome sizes and composition of female and male reproductive structures in 

Arabidopsis. A. Multidimensional scaling and B. hierarchical clustering of binary transcriptomes 

{l=present, 0=absent) based on Manhattan distance between samples. The numbers below the sample 

names in B. denote the transcriptome sizes as determined by AtPANP (p<0.04) with a transcript deter

mined to be expressed in at least two third of the arrays, respectively. Generally, root (purple) and 

shoot (green) tissues have similar transcriptome sizes and/or composition. Reproductive tissues are 

more variable, both in number and identity of genes expressed. The latter can partially be explained by 

the higher technical variation due to difficulties in obtaining pure samples of these tissue types {e.g. the 

Casson/Lindsey-embryo data are predicted to have very small transcriptome sizes). However, previous 

studies have already suggested that male reproductive structures (blue) have a unique transcriptome 

(Becker et al. 2003). The transcriptome clustering suggests that this is also true for female reproductive
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(light green) and early embryonic structures (red - please note that the Casson/Lindsey embryo data 

form a separate group due to small estimates transcriptomes).

3.3 Discussion and Outlook

3.3.1 A microgenomics approach to study reproductive processes in Arabidopsis

The plant’s life cycle alternates between two heteromorphic generations, the 

haploid gametophyte and the diploid sporophyte. In angiosperms, the gametophyte 

generation is a highly reduced organism that is directly dependent on the sporophyte. 

The gametophyte generation in angiosperms is often central to agricultural interest, 

for example when generating male-sterile plant lines for the generation of hybrids or 

to develop apomictic crop species that would revolutionize breeding efforts 

(Koltunow and Grossniklaus 2003; Spillane et al. 2004). Furthermore, the products of 

double fertilization in plants, the endosperm and embryo, are critical for human sur

vival as they provide most of our staple foods through e.g. rice, wheat, maize or soy

bean. It is therefore important to understand the genetic processes involved in the 
formation and development of the plant gametophyte generation. The work presented 

in this chapter has focused on the genetic network underlying female gametophyte 

function and development. I analyzed two microarray datasets that were generated in 

the laboratory of Ueli Grossniklaus at the University of Zurich. I have applied differ

ent analytical methods to provide insights into the transcriptomes of the megaspore 

mothercell and the mature female gametophyte in Arabidopsis, and have developed 

and applied a modified method to determine gene expression from microarray data. I 

have shown that the choice of low-level data processing methods is critical to improve 

interpretability of the particular datasets, especially by the use of alternative pre

sent/absent calling methods. The results also provided first insights into in the tran

scriptomes of these cells, and highlighted differences between closely related but 

functionally distinct cell types. For example, small RNA pathway components are 

unequally distributed amongst cells of the mature female gametophyte, with several 

genes containing a PAZ domain - generally associated with the ARGONAUTE genes 

that are involved in gene silencing through small RNA pathways - specifically en

riched in the egg cell (Wuest et al. 2010). This is somewhat contrary to what has been 

expected after the reported high abundance of small RNAs in the developing en-
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dosperm (Mosher et al. 2009) associated with demethylation of repetitive elements 

(Hsieh et al. 2009). The interpretation of these seemingly contrasting observations 

awaits further experiments, but a model that consolidates these contrasts has been 

proposed (Wuest et al. 2010): the central cell could act as a production site of small 

RNAs that are then delivered to the egg cell - similar to what has been observed in 

vegetative and generative cells of the pollen, respectively (Slotkin et al. 2009).

Contrasting the transcriptional profiles of gametophytic cell types against 

other tissues and cell types of Arahidopsis has revealed genetic component important 

to gametophyte functions. For example, three transcription factor families have been 

found to be enriched in the female gametophyte as a whole, namely MADS-box 

transcription factors, transcription factors of the RWP-RK family and the Reproduc

tive Meristem (REM) family. It is notable that for each of these families, there is 

functional evidence that one or more members are critical for gametophyte function 

(Matias-Hernandez et al. 2010; Koszegi et al. 2011; Masiero et al. 2011).

3.3.2 The transcriptome of female reproductive cell types

The transcriptomes of female reproductive cells, as estimated through the 

method described in this chapter, are similar in size to the ones of male reproductive 

cells and embryonic tissues. As show in section 2.3.2, the method still underestimates 

the number of genes truly expressed in a given cell type, making strong inference 

based on these results difficult. It will be interesting to see how novel transcriptome 

profiling method (such as deep sequencing of RNA isolated from these cells) compare 

to our estimates and whether the similarity between reproductive tissues (i.e. male and 

female gametophyte, embryo etc) is based on methodological bias or not. A first 

RNA-Seq transcriptome is available already for the central cell (Marc Schmid and 

Ueli Grossniklaus, personal communication). From that dataset, between 17,419 

(relaxed selection criteria) and 13,426 (stringent selection criteria) transcripts are 

estimated to be expressed in the central cell. My extrapolations suggested that a total 

of 11,945 transcripts represented on the ATHl-array should be expected in the central 

cell. When considering that the array only targets about 78% of the protein-coding 

genes in the Arabidopsis genome according the latest genome release (TAIRIO), the 

estimate would increase to 15,229 transcripts expressed in the central cell, which 

roughly matches the estimates from the RNA-Seq approach.
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The estimates of total number of genes expressed in the female gametophytic 

cells agree largely between the two methods. However, only 8,585 true positives have 

been called “present” in the central cell, according to the AtPANP method. It can be 

expected that the catalogue of transcripts expressed in reproductive cells will nearly 

double in the near future, as these more sensitive methods for transcript profiling 

become available. However, it can be expected that general transcriptional trends and 

a large fraction of the main genetic modules acting in these cells have been identified. 

A major advantage of the Affymetrix ATH microarray data analyzed in this study is 

the vast amount of publicly available data that have been generated by the plant com

munity over the last ten years using this platform, making cross-comparisons across 

tissues and conditions easier.

Once the catalogue of genes expressed in both male and female gametophytic 

cells is more complete, comparative analyses with moss and fern gametophytes could 

unravel how or what gene expression modules were lost or gained from the gameto

phytic generation over the course of plant evolution (Dolan 2009).

3.3.3. Using highly resolved developmental datasets for the fine-mapping of 
mutants

Genes that are involved in the development or function of a cell type can be 

identified through several approaches. Firstly, a spatially and developmentally re

solved gene expression map can form the basis of reverse genetics approaches (as 

demonstrated through the description of MNEME gene function in female germline 

selection, gametogenesis and embryogenesis (Schmidt et al. 2011)). It can also sup

port the fine-mapping of mutants isolated in forward genetic screens.

Secondly, map-based cloning can be used to identify mutant loci with gameto

phytic phenotypes. This is however often challenging as plants often have to be main

tained as heterozygotes and the phenotype can be difficult to score because the 

gametophyte consists of only few cells embedded in sporophytic tissue. The female 

gametophyte dataset discussed in this chapter was shown to be useful to identify 

potential candiate genes for the positional cloning of the mutant allele of the NORTIA 

gene, which was expected to show expression specifically in the synergids based on 

the mutant phenotype (Kessler et al. 2010). Hereby, the microarray dataset provided 

support for strong expression of the ML07 transcript in the synergid cell, and it was
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shown that a mutation in the ML07 locus resulted in the female sterile phenotype 

observed in nortia mutants. Another mutant locus that was difficult to clone was the 

GLA UCE locus, because the glance mutant phenotype was found to be a result of a 

transposon-induced deletion of a large (350 kb) genomic fragment (Ngo et al. 2007). 

Based on an exclusion strategy, 19 genes in the deleted region were considered to be 

prime candidate genes to be affected by the mutation. From these, I found that only 

two transcripts were strongly expressed in the central cell of Arahidopsis. Comple

mentation experiments are ongoing and suggest that the affected mutant gene could be 

identified through this strategy (Yori Leshem and Venkatesan Sundaresan, personal 

communication). This supports the value of a comprehensive transcriptome dataset 

generated for the cell types that are central to the reproductive process Arahidopsis, as 

generated in this chapter.
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Chapter 4: A genomic developmental framework for B-class 
homeotic gene function in Arabidopsis

4.1. Introduction

4.1.1 Homeotic transformations and the study of developmental processes

An understanding of developmental processes is often based on observations 

of developmental aberrations - such as homeotic organ transformations, whereby the 

identity of a whole organ is replaced by that of a different organ. Developmental 

aberrations were first observed long before the field of developmental genetic re

search was bom, and have guided the formulation of hypotheses that have lost little 

topicality since (Goethe 1790; Masters 1868; Bateson 1894; Hill and Lord 1989) (see 

Figure 4.1). Studies on heritable homeotic transformations in plants and animals led to 

the genetic characterization, mapping and cloning of genes responsible for defining 

organ identity (e.g. Bridges and Morgan 1923; Koornneef et al. 1983; Gehring 1987; 

Bowman et al. 1989; Yanofsky et al. 1990). It has been shown that homeotic genes in 

both plants and animals encode for transcription factors, indicating that a similar 

regulatory logic has been adopted in parallel to control developmental processes 

during the evolution of animals and plants (Meyerowitz 2002). ft is very likely that 

these homeotic transcription factors influence the activities of other genes, thus par

ticipating to the gene regulatory networks that underlie developmental processes. A 

distinctive feature of gene networks is the formation of major transcriptional hubs and 

submodules, whereby master regulators can switch on distinct developmental pro

grams by interaction with c'fv-regulatory response elements in the genome (Ben-Tabou 

de-Leon and Davidson 2007). How exactly their action leads to cellular differentiation 

and to the development of an organ is, however, still an open and exciting question of 

biology (Alvarez-Buylla et al. 2007).

The processes of floral organ initiation and determination in the angiosperm 

flower have been studied extensively over the last two decades, and great progress has 

been made in the formulation of developmental models to explain the genetic network 

underlying floral organ specification (reviewed in Lohmann and Weigel 2002; Krizek 

and Fletcher 2005). Seminal work on floral organ mutants of Arabidopsis thaliana
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(Bowman et al. 1989; Yanofsky et al. 1990; Bowman et al. 1991; Jack et al. 1992) and 

Anthirrhinum majus (Carpenter and Coen 1990; Schwarz-Sommer et al. 1990; Coen 

and Meyerowitz 1991) culminated in the description of gene combinations that could 

be used to convert leaves into floral organs when expressed ectopically (Honma and 

Goto 2001; Pelaz et al. 2001). Thus, Goethe’s hypothesis on the homology of flowers 

and leaves seemed to be corroborated by genetics, 200 years after it was formulated 

(Goethe 1790).

Figure 4.1: Homeotic transformation of floral organs. A. Homeotic transformation as 

described nearly 150 years ago. Illustration adapted from Masters, M.T. “Vegetable Teratol

ogy” 1868: Homeotic transformations of violet flowers, where petals are multiplied and 

stamens and pistils petalloid. In addition to these organ transformations, the bilateral symme

try of the wild-type flower has changed into radial symmetry (Masters 1868) B. A wild-type 

flower of Arabidopsis thaliana is composed of four organ types, sepals, petals, stamens and 

carpels (see also Figure 4.2) C-E. Flowers of plants homozygous for homeotic mutant alleles, 

each affecting the identity of different organs within the flower: C. agamous-1 (ag-1); D. 

apetala3-3 (ap3-3); E. apetala2-2 (ap2-2).
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4.1.2. The ABC model of floral organ identity specification and its derivatives

The initial version of the ABC model of genetic interactions underlying floral 

organ specification in flowering plants was proposed in the early nineties and stated 

that combinatorial actions of transcriptional master regulators define organ fate 

(Schwarz-Sommer et al. 1990; Coen and Meyerowitz 1991; Weigel and Meyerowitz 

1994; Lohmann and Weigel 2002). The model proposes, that the organisation of 

flowers, although seemingly highly variable in form, can in principle be reduced to a 

basic developmental plan. Floral organs are arranged in four concentric rings, termed 

whorls. The organs developing in a given whorl are specified by the overlapping 

expression of ABC-class genes, with mutual repression activities of the A and C 

domains (Figure 4.2). Even though very intuitive, this initial model could not fully 

explain the phenotypes seen in all mutant combinations where homeosis in floral 

organ was observed. Therefore, the model was later extended to include E-class 

function, provided by the SEPALLATA (SEP) genes. The latter encode floral homeotic 

proteins that are thought to interact with ABC-class proteins in higher-order 

transcription factor complexes (Theissen and Saedler 2001). Further modifications of 

the ABC-model were proposed i) to include a further group of genes involved in the 

specification of ovules (D-class) (Colombo et al. 1995) and ii) or to merge A- and E- 

class into a modified (A)-class that is necessary for specification of a floral meristem 

(Davies et al. 2006).
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Whorl 4:

Figure 4.2: Whorled structure of higher angiosperm flowers and the ABCE model of 
floral organ identity specification. According to the ABCE model, the organisation of an 

angiosperm flower can be reduced to a basic developmental plant: the four main organ types 

of a flower (top, from left to right), i.e. sepals, petals, stamens and carpels, which are arranged 

in concentric circles termed whorls are specified by three partially overlapping fields of 

genetic activities. A-class activity alone leads to the development of sepals, the combination 

of B- and A-class activity to petals, the combination of B- and C-class activity to stamens and 

C-class activity alone to carpels. E-class activity is required for the specification of all organs 

in combination with ABC-class activities. Organs shown are from flowers of Arabidopsis.

4.1.3. Genes underlying B-elass funetion in Arabidopsis

From the functions defined by the ABC model, the B-function is possibly the 

least understood, as very little is known about the genetic network that resides 

downstream of B-class activity (see also Table 4.1) (Irish 2008; Mara et al. 2010).
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The obligate requirement for combinatorial action of B-function with A- and C- 

function to specify petals and stamens is especially puzzling. Does B-class simply 

superimpose a genetic program onto basic genetic modules leading to sepal and carpel 

fate, respectively? Does it partially antagonise A- and C- function? And how can B- 

function be involved in the specification of both sterile and sexual organs?

This chapter focuses on the two known B-class homeotic genes in 

Arahidopsis, APETALA3 (APS) and PISTILLATA {PI). Mutations in either of the two 

genes results in organ conversions within the flower, a phenotype that has been 

morphologically and genetically characterized in detail. In addition, their genetic 

interactions with other mutations affecting flower development and their upstream 

regulatory network has been the subject of intense studies (Koornneef et al. 1983; 

Bowman et al. 1989; Hill and Lord 1989; Bowman et al. 1991; Weigel and 

Meyerowitz 1993; Lee et al. 1997; Hill et al. 1998; Tilly et al. 1998; Lamb et al.

2002). Although the corresponding genes have been cloned and shown to be 

homologous to animal and fungal genes encoding transcription factors (Jack et al. 

1992; Goto and Meyerowitz 1994), little is known about how they specify floral organ 

fate. Both APS and PI encode for MIKC-type MADS-box transcription factors (Jack 

ct al. 1992; Goto and Meyerowitz 1994). Their gene products are thought to form 

obligate heterodimers and require the SEP 1-3 gene products in order to exert their 

functions (Riechmann et al. 1996; Pelaz et al. 2000; Honma and Goto 2001; de Folter 

et al. 2005; Melzer and Theissen 2009). Together with the C class gene AGAMOUS 

(AG) they define stamen identity, together with the A class genes APETALA1 (API) 

and APETALA2 (APS) they specify petal identity (Bowman et al. 1989; Bowman et al. 

1991; Coen and Meyerowitz 1991).

4.1.4. Morphological characters of organs specified by B-cIass function in Arabi- 
dopsis.

To understand the function of B-class homeotic genes, it is useful to 

understand the morphological traits that characterize the different floral organs in 

Arahidopsis (Figure 4.3). Descriptions, unless otherwise stated are based on (Bowman 

et al. 1989; Hill and Lord 1989; Smyth et al. 1990; Bowman et al. 1991; Clark and 

Meyerowitz 1994; Sessions and Zambryski 1995). Additionally, it is useful to review 

the current knowledge of the traits that are under homeotic control of B-class genes
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and examine whether factors other than the B-class genes control certain traits (e.g. 

parallel transcriptional programs or positional information present in all lateral 

organs). Some problems reside in the definition of organ identity, for there are often 

few structures or cell types that can be uniquely attributed to a specific organ: in these 

cases, organ identity is better defined by a collection of specific traits (Irish 2008). 

This problem is most pronounced for the definition of petal and sepal organ identity. 

In contrast, for the female and male reproductive organs, the carpels and stamens, 

there are many more character traits that can be unambiguously attributed to either of 

them. Also, the latter two organ types are clearly defined by their function, that is 

sexual reproduction and the production of female and male spores and gametes, 

respectively (Endress 2001).

In wild-type plants, the outer (first) floral whorl is normally occupied by 

sepals, which are organs with leaf-like characteristics such as trichomes (although 

simple and not stellate as in leaves), chloroplasts, stomata and a proper mesophyll. 

The epidermal cells of sepals have a somewhat irregular arrangement, and large 

elongated cells develop within this arrangement. The epidermal cells on the adaxial 

side of the organ are smooth, those on the abaxial side are covered with epicuticular 

ridges composed of wax. The organ base is broad, and three main vascular strands 

connect the organ to the main vasculature system. In contrast to leaves, sepals are not 

flanked by stipules at their base.

The second whorl is occupied by petals (for a review on petal function and 

structure see (Irish 2008)). These are larger than sepals, and often have an important 

function in attracting pollinators. Hence, they are often colored and have a shiny 

surface. In Arabidopsis, petals are white, for the chloroplasts redifferentiate into 

leukoplasts (except at the petal base) (Pyke and Page 1998). Petals have a simpler 

structure than the other floral organs and are built from two epidermal layers with 

some limited internal mesophyll-like parenchyma tissue (Pyke and Page 1998). Petals 

have a narrow base and only one main vascular strand connecting to the main 

vasculature system. Their epidermal cells are mostly characteristically conical with a 

rounded base, and have distinct epicuticular ridges (also termed nanoridges) on their 

surface (Li-Beisson et al. 2009). Petals also lack stomata.

The third whorl in the flower is normally occupied by stamens, the male 

reproductive organs that produce the male gametophyte - the pollen. Stamens are 

composed of a long filament at their base and a distal anther. The mature anther
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consists of four chambers (locules). The latter are specialized struetures within which 

pollen is produeed and released after dehiscence of the anther. There are generally no 

stomata or trichomes visible on the epidermis of Arabidopsis stamens.

The fourth whorl is occupied by the gynoecium, the female reproductive 

structure which is thought to be composed of two carpels that undergo both 

congenital and postgenital fusion. The carpels are composed of multiple tissues and 

cell types, and their detailed description goes beyond the scope of this thesis (for 

detailed descriptions, see (Clark and Meyerowitz 1994; Sessions and Zambryski 

1995). The four main regions of the Arabidopsis gynoecium are (from distal to 

proximal): 1) the stigma, consisting of specialized elongated epidermal cells that are 

important for the attraction and recognition of pollen; 2) the style, a cylinder of cells 

that mark the beginning of the transmitting tract that leads from the stigma to the 

ovary. Cells within the transmitting tract secrete distinct polysaccharides important 

for pollen tube guidance and growth; 3) the ovary, two fused chambers (locules) that 

contain the ovules, separated by a septum. The ovules develop from a specialized 

meristematic strueture - termed placenta or carpel margin meristem - that occurs along 

the sides of the septum; and 4) the gynophore, a short intemode connecting the rest of 

the gynoecium to the pedicel. In Arabidopsis, the gynophore is highly reduced, but 

becomes highly elongated in some mutants (Sessions and Zambryski 1995). The 

gynoecium epidermal cells differ across regions. However, style, ovary and 

gynophore epidermis all eontain stomata and lack trichomes.
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Figure 4.3: Morphology of second and third whorl organs in mature flowers of both 

wild-type and ap3-3 mutant plants A. Stamens of wild-type flowers are composed of a 

basal filament and distal anther, where the pollen is produced. The filament consists of 

elongated epidermal cells (see also F.) and some mesophyll tissue surrounding a single 

tracheary element leading to the main vasculature of the plant. The anther consists of four 

locules, organized into two thecae on either lateral side of a connective. Anthers are shown at 

dehiscence, whereby pollen is released from the locules. B. Third whorl organs of B-class 

homeotic mutant plants (here: ap3-3) are seemingly absent, for they are often congenitally 

fused to the fourth floral whorl. The organs replacing stamens are either carpels, carpel-like 

organs or small filaments (arrow) that are sometimes topped with stigmatic papillae. C.

Petals of wild-type flowers are elongated organs with a white blade and a narrow base that 

remains green. D. Second whorl organ of B-class mutants (here: ap3-3, left organ) are 

intermediate organs between petals and sepals, with a small organ size (compare to wild-type 

petal on the right), chloroplasts, and irregularily epidermis that contains stomata (see also 

panel H). Trichomes, however, are lacking from the abaxial epidermis. E. Abaxial view of a 

wild-type sepal. Sepals have a wide organ base where three main vascular strands enter the 

organ. Often their epidermis contains simple trichomes, but in contrast to leaves, they do not 

form stipules at their base. F. Surface structure of stamen filament epidermis, consisting of 

elongated narrow cells without stomata. G. Surface structure of an abaxial petal epidermis, 

consisting of characteristic conical cells and no stomata. H. Surface structure of an abaxial 

ap3~3 mutant second whorl organ. The epidermis resembles the one of sepals, with irregularly 

arranged small cells interspersed with large elongated cells and stomata (arrows). I. Surface
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structure of an abaxial wild type sepal. The epidermal cells are irregularly arranged and 

contain elongated cells as well as stomata (arrows). Images are not to scale. All epidermal 

surface structures were visualized using the method described by (Horiguchi et al. 2006) and 

viewed under differential interference contrast optics of a light microscope.

Mutations in either known B-class genes m Arabidopsis, PI mAAPS, result in 

aberrant development of petals and stamens. In plants carrying null mutant alleles, 

such as pi-1 and ap3-3, stamens are completely transformed into carpel-like structures 

(that exhibit the main characters of a carpel but are sometimes unfused), filamentous 

structures (sometimes topped with stigmatic tissue) or are missing (Figure 4.3 B). 

Petals on the other hand, are replaced by sepalloid organs; they are smaller than wild- 

type petals, remain green and exhibit the epidermal appearance of sepals (see Figure 

4.3 D). Flowever, in contrast to sepals, these organs have never been observed to bear 

trichome epidermal cells, and the organ base is still narrow associated with a single 

main vascular strand. I'herefore, the homeotic transformation is not a complete one, 

and positional information seems to influence organ traits in parallel to the homeotic 

genes (Hill and Lord 1989; Krizek and Meyerowitz 1996).

B-class function also differentially affects the early development of second 

and third whorl primordia. Especially in pi-1 mutant flowers, early developmental 

stages have been described in much detail (Bowman et al. 1989; Hill and Lord 1989). 

Early petal development is not visibly different in the mutant and wild-type primordia. 

However, stamen development is affected from an early stage, because third whorl 

primordia seem congenitally fused to the fourth whorl primordia, and because cell 

division patterns at primordial intiation in the third whorl are already changed (Hill 

and Lord 1989; Jenik and Irish 2000).

4.1.5. Activation of B class organ identity genes in Arabidopsis

Reproductive development of the plant is initiated when the shoot apical 

meristem has undergone a vegetative-to-reproductive transition, and flower meristems 

are formed on the periphery of the apical meristem (Wellmer and Riechmann 2010).

A mature flower is formed by subsequent cell division and differentiation. Crucial to 

floral organ formation are meristem determination and pattern formation processes, 

the latter of which leads to the activation of floral organ identity genes in specific 

domains of the developing flower . The upstream regulatory network that leads to the
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activation of the B class genes has been characterized in some detail: in vegetative 

tissues they are epigenetically repressed through actions of chromatin-remodeling 

factors, e.g. by a Polycomb-group protein encoded by CURLY LEAF (Goodrich et al. 

1997).

After the plant’s transition to reproductive development, their expression is 

activated in early developing flowers by the floral meristem identity gene LEAFY 

(LEY) and the coregulator UNUSUAL FLORAL ORGANS {UFO), as well as 

APETALAl {API). The latter has dual roles during flower development and acts both 

as a meristem identity gene and as an A-class gene (Weigel and Meyerowitz 1993; 

Lee et al. 1997; Parcy et al. 1998; Honma and Goto 2000; Ng and Yanofsky 2001; 

Lamb et al. 2002; Kaufmann et al. 2010; Winter et al. 2011). A recent report 

suggested that genes involved in the transition to flowering directly control B-class 

homeotic genes in combination with API (Gregis et al. 2009). Furthermore, it has 

been reported that TPi is activated in reproductive tissue through epigenetic control 

by ULTRAPETAL A and plant trithorax proteins - through a mechanism that 

counteracts polycomb-mediated epigenetic repression in vegetative tissues (Carles 

and Fletcher 2009). Finally, the response pathway for the phytohormone gibberellin 

has been shown to be important for activation of APS and PI (Yu et al. 2004).

After the inititation of expression, an autoregulatory loop important for the 

maintenance of gene expression involves the AP3/P1 heterodimer itself It regulates 

APS expression directly and P/expression possibly indirectly (Jack et al. 1992; Goto 

and Meyerowitz 1994; Hill et al. 1998; Tilly et al. 1998; Honma and Goto 2000). A 

second feedback loop has been proposed to involve activation through the flower 

homeotic gene AGAMOUS (Jack et al. 1992; Gomez-Mena et al. 2005). Later in 

flower development, the SUPERMAN (SUP) transcription factor, which has multiple 

functions during development, suppresses B-class gene expression in the inner whorl 

of a flower (Sakai et al. 1995).

In summary, a relatively detailed framework for the regulation of B-function 

genes has been established after almost 20 years of research.

4,1,6. Current knowledge of the gene regulatory network downstream of B class 

genes
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Despite the detailed knowledge of genetie and biochemical interactions 

amongst floral homeotic genes and genetie eomponents lying upstream in the 

developmental gene network, very little is known on how B-class organ identity genes 

exert their funetion. Conventional forward genetic screens for mutants affected in 

petal or stamen morphology (e.g. in Durfee et al. 2003; Brewer et al. 2004), as well as 

modifier screens using the temperature-sensitive ap3-] allele, the weak ap3-ll allele 

or Pl-overexpression lines could not identified new downstream targets (Yi and Jack 

1998; Yang et al. 2003; Krizek et al. 2006).

Recent advances in genomic technologies have enabled complementary 

approaehes to describe the topology of gene regulatory networks. For example, 

several genomics approaches in eombination with ectopic and high-level expression 

of the genes under study have led to the identifieation of a few target genes (Table 

4.1) (Sablowski and Meyerowitz 1998; Zik and Irish 2003; Sundstrom et al. 2006; 

Mara and Irish 2008). However, these approaches have provided only limited insight 

into the regulatory cascades that specify petals and stamens, and a comprehensive 

genetic framework of organ specification is still missing, fo my knowledge, a total of 

only nine genes have so-far been suggested to be directly regulated by B-elass 

homeotic genes in Arahidopsis.

Table 4.1.: Genes known or suspected to be under direct control of B-class homeotic 

genes in Arahidopsis. Arahidopsis Gene Identifiers (AGI), gene symbols, the mode of 

regulation and the available experimental evidence, as well as literature references are shown. 

EMSA = Electrophoretic Mobility Shift Assay; ChIP = Chromatin Immunoprecipitation

AGI Symbol Mode of 
regulation Evidence Reference

AT3G54340 AP3 Direct
EMSA; genet
ics/promoter-reporter 
studies

(Hilletal. 1998; Tilly 
etal. 1998)

AT1G69490 NAP/
NAC29 Direct

activation in a cyclo- 
heximide-treated induc
ible AP3-GR line

(Sablowski and 
Meyerowitz 1998)

AT5G56860 GNC/
GATA21 Direct ChIP-PCR; 35S::P1-HA; 

AP3-GR activation (Mara and Irish 2008)

AT4G26I50 GNU
GATA22 Direct ChIP-PCR; 35S::PI-HA; 

AP3-GR activation (Mara and Irish 2008)

AT1G69120 API Direct ChIP-PCR; 35S::PI-HA; 
AP3-GR activation

(Sundstrom et al.
2006)

AT5G39860 BNQl/
BHLH136 Direct ChlP-PCR; 35S::PI-HA; 

AP3-GR activation (Mara et al. 2010)
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AT5G15160 BNQ2/
BHLH134 Direct ChIP-PCR; 35S::PI-HA; 

AP3-GR activation (Mara et al. 2010)

AT3G477I0 BNQ3/
BHLH16I Direct ChIP-PCR; 35S::PI-HA; 

AP3-GR activation (Mara et al. 2010)

AT5G20240 PI Indirect?

promoter-reporter 
studies; EMSA; activa
tion in a cycloheximide- 
treated inducible AP3- 
GR line

(Honma and Goto
2000)

AT3G23I30 SUP/
FLOW Unclear Genetics/ln-situ hy

bridizations (Sakai et al. 2000)

4.1.7. An approach to study the multiple functions of B-class genes

Limitations in the abovementioned genomics studies include the use of 

expression profiling tools with limited power and the use of whole inflorescences that 

are enriched in tissue of late floral stages. Accordingly, transcriptome-profiling of 

homeotic mutants on the level of whole inflorescences revealed mostly organ-specific 

transcription profiles rather than direct targets of homeotic gene action (Zik and Irish 

2003; Wellmer et al. 2004). It seems that tissue heterogeneity and developmental 

asynchrony are major obstacles in assessing homeotic gene function even when using 

today’s sophisticated genomic toolkit. For example, Zik and Irish argued that most of 

their putative target genes of B-class homeotic gene function are involved in basic 

cellular functions and metabolism, and that cellular morphology is probably under 

direct homeotic control (Zik and Irish 2003). A similar conclusion was made based on 

studies of the transcription factor DEFICIENS, encoded by the orthologue of APS in 

Anthirrhinum, in an elegant temperature-shift experiment with the temperature- 

sensitive allele def-\Q\ (Bey et al. 2004). In contrast to these studies that have 

analyzed late flower developmental stages, studies examining transcriptional 

programs during early flower development (Gomez-Mena et al. 2005; Wellmer et al. 

2006; Kaufmann et al. 2010) have found an enrichment of transcription factor coding 

genes amongst responding groups of genes. This indicates that transcriptional 

cascades differ considerably amongst early and later stages of floral organ 

development. A comprehensive genetic framework for homeotic gene action during 

distinct stages of floral development is thus missing.

70



The approach presented in this chapter is a combination of genetical 

manipulation of flower development with high-throughput molecular techniques.

One of the main tools used throughout the chapter is the “Flower Induction System” 

(FIS) that is based on genetically induced synchronization of flower development 

(Wellmer et al. 2006). In wild type plants, flower development involves sequential 

initiation of floral meristems at the flanks of the main inflorescence meristem. Initially, 

developing floral primordia are very small in comparison to mature flowers, and in an 

inflorescence, only one flower can be found at a given developmental stage. This 

makes it difficult to study processes during early stages of flower development (Fig

ure 4.4). The FIS is based on an inducible restoration of normal flower development 

in loss-of-function mutants of the two redundant genes API and its paralogue 

CA ULIFLOWER {CAL). In plants doubly mutant for apl-Hcal-l, flower development 

is arrested and the reproductive inflorescences exhibit an overproliferation of 

inflorescence-like meristems - reminiscent of cauliflower heads (Figure 4.4). A 

translational fusion of the API protein to the rat glucocorticoid receptor (GR) allows 

for an inducible restoration of normal flower development through the application of 

the glucocorticoid dexamethasone, leading to synchronously developing flowers that 

exhibit a wild type phenotypic appearance at maturity (see Figure 4.4).

The system is an excellent tool to circumvent heterogeneity of tissue and 

developmental stages, and makes it possible to study genetic networks during early 

flower development - when the specification of organ types is likely to happen.
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Figure 4.4. Use of a Floral Induction System to study processes during early flower 

development. A. I’op view of a wild-type inflorescence, where flowers at different 

developmental stages are arranged in a spiral manner around the growing inflorescence 

meristem. B and C. Scanning electron micrographs of a whole inflorescence (B) and, at 

larger magnification, young flower primordia budding from a central meristem (C). B-class 

homeotic gene expression starts at around stage 3 of flower development (see labels in C)); 

tbe small size of floral primordia at this stage makes it difficult to study early functions of B- 

class genes. Images adopted from (Smyth et al. 1990). D and E. The floral induction system 

is based on tbe use of a apl cal double mutant, which does not form flowers for an extended 

period of time and instead undergoes a massive over-proliferation of inflorescence-like 

meristems leading to a cauliflower-like appearance (D). Through the activation of an API -GR 

fusion protein by the glucocorticoid dexamethasone (dex), normal flower development in 

these plants is restored, leading to the formation of hundreds of simultaneously developing 

young flowers (E). In (F), a scanning electron micrograph of synchronised flowers is shown. 

Images in panels D-E adopted from (Wellmer et al. 2006).

4.1.8. Aims and experimental approaches

The main goal of this chapter is to examine the genetic network that resides 

downstream of the B-class homeotic genes APS and PI in Arabidopsis. It is expected 

that homeotic genes have multiple functions during organ development (Dornelas et
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al. 2011), and that genetic redundancy exists amongst downstream network 

components (Wellmer et al. 2006). In addition, the network topology involved in 

organ identity specification is likely to include several non-linear interactions (Sakai 

et al. 2000; Gomez-Mena et al. 2005). All of these aspects make classical genetic 

analyses difficult. Therefore, my main aims were to generate a developmentally 

resolved view of B-class homeotic gene function, both on a morphological as well as 

a molecular level.

To identify DNA-binding sites of B-class homeotic proteins across the whole 

genome 1 employed a a combination of chromatin immunoprecipitation assays and 

ultra high-throughput DNA sequencing (ChIP-Seq). Secondly, I used molecular tools 

to induce perturbations of B class gene function and characterized stage-specific 

effects of perturbations on morphological characters, in order to separate multiple 

roles of B-class genes during different stages of flower development. Thirdly, I 

assessed the effects of genetic and molecularly-induced perturbations of B-class 

function using genome-wide expression profiling and matched them to observations 

on transcriptional and phentopytic responses upon network perturbations.

Together, these approaches aimed to develop a genomic developmental 

framework for B-class homeotic gene function.
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4.2. Results

4.2.1. Assessing B-class gene function through gene network perturbations

4.2.1.1. Genetic and molecular perturbations of B-class function: lines and 

phenotypic effects

Very little is known about the genetic network underlying the specification of 

petals and stamens. In this project, I aimed at employing gene network perturbations 

in combination with gene expression profiling to identify downstream targets of the 

B-class transcription factors AP3 and PI. There are several ways to induce such 

perturbations, for example: 1) the use of null-mutant alleles or temperature-sensitive 

mutant alleles of the transcription factors under study. 2) the use of molecular 

methods to induce gene network perturbations, such as over-expression of the 

transcription factor or of a dominant-negative version of it; or a gene knockdown by 

RNA interference (RNAi) or artificial microRNAs (amiRNAs).

These various strategies all offer different advantages: null-mutant alleles 

offer a relatively unbiased approach to the perturbation of a genetic network and 

findings can often be directly linked to previous reports. However, developmental 

epistasis (the use of a gene at multiple stages of development) can only be 

circumvented by dynamic knockouts, where perturbations in the gene network can be 

induced at different stages. Therefore, I assessed different approaches for the 

reduction of B class homeotic gene function, namely the use of null-mutant alleles, 

temperature-sensitive mutant alleles, small RNA-mediated post-transcriptional 

silencing, and fusion of a gene product to a chimeric transcriptional repressor domain.

4.2.1.2. Genetic resources for perturbation of B-class function.

¥ox APS and PI, two null mutant alleles, namely ap2-3 (Bowman et al. 1991) 

and pi-1 (Koornneef et al. 1983), have been used frequently for a genetic analysis of 

these genes. Plants carrying these alleles were grown as segregating populations and 

the alleles confirmed by cleaved amplified PCR marker assays (CAPS-assays) 

(Sablowski and Meyerowitz 1998); Jose Luis Riechmann, personal communication). 

Figure 4.5 shows flowers of the corresponding mutant plants.

Secondly, a temperature-sensitive allele of APS, apS-1 (Bowman et al. 1989) 

was used. These plants were genotyped using a derived CAPS marker assay and
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grown at different temperature regimes. Plants homozygous for the ap3-l allele 

exhibited a near-complete rescue of stamen functions when grown at 16°C, a 

permissive temperature (with some minor filament elongation problems; see Fig. 2.5D 

for an ap3-l flower grown at 20°C). However, petals were never fully rescued even at 

the permissive temperature, in agreement with what has been reported previously 

(Bowman et al. 1989).

There has been no description of a temperature-sensitive PI mutant allele, with 

the exception of pi-5, which is, however, an unusual allele in that stamen development 

proceeds normally and only petal development is impaired (Yang et al. 2003). The 

allele was therefore not used in this work.

Figure 4.5: Floral organ identity affected by the different mutant alleles of B-class 

homeotic genes. A. A wild-type flower after anthesis. B. A ap3-3 mutant flower. Petals have 

sepaloid appearance and remain small and green. Stamens are not formed but are replaced by 

carpels or by carpelloid or filamentous organs that are often fused to the gynoecium in the 

fourth whorl. C. A pi-1 mutant flower, which resembles ap3-3 mutant flowers (compare panel 

C with B). D. A flower of a plant homozygous for the ap3-l temperature-sensitive allele, 

grown at a temperature of 20°C. Organs in the second and third whorls have intermediate 

phenotypes, with petals remaining small and greenish. Stamens have formed filament and 

anthers including locules, but do not elongate fully and do not release pollen through
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dehiscence. Also, some carpel-like tissue seems to be present in the central domain of the 

anthers.

4.2.1.3. Generation of lines for a perturbation of B elass function

1 next developed transgenic lines that allow a perturbation of PI function. To 

this end, I made use of RNA interference (RNAi) (Wesley et al. 2001): a 316 bp 

fragment located towards the 3’-end of the P/mRNA was used to generate an RNAi- 

hairpin construct, which was expressed under control of a near-ubiquitously expressed 

viral promoter, the 35S promoter (Benfey and Chua 1990). The specific transcript 

region used to generate the RNAi construct was chosen because it shows little 

sequence similarity when compared to other transcripts in the Arabidopsis genome. I 

observed no changes in floral development in any of the transgenic lines ubiquitously 

expressing the RNAi construct and all flowers had a wild-type appearance (Table 

2.2). Similarly, expression of a fusion protein between PI and a transcriptional 

repressor domain (Hiratsu et al. 2003; Das et al. 2009) did not result in any visible 

developmental deviations from the wild type.
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Table 4.2: Effects of different strategies for perturbation of APS and PI function.

This table lists transgenes (including amiRNAs, RNAi and repressor-domain fusions) 

generated and their phenotypic effects observed in T1 transgenic plants. Weak phenotypes 

include male sterility due to defects in stamen elongation and pollen production, as well as 

petal elongation defects, resulting in small greenish petals. Strong phentoypes include full 

homeotic organ transformations as seen in the respective null mutants. This list of all cloned 

constructs (amiRNA, RNAi and repressor-domain fusions) summarizes the phenotypic effects 

observed in T1 transgenic plants. Weak phenotypes include male sterility due to defects in 

stamen elongation and pollen production, as well as petal elongation defects, resulting in 

small greenish petals. Strong phentoypes include full homeotic organ transformations as seen 
in the respective null mutants.

Name No. ofTls no pheno-
.... .............

weak
IthenotHfpe

strong
frhenotipi miRNA Sequence

AP3(I) 10 - 10 rrCGC rCA I'ATTGAGTGGGCC
AP3(1I) 24 5 12 7 TACTAGTCCATAGTGACGGTC

Pl(l) 4 4 - - TAGTTCGAAACGTTTAGGCAG
P'(2) 10 9 1 - TAG'rrCGAAACGnTAGGCGC
PK3) 9 9 - - TAGTTCGAAACGTTrAAGCGC
PI(4) 5 5 - - TG'nTAAGCACACAGCACAGC

- PK5) 7 6 1 _ TAGAACGTCACCACTCTGTrC
„ Pl(6) 9 7 2 - TGACAAACTAAAGACCACGGT

Pl(7) 17 17 - - TCAI GrrCAA IGGCGTGCCCG
Pl(8) 11 11 - - TGAGATI'ATAAAATCTCGACG
Pl(9) 16 16 - - TGAC TG I'A TA rC ITG rCCG'lT
Pl(lO) 4 0 - 4 TCTTIGAGAACGTCACCACTC

Pl-RNAi 14 14 - - NA
PI-SRDX 17 17 - - NA

Artificial microRNAs (amiRNAs) have been described to provide a useful tool 

for a specific knockdown of target transcripts (Schwab et al. 2006; Ossowski et al. 

2008). A total of 10 different amiRNAs were designed to target different regions of 

the PI mRNA (see Figure 4.6). The first nine amiRNA constructs driven under control 

of the 35S promoter could not induce a null mutant phenocopy in the T1 generation. 

Some weak effects, such as green petals and stamen elongation problems were 

observed at low frequency in transgenic lines of two amiRNA constructs (see Table 

4.2 and data not shown). Only the tenth amiRNA, driven under the 35S promoter, was 

able to induce a null mutant phenocopy in all four T1 transgenic plants obtained.
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Figure 4.6. AmiRNA-mediated knockdown of P! function. A. schematic representation of 

the /*/locus and the corresponding cDNA produced. The amiRNA and RNAi constructs are 

mapped according to the complementary sequence they are targeting. Note that the target 

sequences are enriched at the 3’UTR of the gene, with amiRNA 1 -4 targeting overlapping 

regions. This region exhibits little sequence similarity with other genes in the Arahidopsis 

genome, but might potentially form secondary RNA structures that interfere with post- 

transcriptional gene silencing. Thus, amiRNA 5, 7, 9 and 10 were designed to target coding 

sequences. B. A wild-type flower C. A wild-type flower harbouring a transgene that mediates 

constitutive expression of the PI(IO) amiRNA. The transgene induces a phenocopy of a pi 

null mutant, with complete transformation of stamens into carpelloid structures and petals into 

sepalloid organs.

To generate moleeular approaches ^or APS perturbation, two amiRNAs 

(Schwab et al. 2006) were cloned that target different sequences within the APS 

mRNA. Expression of these amiRNAs under control of the 35S promoter resulted in
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both cases in a phenocopy of ap3 mutants at high frequency in the T1 generation of 

transgenic plants (see Figure 4.7. and Table 4.2).

A
miRNA= GGCCCACTCAATATGAGCGAA

II lllllllllllllillli
subject'' GGCCCACTCAATATGAGCGAA

miRNA= GACCGTCACTATGGACTAGTA
II I lllllllllllllll!

subject" GATCCTCACTATGGACTAGTA

Exoni
" I □—i-

Exon2 Exon4 ExonS
Exon3

Exon6 Exon7

1 (bpl

Figure 4.7. AmiRNA-mediated knockdown of AP3. A. Schematic representation of the AP3 

locus and the corresponding cDNA produced. The two amiRNA constructs generated are 

mapped according to the complementary sequence they are targeting. B and C. Mature wild- 

type flowers harbouring a transgene that constitutively expresses the yf/’3-targeting amiRNAs 

AP3(1) (B) and AP3(II) (C), respectively. Note that the transgenes induce a phenocopy of an 

ap3 null mutant, with complete transformation of stamens into carpelloid structures (ovules 

visible on margins of unfused carpel organ) and petals into sepalloid organs.

4.2.1.4. Generation of lines and conditions for inducible perturbations

In order to test whether the amiRNAs targeting the APS and PI mRNA could 

be used to inducibly reduce B-function, 1 employed an ethanol-inducible two- 

component system to deliver the amiRNA at a desired time-point during flower
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development. To this end, the ethanol-reeeptor AlcR from the fungus Aspergillus 

nidulans is expressed throughout the plant. In the presence of ethanol (EtOH), the 

AlcR receptor drives expression of the amiRNA from a pAlcA promoter (Figure 4.8 

A) (Caddick et al. 1998). 1 screened T2 transgenic plants harbouring the inducible 

version of an AP3-amiRNA construct (hereafter referred to as AP3-amiRNA) for 

phenotypic responses upon the application of EtOH. 1 found that upon spraying a 2% 

EtOH solution onto inflorescences, 13 out of 26 independent transgenic lines showed 

marginal phenotypic responses, mainly by exhibiting slightly green petals and stamen 

elongation problems. Because it has been suggested that only the removal of B- 

I'unction over an extended period of time can induce full organ transformation 

(Bowman et al. 1989), 1 tested alternative induction methods for the expression of the 

amiRNA in these lines. 1 found that repeated application of 2% EtOH onto 

inflorescences did not induce organ transformations in any of the transgenic lines. 

Watering the plants with a solution containing 1% or 2% EtOH resulted in plant 

w'hilting and excessive growth of fungus on the soil, so that the effects of this method 

could not be assessed (data not shown). However, when plants where subjected to 

EtOH vapor (for details see Material and Methods), full organ transformations could 

be observed (in at least 5 independent transgenic lines; see Figure 4.8). Organ 

conversions became visible in flowers (around anthesis) at seven days (petals) and 14 

days (stamens), respectively, after induction. However, in addition to the expected 

fforal mutant phenotypes, about 20% of the transgenic lines displayed stress 

phenotypes such as impaired meristematic growth and loss of apical dominance (not 

shown). One line with the strongest visible homeotic transformations and no obvious 

stress responses was selected for further experimentation. 1 determined the location of 

the transgene within the Arahidopsis genome using Thermal Asymetric Interlaced 

(TAIE) PCR (Liu et al. 1995) and isolated homozygous transgenic plants. 1 also tested 

the phenotypic response upon EtOH vapour treatment in 11 T1 transgenic plants 

carrying an inducible version of the Pl(10)-amiRNA. 1 found that three lines exhibited 

strong homeotic transformations upon treatment (Figure 4.8 C) and two lines 

exhibited weak effects (green petals and stamen elongation problems). Three lines 

showed no phenotypic responses to EtOH treatment, and three lines showed stress 

responsed such as stunted growth and loss of apical dominance (not shown).
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— 35S-“promote71 AlcR J Ter

Figure 4.8. Generation and isolation of responsive lines carrying EtOH-inducible 

amiRNA transgenes A. Schematic drawing of the EtOH-inducible system used for the 

controlled delivery of the amiRNAs. The system relies on the AlcR EtOH receptor that is 

driven by an 35S promoter to ensure broad expression within the plant. Upon presence of 

EtOH molecules, the AlcR receptor drives expression of the amiRNA after binding to pAIcA 

promoter element, leading to an inducible knockdown of the target transcript. B. Flower of a 

transgenic line harbouring the pAlcA::AP3-amiRNA construct, 15 days after repeated EtOH 

treatments (an initial 24 hours (h) treatment with EtOH vapour was followed by two 6 h 

pulses at day 5 and 10 after the first treatment). Full organ transformations are visible: 

sepalloid petals replacing petals, and carpel-like organs replacing stamens. C. A flower of a 

transgenic line harbouring the pAlcA:PI amiRNA treated as the plant in B. AlcR = EtOH- 

receptor; pAlcA = promoter-element responsive to EtOH-activated AlcR; amiRNA = artificial 

micro-RNA; Ter = transcriptional terminator;

4.2,1.5. Characterization of the/IPi-amiRNA inducible perturbation system

I next tested the kinetic of changes in AP3 mRNA levels upon EtOH-induced 

amiRNA expression by quantitative reverse transcriptase PCR (qRT-PCR). To this 

end, I made use of the homozygous line that had been isolated from crossing the 

pAlc:AP3-amiRNA transgenic line described above into the floral induction system 

(FIS). Flower development was induced upon treatment of the FIS inflorescences with 

dexamethasone. Three days after induction of flower development, I induced the
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production of the AP3-amiRNA by treatment with ethanol vapour for 0, 6, 12 and 24 

hours, respectively, and compared vff’i transcript levels with mock-treated plants. As 

a second negative eontrol I used plants of the floral induction system that did not 

harbour the inducible AP3-amiRNA construct and included them in the EtOH 

treatments. The experiment was repeated using for biologically independent sets of 

samples. I observed a strong decrease of APS mRNA 12 hours after the onset of the 

ethanol treatment, when levels had dropped to approximately 10% of those in the 

control plants (Figure 4.9). A substantial decrease in APS mRNA was found already 

after 6 hours, whereby levels had dropped to approximately 16%. A maximal decrease 

was reached after 24 hr with transcript levels in EtOH-treated plants at approximately 

6% of those in mock-treated control plants. Thus, induction of the amiRNA allows for 

a fast and substantial perturbation of B class function.

In a preliminary experiment, I had also tested the effect of a 24 h EtOH vapour 

treatment of the AP3-amiRNA line on the transcript levels of /*/, a known 

downstream target of AP3 (data not shown). 1 found an approximately 30% reduction 

off*/ mRNA levels, suggesting that not only mRNA but also AP3 protein levels were 

reduced and that the effects of the perturbation were already visible in the expression 

levels of downstream targets.
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Figure 4.9. RT-qPCR analysis of AP3 mRNA levels upon induction of amiRNA 

expression. The experiment was performed using a homozygous p35S::AlcR/pAlcA::AP3
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amiRNA transgenic line in the FIS and the FIS with no trangene as a control, starting from 

three days after dexamethasone application. Treatments included: no treatment; continuous 

EtOH vapour; pulses of EtOH vapour; mock treatment. Tissue was harvested from 

approximately 15 plants and pooled for each time-point/treatment. Relative expression values 

were calculated by calibrating Cp-values for APS against Cp-values for At4g3427U 

(Czechowski et al. 2005), and all expression estimates within a replicate were normalized 

against the average of both untreated samples in an experiment. Bars denote standard 

deviations from four independent biological replicates. Lines were generated by fitting a 

cubic smoothing spline to the data using the smooth.splines function in R 

(R_Development_Core_Team 2010).

In order to determine the effects of shorter EtOH treatments, I generated four 

replicate samples of an induction experiments, but this time I shortened the treatment 

to three hours and compared APS transcript levels in EtoH or mock-treated AP3- 

amiRNA plants . I found that transcript levels were reduced to 51% (standard 
deviation 12%, data not shown) in EtOH-treated plants, suggesting that the half-time 

of mRNA leV6l reduction is reached at around three hours of treatment with EtOH.
Prolonged treatment of plants with EtOH-vapour will eventually lead the 

induction of stress responses in the plants, which can mask the effect of B-class gene 

perturbations in microarray experiments. I therefore tested whether a shorter, pulsed 
treatment with subsequent transfer of the plants into normal growth condition is 

sufficient to achieve a similar reduction in APS transcript levels. I found that a 6 h 

treatment pulse followed by 18 h of normal growth conditions resulted in strong APS 

transcript reductions with levels reduced to approximately 10% (see Figure 4.9). The 

reductions in APS mRNA levels upon pulsed treatment was thus similar to the 

reductions upon continous treatment.

4.2.1.6. Effects of APS amiRNA expression on AP3 protein levels

The effects of genetic perturbation experiments will ultimately depend on the 

reduction of the protein rather than mRNA levels. To study the effects of amiRNA- 

induced reductions of AP3 mRNA onto protein levels, I crossed the pAlc:AP3- 

amiRNA transgenic line in the FIS with a line harbouring a translational fusion of 

AP3 to Green Fluorescent Protein (GFP) in the FIS that complemented the ap3-3 null 

mutant allele (for the description of the line, please refer to Section 4.2.2.2.
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“Generation of epitope-tagged functional proteins”). I then used fluorescence 

microscopy to visualize the green fluorescence upon the induction of the AP3- 

amiRNA, which should target the AP3-GFP transcript for degradation. The AP3- 

amiRNA induction period was kept constant at six h, and plants were subsequently 

placed back into normal growth conditions. As shown in Figure 4.10,1 found a 

substantial reduction in GFP-emitted fluorescence signal both at 18 h and 24 h after 

the EtOH-treatment had started. The GFP signal in EtOH-treated plants was still 

reduced compared to mock-treated plants at 48 h and 72 h after the experiment (not 

shown). The experiment was repeated a total of three times for the 24 h time-point, 

which resulted in very similar reductions in GFP signals (not shown).

Figure 4.10: Reduction of AP3 protein accumulation upon induction of AP3-amiRNA 

expression. The figure shows inflorescences of FIS plants carrying both an inducible AP3- 

amiRNA and an AP3-GFP complementation construct. The FIS plants had been treated with 

dexamethasone to induce flower development. Two days after this treatment, the plants were 

exposed 6 h to EtOH vapour to induce expression of the AP3-amiRNA, or were mock-treated. 

At least five independent inflorescences were harvested at 18 h (upper two pannels) or 24 h 

(lower two pannels) after the EtOH/mock treatment commenced and were viewed under a 

fluorescence microscope. Imaging settings were kept constant during the entire experiment.
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4.2.1,7. Recovery oiAPS levels after pulsed induction

In order to test how durable the effect of an amiRNA-induced perturbation on AP3- 

transcript levels are, I measured APS mRNA levels by qRT-PCR in two recovery 

experiments after pulsed EtOH-mediated induction (6 h treatments). I then measured 

the recovery of APS mRNA levels, and in one experiment, also the mRNA levels of a 

putative direct target of B-class genes, REM22 (see also Chapter 5). As shown in 

Figure 4.11, APS mRNA levels are maximally reduced at 24-48 h after the start of the 

treatment (levels at approximately 10-20% of mock-treated plants), and recover to 

around 50% mRNA levels as compared to mock-treated plants after 72 and 92 h. The 

mRNA levels of the putative downstream target REM22 are also maximally reduced 

24 h after start of the treatment and recovered slowly to approximately 60% after 72- 

96 h.

The reduction of GFP-levels at 72 h after a pulsed induction of the AP3 

amiRNA suggested that AP3 protein levels are still reduced. It is not known what 

reductions in the protein levels of AP3 are physiologically relevant. The recovery of 

downstream target expression after a maximal knockdown effect achieved after 24 h 

indicates that indirect effects of the amiRNA-induction are mitigated relatively 

quickly.
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Figure 4.11. Recovery of transcript levels after a pulsed induction of AP3-amiRNA 

expression. The graph shows relative expression levels of APS and REM22 (a putative direct 

targets of APS) after pulsed induction of the amiRNA targeting the APS mRNA. Transcript
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levels were determined by qRT-PCR using cDNA-specific primers. Repl and rep2 denote 

two biologically independent sets of experiments.

In summary, an inducible perturbation of the B-class homeotic gene network 

can be achieved quickly and efficiently through the use of an EtOH-inducible 

promoter system coupled with an amiRNA targeting the APS transcript. Moreover, a 

pulsed induction can be coupled with subsequent time interval for the plants to 

recover from the treatment with similar effect on target gene levels as eontinous 

treatments.

4.2.1.8. Pulsed perturbation of B-class gene function to unravel their roles during 

flower development

It has been suggested that floral homeotic genes have multiple roles during 

flower development (Zachgo et al. 1995; Bey et al. 2004; Ito et al. 2007; Dornelas et 

al. 2011). Here, I used the lines carrying inducible amiRNAs to separate the roles of 

B-class homeotic genes during flower form.ation. I used pulsed treatments of flowers 

homozygous for the pAlcAiPl amiRNA and pAlcA::AP3 amiRNA constructs, 

respectively, and assessed morphological changes visible at anthesis. 1 performed both 

EtOH and mock treatments for the transgenic lines, as well as EtOH treatments for 

wild-type plants as controls. I found that durations of 6, 12 or 24 h EtOH treatments 

did not result in altered growth or development of wild-type flowers (n > 20). 

Furthermore, I did not detect any morphological defects in mature flowers of mock- 

treated plants carrying the inducible amiRNA constructs.

In plants transgenic for the inducible PI and APS amiRNA, respectively, first 

morphological aberrations in mature flowers became visible at 4-5 days after the start 

of a pulsed EtOH treatment. The differences to mock-treated plants were subtle at first 

and include reduced elongation of stamen filaments and petals. These phenotypes got 

more pronounced in mature flowers at six days after treatments, whereby stamen 

filaments remained small and did not elongate normally, resulting in sterility of the 

flowers. Later, petals slowly became more greenish at anthesis, and often had a 

slightly wavy appearance of the blade margins. At 7-10 days after treatment, all 

flowers were visibly affected (n > 50 for each line); petals remained small and green, 

strongly resembling petals in null-mutant plants. Stamen filaments were highly
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reduced, stamens overall remained underdeveloped and small, and anthers did not 

dehisce to release pollen (see Figure 4.12, A and C). However, stamen identity was 

not affected until 14-16 days after the EtOH treatment. Only then stamens in mature 

flowers exhibited complete transformations to carpels, carpel-like organs or 

filamentous outgrowths as seen in null-mutant plants (Figure 4.12, B and D). Petals, 

on the other hand, had mostly regained normal colour and surface appearance at that 

time. However, they exhibited unusual shapes and sizes, remained smaller than petals 

in wild-type or mock-treated plants.

These complete stamen transformation and petal shape effects at later time 

points were preceeded by a frequent recovery of stamens and petals to a wild-type

like appearance. This recovery was more complete in the AP3 amiRNA line, and 

much more pronounced in lateral inflorescences than in the primary inflorescence. 

Figure 4.13 shows a complete series of flowers from a single primary inflorescence of 

an AP3 amiRNA line, reaching anthesis after pulsed treatment with EtOH for 24 

hours, starting from day 4 after the start of the treatment when the first phenotypes 

became visible. Changes in the phenotypic appearances of flowers at anthesis upon 

pulsed EtOH-induction can be roughly divided into four phases: in a first phase, from 

day 6 to day 10 after treatment, petal and stamen elongation problems became 

apparent, and petals eventually resembled those seen in null-mutant plants. In a 

second phase (from day 11-13), both petals and stamens recovered to a near wild 

type-like state, whereby pollen was again released through dehiscence of the anthers 

and stamen filaments elongate to normal lengths. In a third phase, petal size and shape 

was affected (small and mishaped), often in a way not observed in flowers from null- 

mutant plants, and stamens were completely transformed into carpel-like structures 

(some chimeric stamen-carpel organs are generally observed in 1-2 flowers per 

inflorescence). In a fourth phase, flowers regained their wild-type appearance from 

around day 16 after the start of the treatment. These results suggested that early and 

later roles of B-class homeotic genes are distinct, and that homeotic roles in the 

definition of petal and stamen characters are separated over different developmental 

windows. Furthermore, B-class homeotic genes have a role in promoting organ 

growth, stamen filament elongation and anther dehiscence.
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8 days after pulse 15 days after pulse

Figure 4.12. Pulsed perturbation of B-cla$s gene function through inducible amiRNAs.

A and B. Flowers of a pAlcA-AP3-amiRNA transgenic line that were exposed for 24 h with 

EtOH vapour, photographed 11 (A) or 16 (B) days after the start of the treatment. C and D. 

Flowers of a pAlcA-PI-amiRNA transgenic line that were exposed for 24 h to EtOH vapour, 

photographed 8 (C) or 15 (D) days after the start of the treatment.

A pulsed induction affects the two organs specified by B-class homeotic gene action 

differentially at different developmental time windows: perturbations during later 

development (as observed only few days after the pulsed EtOH treatments) lead to reduced 

organ growth, and both petals (white arrows) and stamens (black arrows) do not elongate as 

during normal flower development. Chloroplasts in petals do not redifferentiate and the petal 

blade remains green and the organs resemble petals in the corresponding null-mutants. Anther 

do not dehisce to release pollen. A perturbation at earlier developmental stages (as observed
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more than 13 days after the pulsed EtOH treatments) leads to a true homeotic transformation 

of stamen to carpelloid organs or filamentous structures (blue arrows). Petal color and 

epidermal surface seems unaffected, however, the organ size and shape is abnormal.

Figure 4.13: Pulsed reduction of B-class gene function reveals multiple roles during 

flower development. The figure shows photographs of each flower formed by an 

inflorescence of a transgenic line carrying the pAlcA-AP3(l) inducible amiRNA. The plant 

had been treated with a single 24 h pulse of EtOH vapour, and flowers were photographed at 

anthesis, starting from day 4 after the start of the treatment (when the first effects are visible, 

namely elongation defects of stamen filaments) until day 16. The effects of amiRNA 

expression on individual flowers were different and depended on the stage that they had 

reached when the EtOH treatment commenced: firstly, perturbations during late 

developmental stages result in defects in petal and stamen elongation, petal organ 

specification and anther dehiscence (see day 8-11 flowers). Secondly, the perturbations at 

intermediate developmental stages can be compensated for by recovery of APS levels at later 

stages, so that flower organs formed at anthesis are nearly normal (petals are only slightly 

smaller than normal, pollen is released from anthers, and flowers are fertile, see day 12-13 

flowers). Thirdly, perturbations at early developmental stages (day 14-16 flowers) result in 

true homeotic transformation of stamens into carpels or carpelloid tissues, as well as in a 

reduced size and in unusual shape of petals.
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4.2.1.9. Pulsed perturbation of B-class function to assess multiple roles during 

petal development

The pulsed induetion experiments describe above indicated that B-function is 

required at later stages of flower development to promote petal identity in the second 

whorl, and at earlier stages to promote stamen identity in the third whorl. In order to 

test whether the homeotic conversion of petals to sepals upon pulsed perturbation of 

B-class activity is complete or only partial, I further characterized the effects of a 24 h 

EtOH pulse on second whorl organs in the inducible AP3 and PI amiRNA lines. For 

this, I used the method described in Horiguchi and colleagues (Horiguchi et al. 2006) 

to generate negative prints of the abaxial epidermis of second whorl organs. As 

described earlier, wild-type petals have characteristically small conical, regularly 

arranged epidermal cells and no stomata, whereas sepals have irregularly arranged, 

large and elongated cells with stomata interspersed between smaller cells (see Figure 

4.14). The petals of plants mutant for PI or APS exhibit a second-whorl epidermis that 

is very similar to that of wild-type sepals.

The data presented here represent a purely qualitative assessment of the 

phenotypes to show what range of phenotypes I have observed at a given time point. 

After the pulsed treatment of APS and PI amiRNA lines with EtOFl, 1 found flowers 

with second-whorl organs that:

- had the appearance of null-mutant second whorl organs (at day 9 after treatment). 

The organs were similar in size to apS-S mutant petals (see Figure 4.14 B), whereby 

some variation in size was present. Epidermal cells were sometimes petal-like (with 

slightly elongated cells) but often similar to those of null-mutant organs (see Figure 

4.14 C and D).

- were of intermediate size between mutant and wild-type petals and had a surface 

appearance similar to wild-type petals (at around 11-12 days). Sometimes the organ 

margins were wavy. The recovery towards wild-type petals was often complete in 

secondary inflorescences, but not in the main inflorescences (the recovery was 

weakest in main inflorescences of the PI amiRNA line). In recovered petals, 

epidermal appearance was like in a wild-type petal (not shown).

- were small and mishaped but exhibited a surface appearance of wild-type petals (at 

around day 15). At this stage, flowers exhibited complete stamen-to-carpel
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transformations, and the accompanying second whorl organs were always small and 

approached again the size of ap3-3 organs (Figure 4.15). In the main inflorescences, I 

sometimes observed mishaped organs with a wavy margin, sometimes curled inwards 

and exhibiting green sepal-like sectors on the abaxial side (Figure 4.15). However, 

many organs (and all organs in secondary inflorescences) had a smooth margin and 

petal-like appearance. The epidermis of the former organ type was more sepal-like 

and the one of the latter was indistinguishable from the ones of wild-type petals 

(Figure 4.15).
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Figure 4.14. Second whorl homeotic transformations after pulsed perturbation of B- 

class gene function. A. Flower of a AP3-amiRNA transgenic plant at maturity, 10 days after 

a single 24h pulse of treatment with EtOH vapour. The stamens still retain their identity but 

do not dehisce and have strongly reduced filaments. Petals have an appearance similar to 

petals of those in B-class mutant plant. B. Size comparison of ap3-3 mutant petals (upper 

rows of each panel) in comparison to petals from treated AP3amiRNA (upper panel) and Pl- 

amiRNA plant lines (lower panel). C and D. The surface appearance of petals found flowers 

such as the one shown in A. In the Pl-amiRNA (C) as well as in the AP3-amiRNA line (D),
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surface structure can resemble null-mutant petal surface structures. E. Epidermis of a wild- 

type petal. F. Epidermis of a ap3-3 mutant petal.

Figure 4.15. Promotion of organ growth in the second whorl during early stages of 
development. A. Flower of the AP3-amiRNA line at maturity, 15 days after a single 24h 

pulse of treatment with EtOH-vapour. The stamens are completely transformed into carpels. 

Petals are are mostly white in colour, smaller than wild-type petals and mishaped. B. and C. 
The surface appearance of petals in flowers such as the one shown in A (or in flowers from PI 

the amiRNA line 14-16 days after treatments) can either resemble ap3-3 mutant petal surfaces 

(B) or wild type petal surfaces (C). Petals with surface appearances of mutant petals occur 

only in treated primary inflorescences, and were observed much less frequently. D. Size 

comparison of ap3-3 mutant petals (upper row) and petals from treated PI-amiRNA plants 

(lower row). Petals are shown from the primary inflorescence (first four petals from the left) 

and secondary inflorescence (four petals on the right). The yellow box denotes a petal with 

surface structure as shown in B., the red box denotes a petal with surface structure as shown 

in C.

Together, these data indicate that B-class genes have multiple roles during 

flower development, which can be separated across developmental phases:
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- Firstly, during early developmental stages, B-class gene function is required to 

specify stamen identity in the third whorl and to define final petal size and shape in 

the second whorl.

- Secondly, B-function is required during later stages for a correct specification of 

petal identity (or at least those morphological characters that are under B-class 

homeotic control). It is also required over a broader developmental window for proper 

specification of petal characters.

- Thirdly, stamens, once specified, seem to also require prolonged B-class activity for 

correct growth and function (e.g. for anther dehiscence).

4,2.1.10, Effects of B-class gene perturbations on gene expression during early 

flower development

The morphological effects resulting from pulsed gene network perturbations 

suggested that distinct processes are controlled by B-class genes during early and late 

flower development. The results indicate that B-class proteins exert a true homeotic 

function only during early stages of flower development when they are required to 

specify stamen fate. Therefore, I wanted to test which genes and functions are 

affected by perturbations of B-class function at early floral stages, by using 

microarray-based global expression profiling. To this end, the FIS provided an 

excellent tool that allows the collection of large amounts of synchronized flower buds 

af early developmental stages. Figure 4.16A outlines the experimental design of the 

experiment.

In order to induce genetic perturbations, the pi-1 and ap3-2 alleles were 

crossed into the FIS and F2 plants were isolated that were homozygous for apl-1, cal- 

I and the 35S:AP1-GR transgene (i.e. the FIS background) as well as for ap3-3 or pi- 

1 alleles, respectively. As shown in Figure 4.16 B and C, both the ap3-3 as well as the 

pi-1 mutant allele in the FIS result in the expected phenotypes, whereby carpelloid 

organs replace stamens and sepaloid organs replace petals. Plants carrying either of 

these B-class mutant alleles are sterile, thus they cannot be propagated in a 

homozygous state. Therefore, I crossed plants of the FIS background that were 

heterozygous for the ap3-3 allele with plants of the FIS background that were 

homozygous for the ap3-3 allele. This led to populations of FI plants that were either 

heterozygous or homozygous for the respective mutant allele in a 1:1 ratio, which is
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ideal for a controlled experiment (hereafter referred to as the FIS;a/7J-i experiment). I 

performed the corresponding cross for the pi-1 allele in the FIS background to obtain 

a population of plants of that were either heterogyzous or homozygous for the pi-1 

allele (hereafter referred to as the FlS;pi-l experiment). Together with Diarmuid O 

Maoileidigh, I performed two time-course experiments to assess the effect of these 

mutant alleles {ap3-3 and pi-1, respectively) in the FIS at early stages of 

development. For this, we harvested tissue of individual plants at 0, 2.5 and 5 days 

after dexamethasone treatment, froze individual inflorescence samples and then 

phenotypically classified homozygous (mutant appearance) and heterozygous plants 

(wildtype appearance) after they had made flowers from secondary inflorescences. 

Subsequently, the tissue from individual plants was pooled according to genotype and 

time point. RNA extracted from four sets of biologically independent tissue samples 

was then hybridized to custom-designed whole-genome Arahidopsis microarrays from 

Agilent.

contrasts

heterozygous
A

homozygous
N7

start flowering q 2.5
time [d]

Figure 4.16. Use of the FIS to study the effect of gene perturbations. A. Experimental 

design of the null-mutant experiments in the FIS: contrasts of interest include the different 

pools of FIS plants homozygous for the B-class mutant allele {ap3-3 or pi-I) versus FIS 

plants heterozygous for the corresponding allele. These contrasts were examined at different
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stages of flower development, that at 0, 2.5 and 5 days after induction of flowering upon 

dexamethasone treatments B. FIS plants homozygous for the pi-1 null mutant allele, 2.5 

weeks after the induction of flower development by dexamethasone treatment. All flowers 

exhibit homeotic transformations of petals into sepal-like organs and stamens into carpels. C. 
FIS plants homozygous for the ap3-3 null mutant allele, treated as in B.

In order to validate our experimental approach, I tested the expression of APS 

and PI, respectively, in both the FlS;pi-l and FIS;a/?i-J experiments, either by qRT- 

PCR before hybridization (not shown) or by estimating expression levels from the 

microarray data (see Figure 4.17). Even though the ap3-3 and pi-1 alleles are not 

transcriptional null mutants, feedback activation loops lead to reduced expression 

levels of the B-class genes transcripts in mutant flowers (Jack et al. 1992; Goto and 

Meyerowitz 1994; Hill et al. 1998; Tilly et al. 1998; Honma and Goto 2000). Both 

APS and PI expression levels were found to be reduced in FIS;a/7i-i and FlS;pi-l 

homozygous flowers as compared to the plants heterozygous for the corresponding B- 

class mutant alleles. I also determined the expression of known targets of the B-class 

transcription factors (see Table 4.1 for gene descriptions) in the different plant 

populations of the FIS;/?/-/ and F\F),ap3-3 experiments. 1 found that SUP expression 

is strongly reduced in homozygous plants as compared to heterozygous plants at the 

2.5 and 5 day time-points, in agreement with previous reports (Sakai et al. 1995;

Sakai et al. 2000). API expression levels, in contrast, were slighly up-regulated at 

these two time-points {API has been reported to be repressed by APS but only to a 

minor degree, with reported effects similar to the ones seen here (Sundstrom et al. 

2006)). Two further putative targets GNC and GNL, previously reported to be 

suppressed by B-class genes (Mara and Irish 2008) were both slightly upregulated at 

later time-points in plants homozygous for the mutant alleles, with stronger effects in 

FIS;/?/-/ experiment. Expression of NAP (Sablowski and Meyerowitz 1998) and the 

three BNQ-genes (the latter genes have been reported to be later targets (Mara et al. 

2010)) was not markedly changed.
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Figure 4.17. Expression changes of direct B-class targets in the early-stage flowers of 
ap3-3 and pi-1 null mutants. Bar-plot showing the gene expression changes of known B- 

class target genes in the FIS;a/?3-J (A) and the FIS;p/-7 experiments (B).
Log2-tranformed fold change values represent average estimates from microarray data of four 

biological replicates. Error bars represent one standard error.

4.2.1.11. Nuli-mutant perturbations result in subtle global changes of gene 

expression

In order to get an overview of changes in gene expression, I visualized the 

microarray data through MA-plots (plots displaying log(foldchange) versus average 

signal), whereby mean signals and foldchanges were averaged over all four biological 

replicates (see Figure 4.18). The plots suggest that few genes are strongly 

differentially expressed in the mutant/wild type comparisons at all three time-points, 

and effects are rather subtle. Furthermore, an approximately equal number of 

transcripts showed positive and negative fold changes, suggesting that repression and 

activation of gene expression is equally common in the gene network downstream of
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B-class function.
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Figure 4.18: MA-plots of the microarray data from the FIS;/)/-/ experiment at 2.5 and 5 

days after dexamethasone-treatment. The plots represent mean expression values (x-axis) 

against the logarithm (base 2) of the mean fold changes (y-axis) of four biological replicates. 

Data for the 2.5 day time-point are shown on the left, data for the 5 day time-point on the 

right. Selected data points are labelled with the corresponding gene symbols. PI and APS data 

points are labelled in red.

4.2.1.12. Assessing the source and degree of variation in the mutant datasets

In order to visualized main patterns of variation present in the microarray data, 

I examined signal intensities of separate microarray channels (i.e. commonly referred 

to as green/red or Cy3/Cy5 channels). I performed a Principal Component Analysis 

(PCA) in order to reduce dimensions in the multivariate dataset, and looked for 

patterns in the first two principal components in sample space. In an experimental 

setup very similar to the one described in this chapter, Diarmuid O Maoileidigh had 

performed a time-course experiment using segregating populations for the agamous-l 

{ag-1) allele in the FIS and subsequent microarray expression profiling (O 

Maoileidigh 2011) - hereafter referred to as the FIS;og-7 experiment. For comparison, 

I included this FIS;ag-/ experiment in the analysis. The results of this analysis 

showed that the largest variation is present between developmental time-points (see 

Figure 4.19). Time-points were separated accordingly along the first principal 

component axis. Secondly, large variation also exist between experiments with 

different genotypes, so that experiments are generally separated along the second
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principal component axis. However, mutant/wild type comparisons are not clearly 

separated by the first two principal components (nor by the third principal component, 

data not shown).
AGAMOUS 

APETALA 3 

PISTILLATA

PCI

Figure 4.19. Principal component analysis of microarray data from three experiments 

performed with different floral homeotic mutants. Plot showing the first two principal 

components (PCI and PC2) of the the different microarray channels of three time-course 

experiments. In these time-course experiments, null mutant alleles of three homeotic genes 

(agamous-1. apetala3-3, pistillala-1) were crossed into the FIS, and the effect of these 

different alleles were assessed in synchronized flower populations at three developmental 

stages. The analysis indicates large variation between developmental stages (or time points, 0, 

2.5, and 5 days after dexamethasone treatment of FIS plants) and experiments but little 

variation between mutant-wildtype comparisons. Colors indicate experiments, color shades 

depict time-points, triangles depict mutant flowers and circles depict wild-type (heterozygous) 

flowers. These two first principal components explain 51% of the variance in the data.

I next tested for differential gene expression in these mutant/wildtype 

comparisons using a Bayesian approach and linear models as implemented in the 

Bioconductor package limma (Smyth 2004). All experiments are based on an
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unconnected design, that is, the mutant and wild-type RNA at a given time point are 

labelled with two different dyes and hybridized to a single microarray, and no 

microarray links different time-points together. The limma package provides a mixed 

model method for split-channel data that represent log-intensities rather than log- 

ratios (Smyth 2005). This allows for testing of differential gene expression between 

any contrast of choice in an experiment. 1 found that p-value distributions resulting 

from mutant/wild type comparisons are different from /?-value distributions for 

different time-points (see Figure 4.20). This indicates i) moderate numbers of 

differentially expressed genes in the mutant/wild type comparisons and ii) large 

numbers of differentially expressed genes in between time-points.
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Figure 4.20. P-value histograms for different contrasts in the linear models of split- 

channel analyses. Depicted are p-value histograms for the 5 day time-point of the FIS;<3pd-i, 

FIS;p/-y, and FIS;ag-7 mutant experiments (upper row) and for the comparions of the 

different time-points from the wildtype channels of the FlS;p/-/ experiment (lower row).
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4.2.1.13, A process-centred analysis of early B-class function through gene 

perturbation experiments

As shown above, the variation in gene expression between mutant and wild- 

type flowers is moderate. This might have different reasons, e.g. gene expression 

might only be affected in one or two whorls in a mutant flower and the change of 

overall expression is therefore small. Furthermore, the F\S;pi-I experiment seems to 

be less variable than the FIS;a/?5-i experiment, making a direct comparison between 

the experiments more difficult. Therefore, 1 analyzed the resulting microarray datasets 

using a process-centred rather than a gene-centred analytical approach: the main idea 

hereby is to find the main patterns (i.e. processes) overrepresented amongst genes that 

are potentially changed in a mutant/wild type comparison: the choice of a relatively 

relaxed statistical cut-off when contrasting single gene expression between conditions 

will make sure that those patterns are largely represented in the resulting lists of 

potentially mis-expressed genes. Subsequent testing for the over-representation of 

gene-process associations amongst these genes is then performed at a much more 

stringent statistical cut-off. Any single false positive gene included in the first step 
will only add random noise to an existing pattern inherent in the data and will 

tlierefore not lead to false pattern discoveries but, in the worst case, simply make the 

pattern search more difficult.
When testing for differential gene expression in the mutant/wild type 

comparisons, 1 applied a relaxed (unadjusted) p-value cut-off of 0.01 to declare a gene 

as mis-expressed. Using this cut-off, 1 found a total of 911 (FIS;<3pi-i experiment) 

and 1,323 (FIS;/?/-7 experiment) genes defined as differentially expressed in at least 

one time point (see also Table 4.3). The numbers of genes were highest at the latest 

time-point (i.e. 5 days after dexamethasone treatment) and lowest at the earliest time- 

point (0 days, whereby APS and PI are expressed already at low levels at these 

stages). Both joint lists of differentially expressed genes at all three time-points 

contained PI and APS (autoregulation) as well as SLIP as known target of B-class 

activity. GNC and GNL, both putative target genes during later development were 

differentially expressed at the 5 day time-point in the FlS;pi-I experiment only.

Table 4.3: Number of genes differentially expressed in the floral homeotic mutant 
microarray experiments. Differential expression was determined using limma and a/?-value
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cut-off of 0.01 (not adjusted for multiple testing). For comparison, numbers resulting from the 

analysis of the FIS;ag-y experiment are included as well.

Contrast
Genes down- 

reoulated
Genes upregu- 

lated
FIS;p/-J Day 0 19 54

FIS;p/-J Day 2.5 257 230
FIS;p/-JDay 5 452 471

FIS;ap3-3 Day 0 117 83
FIS,ap3-3 Day 2.5 111 198
FIS;ap3-3 Day 5 260 197
FIS:aq-l Day 0 164 124

FIS;ag-J Day 2.5 112 104
FIS;ag'-J Day 5 441 127

As a next step, I looked at over-represented associations of differentially 

expressed genes with certain functional categories - as defined by Gene Ontology 

vocabularies (Ashbumer et al. 2000) - hereafter denoted as GO-terms. In order to 

reduce the number of statistical tests that had to be performed, 1 deleted more general 

categories that were largely redundant with related, more specific categories (see 

Materials and Methods for details). 1 only tested for mis-representation of genes 

associated with GO terms falling into the “biological process” ontology group, using a 

two-sided Fisher’s exact test and comparison with the whole array-genome. 1 adjusted 

the resulting /j-values for multi-hypothesis testing (Benjamini and llochberg method) 

and chose an adjusted />-value < 0.05 as significance cut-off

Figure 4.21 visualizes the results of the GO analysis as a heatmap. Overall, I 

found 54 significantly enriched GO terms in at least one comparison, whereby most 

terms were significant at the 5-day time-points, and only one at the 0-day time-point 

(in the FIS;api-d experiment). Fewer terms were found to be enriched in the FlS;a/3J- 

3 experiment, with one term significant at the 0-day time-point, and 27 terms 

significant at the 5-day time-point. In contrast, in the FlS;pi-J null mutant experiment, 

16 and 29 terms were found significantly enriched at the 2.5 and 5-day time-points, 

respectively. The ten most significant categories in both FIS;/?/-7 and FIS;a/7i-i 

experiments can be summarized as “transcriptional regulation”, “gynoecium/carpel 

developmenf ’ and “pattern specification and morphogenesis”. Also the terms “petal 

developmenf ’ and “stamen development” were found to be significantly enriched. In 

the FlS;pi-J experiment, but not in the FlS;ap3-3 experiment, over-representation of 

terms can be classified into groups of processes that are affected earlier or later during 

the perturbation experiment (i.e. mainly at the 2.5 day time-point or mainly at the 5
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day time-point, or both). The two functions that are more significant at the 2.5 day 

time-point are “xylem development” and “formation of organ boundary”.

Overall, these results suggest that B-class genes are pleiotropic, with several 

developmental functions affected by the genetic perturbations, including some that 

have so far not been associated with B-class gene action. Furthermore, they imply that 

the gene network downstream of the B-class genes is highly modular, with a very 

strong enrichment of other transeriptional regulators amongst the differentially 

expressed genes.
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Figure 4.21. Significantly enriched GO terms in genetic perturbation experiment. The

heatmap visualized p-values from a test for over-representation of GO terms within the 

differentially expressed genes in mutant/wiId-type comparisons. Adjusted/i-values from a 

Fisher’s exact test were -logio-transformed. Black cells indicate GO terms that were not 

significantly enriched, while yellow and red cells indicate significant enrichment. Only terms 

that are significantly (adjustedp<0.05) enriched in at least one the mutant experiments are 

represented.
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The analysis of mis-reprepresented functions amongst differentially expressed 

genes provides novel insights into the processes that are affected by B-class genes 

during development. However, the analysis does not provide information on the 

directionality of gene expression changes upon gene network perturbation. A possible 

approach is to test the expression changes of single genes that are classified into GO 

terms of interest. However, the single gene approach does not provide a framework to 

address global trends of expression changes within sets of genes. Gene set enrichment 

approaches have been developed recently to detect coordinated (but possibly small) 

changes of gene expression within predefined sets of genes that are thought to be co

regulated (e.g. assembled batteries of genes that correlate over many conditions in 

transcriptomic studies) (Mootha et al. 2003; Subramanian et al. 2005). I made use of 

an improved method to test for gene set enrichment (Wu et al. 2010), implemented in 

the limma package that allows for simultaneous testing of set-wide coordinated shifts 

of expression changes towards positive (“up-regulated”) or negative (“down- 

regulated”) values (ROAST: rotation gene set test). 1 focused the analysis on the 

FlS;/?/-7 experiment, as the biological replicates seemed to be somewhat less variable 

than the FlS;o/?i-3 experiment. The GO terms were selected based on their 

significance in the classic GO analysis (Figure 4.21). Hence, the gene set enrichment 

test was not used for battery-testing of all GO terms, but rather to assess coordinated 

directionality in gene expression changes within the significant terms.

As visualized in Figure 4.22, gene sets contained within several GO terms 

showed either strong directionality or strong bi-directionality (the latter is significant 

shifts towards both up- and down-regulation) in gene expression changes. Firstly, 

genes within terms that can be summarized as “axis formation”, “determination of 

adaxial-abaxial polarity” as well as “carpel and ovule development” seemed to be 

coordinatively repressed by PI already at the 2.5 day time-point (all p-values < 0.005). 

Secondly, genes within the terms “organ formation”, “floral organ morphogenesis“, 

organ boundary specification” and “petal developmenf’ appeared to be coordinatively 

activated by PI already at the 2.5 day time-point (all p-values < 0.005). Thirdly, genes 

within the terms “stamen developmenf’, “anther developmenf’ (both p-values < 

0.001) and to a lesser degree “pollen wall formation” and ’’pollen exine formation” 

(p<0.01) appeared to be coordinatively activated by PI at the later time point (5 days).
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Other gene sets also exhibit some evidence for coordinated shift in expression 

changes with less significant /^-values (possibly only a subset of genes/set affected).

Taken together, these results suggest that there is a bi-directional regulatory 

logic underlying B-class homeotic gene action, with some functions repressed and 

some functions activated. Furthermore, the data indicate that the regulatory events are 

developmentally resolved, and early functions include the organisation and formation 

of organ primordia as well as suppression of genes involved in female organ 

development.
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Figure 4.22: Gene set enrichment tests to uncover coordinated gene expression changes 
upon genetic perturbations The heatmap represents p-values obtained from a gene-set 

enrichment analysis of the data from the FIS;/?/-/ experiment. The analysis tests whether
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expression changes within a gene set (here: preselected GO terms) are shifted coordinatively 

towards positive (“up-regulation”, blue) or negative (“down-regulation”, red) values in a 

mutant/ wild type comparison. The ROAST method providesp-values for coordinated gene 

expression changes towards either direction (that is p-values for “up-regulation” and p-values 

for “down-regulation”), /’-values resulting from testing for coordinated down-regulation were 

“-logio” transformed, /’-values resulting from testing for coordinated up-regulation “+logio” 

transformed. GO terms were clustered using euclidean distance metric and complete 

clustering. Three main functional groups containing the most strongly affected gene sets are 

highlighted, for example female reproductive structure development (e.g. carpel, ovules, 

gynoecium) and axis specification processes as functional groups that seem repressed by B- 

class genes.

It is intruiguing that genes involved in the development of carpels and ovules 

seem coordinatively suppressed by PI already at early stages of development. This 

would indicate that B-function encompasses an early cadastral role through 

suppressing genetic program leading to carpel fate. I therefore visualized the 

expression fold changes of a group of differentially expressed genes known to be 

involved in the development and specification of carpel-specific tissues or cell types 

(Figure 4.23), inducing CRABS CLA W{CRC') and SPATULA {SPT^ (Alvarez and 

Smyth 1999; Bowman and Smyth 1999; Heisler et al. 2001), INNER NO OUTER 

UNO) (Villanueva et al. 1999), HECATEl-3 {HECl-3) (Gremski et al. 2007), 

SHATTERPROOF 1/2 {SHPl/2) (Liljegren et al. 2000) and SEEDSTICK (STIC) 

(Pinyopich et al. 2003). With exception of HEC3, all of these genes are significantly 

up-regulated in both the FIS;api-3 and the FIS;/?/-/ experiments at the 2.5 day time- 

point (/?<0.01) and are amongst the most strongly mis-regulated genes at this early 

time-point. This indicates that the derepression of a genetic developmental program 

leading to the specification of carpel fate happens at an early stage in B-class mutant 

flowers.
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Figure 4.23. Expression changes of genes known to be involved carpel development in B- 

class mutants. The bar-plots show mean log2-transformed fold changes in the microarray 

experiments from four biological replicates, comparing mutant and wild-type inflorescences 

at different stages of development. Error bars represent one standard error.

It has been shown in the past that certain gene families can be overrepresented 

in a given developmental process (Becker and Theissen 2003; Feller et al. 2011). I 

therefore tested whether the genes activated or repressed by B-class homeotic genes 

arc enriched for certain gene families or groups of genes encoding for proteins with a 

common domain (hereafter referred to as “protein families”). I used the same 

approach as described above to test for over-representation of GO terms and reduced 

the number of tests by removing redundancy amongst gene families/protein family 

definitions (see Methods for details). Tweny-nine gene/protein families were found to 

be significantly enriched within at least one of the mutant/wild type comparisons and 

the three time points, of which 18 gene/protein families contained mainly putative 

transcription factors, such as the B3-domain protein family, the GATA-type zinc 

finger domain family, the basic helix-loop-helix transcription factor family, the Myb- 

transcription factor family of or the homeobox transcription factor family (see also 

Figure 4.24).

These results indicate that specific groups of related genes have been recruited 

for processes downstream of B-class homeotic function, and also support the 

hypothesis that B-class genes represent a major hub in a cascade of transcriptional 

regulation events during early floral organ development.
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Figure 4.24. Gene families and protein families over-represented in the FlS;pi-l and 

experiments. The /^-values from testing for enrichment of protein/gene-families 

within the differentially expressed genes in mutant/wild-type comparisons. The adjustedp- 

values from a Fisher’s exact test are -logio-transformed, with black denoting non-significant 

values and yellow-red indicating significant values. Only families that were significant 

(adjusted p<0.05) in at least one mutant/wild type comparison are shown. The families were 

clustered using euclidean distance calculations.

4.2.1.14. Comparison of early B and C-cIass functions

The B-class null mutant experiments have provided new insights into 

processes affected by homeotic gene function during early flower development. The 

results suggest that B-class genes act as a transcriptional hub in the determination of 

organ identity, as they seem to activate or repress many other transcription factors. 

Furthermore, B-class genes do not only affect expression of functions important to 

specify the identity of petals and stamens, but also affect the expression of genes 

involved in polarity specification and genes important for carpel development. 1 was

108



interested in comparing the effects of B-class network perturbations with those of C- 

class perturbations. To this end, I applied the analysis pipeline described above to the 

expression data from the FIS;ag-7 experiment (O Maoileidigh 2011). 1 assessed what 

functions are affected by perturbations of C-class or B-class (F\S;pi-l data only) 

genes or both. When testing for mis-representation of GO terms amongst 

differentially expressed genes in the FIS;ag-7 null mutant experiments, 1 found a total 

of 54 terms over-represented at the day 5 time-point, and none at the other time 

points. Figure 4.25 compares p-values from the GO-enrichment analysis between the 

FIS;ag^-7 and FIS;p/-7 experiments at the 5 day time-point. GO terms can be largely 

split into four main groups, namely 1) terms affected by both mutants, 2) terms 

affected only by pi-1 mutation, 3) terms affected only by the ag-1 mutation and 4) 

terms unaffected by either mutant.

I he results can be summarized as follows; 1) Functions enriched in both 

experiments include transcriptional regulation, floral organ development, cell 

differentiation, pattern and boundary formation and carpel/ovule development. 2) 

Functions only enriched in the FIS;/7/-7 experiment include polarity and axis 

.specification, petal development, gibberellic acid signaling, cytokinin metabolism, 

response to (blue) light, vesicle-mediated transport, stem cell maintenance, leaf 

development and stamen/anther development (whereby the latter function is near- 

significant in the FlS;ag-7 experiment). 3) Functions only enriched in the FIS;flg-7 

experiment include epigenetic gene regulation through chromatin modification and 

histone/DNA methylation, fruit development, specification of the primary shoot 

meristem, regulation of the cell cycle and pollen/embryo sac development.

This comparative analysis suggests biological functions that are commonly 

affected in the two experiments, but does not provide information on coordinated 

directionality of the underlying expression changes within these functions. Therefore,

1 used again the ROAST gene set enrichment analysis to test for coordinated uni- or 

bi-directional expression changes in the gene sets contained within the significant 

terms. Eighty-two GO terms were found to be significantly enriched by the classic 

GO term-analysis described above in at least one mutant-wild-type contrast examined, 

and the ROAST analysis was performed for these terms only.

Firstly, 1 found that no gene set exhibits significant coordinated up-regulation in the 

FlS;ag-7 mutant as compared to wild-type. This suggests that AG generally acts as an 

activator of transcriptional programs, rather than as a suppressor. At the 2.5 day time-
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point, only the set of genes within the term “formation of organ boundary” exhibits a 

significant expression shift towards down-regulation in the ag mutant. In contrast, at 

the 5 day time point, sets within 40 terms exhibit significant shifts towards down- 

regulation (see Figure 4.25 for the terms associated with the strongest effects).

In the FlS;pi-l mutant experiment, sets within 7 and 10 terms show signs of 

coordinated up-regulation at the 2.5 day and 5 day time-points, respectively (p-value 

< 0.05). In addition, genes within 7 and 14 terms show signs of coordinated down- 

regulation at the 2.5 day and 5 day time-points, respectively. This suggests that PI can 

act bi-directionally, both towards the repression or the activation of transcriptional 

programs.

Figure 4.25B visualises sets with most significant coordinated gene expression 

shifts for the FlS;ag-7 and FIS;/»/-7 experiments. The genes within these terms are 

either strongly synergistically or strongly antagonistically regulated by B and C-class 

genes, respectively. In brief, gene sets associated with the specification of polarity as 

well as carpel and ovule developmental programs seem generally antagonistically 

regulated, whereas those involved in the formation of organ boundaries and 

stamen/anther developmental programs are seem synergistically activated. In other 

words, e.g. carpel developmental regulators seem repressed by B-class and activated 

by C-class homeotic genes, respectively. On the other hand, e.g. stamen 

developmental regulators seem activated by both B- and C-class homeotic genes.
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Figure 4.25. Comparison of functional terms affected by B-class and C-class homeotic 

mutants. A. Comparison ofp-values (Fisher’s exact test) from two GO-enrichment analyses 

for the day 5 time-point of the FIS;p/-/ and FIS;ag^-i experiments, respectively, /’-values 

were corrected for multi -hypothesis testing (Benjamini and Hochberg correction) and were - 

logio-transformed. Colors indicate groups of significant GO terms, namely blue: significant in 

the FIS;/?/-experiments only; purple: significant in both experiments; and red: significant in 

the FIS;a^-7 experiments only. Selected data points have been labelled. B. Fleatmap 

representation ofp-values from the ROAST analysis. Shown are selected GO-term sets only, 

for which lowest p-values were obtained. P-values from tests for coordinated up-regulation 

were logio-transformed,/?-values from tests for coordinated down-regulation were -logio- 

transformed.
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In the previous section, I have shown that some gene/protein families are 

significantly enriched amongst genes that are differentially expressed in the B-class 

null mutant experiments. 1 wanted to test, whether such enrichments also occur 

amongst genes differentially expressed in the C-class mutant experiment, and thus 

compare the results of both B- and C-class experiments. Again, I used both Fisher’s 

exact test for enrichment of gene/protein family members within the lists of 

differentially expressed genes, as well as the ROAST analysis for coordinated shifts 

of expression within gene/protein families gene sets. I found no gene/protein family 

enriched within the list of gene differentially expressed at the 0 or 2.5 day time-points 

in the FIS;a^-l experiment. However, at the 5 day time-point, 14 families were found 

to be significantly over-represented, 10 of which had not been found to be enriched in 

either the FlS;pi-] or the FIS;fl/7i-i null mutant experiments.

Figure 4.26 shows a comparison of gene family enrichments in the FIS;/?/-/ 

and FIS;ag-/ null mutant experiments at the 5 day time-point. The B3 transcription 

factor family, C2H2 transcription factor family and the homeobox transcription factor 

family genes were enriched in both experiments. Core cell cycle genes and groups of 

genes containing protein domains such as the PAZ, SET, c-terminal Helicase, SNF2, 

Pentatricopeptide repeat or BTB/POZ domains were only enriched in the FIS;ag-/ 

experiment. On the other hand, the C2C2-GATA, basic helix-loop-helix, WRKY or 

MYB transcription factor families were only enriched in the FIS;/?/-/ experiment, 

together with Glutaredoxins, the Cytochrome P450 family and Aux/IAA domain 

containing genes.
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Figure 4.26. A comparison of gene and protein family enrichments between B- and C- 

class null mutants. Comparison of/?-values from Fisher’s exact tests for enrichments of gene 

and protein families, respectively, between day 5 timepoint experiments of FiS;ag-y and 

FIS;/7/-7. F’-values were corrected for multi-hypothesis testing (Benjamini and Hochberg 

correction) and -logio-transformed. Colors indicate groups of significant families: blue: 

significant in the FIS;p/-7 experiments only; purple: significant in both experiments; red: 

significant in the FIS;ag-7 experiments only. Selected data points are labelled.

I next applied the ROAST analysis as describd and compared the results from 

the F\S;pi-l and FlS;ag-7 null mutant experiments (see Figure 4.27). 1 found that the 

members of the PAZ domain protein family are coordinatively down-regulated in the 

FIS;ag-l (p< 0.001) but not in the FIS;/>7-7 (p = 0.06) experiment. The PAZ-domain is 

generally associated with the ARGONAUTE genes in Arabidopsis, and in agreement 

with that, ARGON A UTE3-6 and ARGON A UTE9 transcripts are all significantly 

down-regulated in the FlS;ag-7 experiment. Furthermore, 1 found that members of the 

B3-domain protein family are coordinatively down-regulated in the FIS;ag-l 

experiment {p< 0.001), and bi-directionally regulated in the FlS;p7-7 experiment {p = 

0.003 for up-regulation and p - 0.0002 for downregulation). Members of this family
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are largely uncharacterized, but amongst the genes significantly misexpressed in the 

FIS;«^-7 (down-regulated) and FlS;pi-I (up-regulated) experiments, respectively, is 

VERDANDl ( VDD), a gene important for the specification of a female gametophytic 

cell type (Matias-Hemandez et al. 2010).
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Figure 4.27. Coordinated gene expression changes within gene/protein families enriched 

in B- and C-class mutant experiments. The heatmap represents ROASTp-values for those 

gene/protein families that were identified as over-represented amongst differentially expresed 

genes in B- or C-class mutant experiments, f-values were -logio (down- regulated) or logio 

(up-regulated) transformed. Selected genes that are differentially expressed in one of the null 

mutant experiments are outlined by labels on the right.
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4.2.1.15. Inducible knockdown of B-cIass function

The use of null-mutants in combination with the FIS has yielded a detailed 

insights into the processes controlled by B-function during early floral development. 

However, the nature of a gene network perturbation induced by null-mutant alleles is 

a “static” one, that is, it does not circumvent developmental pleiotropy (see Figure 

4.28, panel A). Therefore, I used the AP3-amiRNA/FIS line described earlier in this 

chapter to induce dynamic genetic perturbations, and measure their effects using 

microarrays as for the null-mutant experiments. Firstly, I confirmed that an EtOH 

treatment of early-stage flowers of the pAlcA::AP3-amiRNA line in the FIS results in 

a phenotypic effect in mature flowers. I found that it is possible to affect homeotic 

transformations using 24 h EtOH-induction periods at 1, 2, 3 and 4 d after 

dexamethasone treatment (see Figure 4.28 C and data not shown), in at least a subset 

of the fully developed inflorescences.

In order to study genome-wide effects of the inducible perturbations, I 

performed a time-course experiment, whereby pulses of 6 h treatments (EtOH vs. 

mock control) were performed at 1, 3, 5, and 7 d after dexamethasone application. In 

order to reduce stress responses of the plants upon treatments, plants were placed back 

to normal growth conditions for 18 hours after the treatment. Subsequently, 

approximately twenty inflorescences for each treatment were harvested and snap- 

frozen until further use. I performed RNA extractions and qRT-PCR measurements to 

assess the reductions in APS mRNA levels for each sample (data not shown), before 

the RNA was labelled and hybridized to Agilent whole-genome microarrays.

These experiments included i) the use of a pAlcA:;AP3amiRNA transgenic line 

and ii) the use of two treatments (EtOH vs mock control). It is difficult to control for 

the two variables simultaneously, in particular because interactions between the two 

can occur (that is the treatment of EtOH in the presence of the AlcR-protein can 

induce stress-symptoms, see also 4.2.1.4. “Generation of lines and conditions for 

inducible perturbations”). I therefore cloned an additional amiRNA that has no 

sequence complementarity in the Arabidopsis genome and is predicted to target no 

transcript (according to the WMD3-microRNA design tool), hereafter referred to as a 

dummy-amiRNA. It is expected that the induction of this amiRNA does not lead to 

the degradation of any target transcript and that the gene expression changes observed 

in experiments with this line reflect non-specific effects due to treatment artefacts.
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I transformed wild-type plants with this inducible amiRNA construct, and 

isolated a T1 line that exhibited AlcR-expression levels similar to those found in the 

pAlcA:;AP3-amiRNA line used (determined by RT-PCR; data not shown). Then, 1 

crossed the respective line into the FIS and isolated homozygous lines. I tested both 

AlcR expression levels (not shown) and levels of the amiRNA precursor upon EtOH 

treatment in this plant line using qRT-PCR (Figure 4.28 D). Unexpectedly, the AlcR 

expression levels were much (~180-times) lower than in the pAlcA;:AP3-amiRNA 

line used. This discrepancy with the initial RT-PCR data might be explained by 

multiple T-DNA insertions that had been present in the T1 transgenic line used for the 

cross. The induction of the amiRNA precursors in the two different amiRNA lines 

upon EtOH treatment did not differ so strongly: I measured a 240-fold induction in 

the dummy-amiRNA line upon a 24 h treatment, and in the AP3-amiRNA line, a 570- 

fold induction upon 6 h, a 720-fold induction upon 12 h. and a 790-fold induction 

upon 24 h treatments, respectively (see Figure 4.28 D). The use of a dummy-amiRNA 

line with equal or stronger expression of the AlcR would be desirable, and therefore, I 

have super-transformed FIS plants with a vector carrying the dummy-amiRNA and 

isolated homozygous lines that show very strong AlcR-expression (in collaboration 

with Diarmuid 6 Maoileidigh, data not shown). Because these lines await a full 

characterization, I used the available dummy-amiRNA in the FIS for a control 

experiment.

At one day after the application of dexamethasone to inflorescences, I treated 

the plants for 24 h continously with EtOH or subjected them to a mock treatment. 

Subsequently, I collected inflorescences as described for the AP3-amiRNA 

experiments. The experiment was performed with two biologically independent sets 

of plants, and labelled RNA has been hybridized to whole-genome Arabidopsis 

microarrays.

Based on microarray data generated for the AP3-amiRNA experiment, I 

estimated expression changes for genes known to be regulated by AP3 (Eigure 4.28 

D). Expression of APS (the transcript of which is degraded by the amiRNA), SUP and 

PI were down-regulated upon EtOH treatments, as it is expected from previous 

reports and the results obtained from null-mutant experiments (see also Figure 4.23). 

The expression of NAP was up-regulated at early time-points and down-regulated at 

the day 8 time-point. GNL, a putative suppressed target of B-function, was slightly 

up-regulated at all time-points later than day 2. The expression of BNQ2 was slightly
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to moderately down-regulated at all four time-points, contrary to expectations. The 

expression of the other genes did not markedly change.
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Figure 4.28: Experimental design for inducible perturbation experiments and controls.

A, B. Experimental design comparison between null-mutant experiments (described above) 

and the perturbations using an inducible amiRNA. The differences in experimental design,
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namely a “static” (A) genetic perturbation vs a “dynamic” (B) knockdown at a certain 

developmental stage are expected to result in different outcomes: firstly, the lists of 

differentially expressed genes in a dynamic knockdown should contain a higher fraction of 

direct targets; secondly, dynamic knockdowns could be used to circumvent developmental 

pleiotropy, e.g. to study B-class gene function at later stages of development; thirdly, dynamic 

perturbations in a non-linear gene network could result in unexpected behaviour of 

downstream gene expression, for example oscillations (see also Discussion) C. AP3- 

amiRNA/FIS inflorescence at anthesis, after a 24 h pulse of EtOH vapour treatment had been 

applied to the developing flowers at 4 d after dexamethasone application. Homeotic 

transformations of stamens into carpelloid organs and petals into sepalloid organs are visible 

in all flowers. D. qRT-PCR of amiRNA precursors in an EtOH-inducible dummy-amiRNA 

line and the AP3-amiRNA line after different durations of continuous EtOH treatment. The 

dummy-amiRNA line was generated to control for effects of the EtOH-inducible 

35S::AlcR/pAlcA::amiRNA system. Note that the expression of the dummy-amiRNA 

precursor after 24 h continuous treatment was lower than the expression of the AP3-amiRNA 

precursor after 6, 12 or 24 h of continuous treatment. E. Expression changes of genes 

described to be regulated by B-class genes at different time-points in the AP3-amiRNA time- 

course experiment. Error bars represent standard errors.

I firstly visualized the expression changes in the AP3-amiRNA experiment 

through MA-plots. In contrast to what I had observed in the null-mutant experiments 

(where only relatively subtle changes in gene expression had been observed upon 

perturbation), a large proportion of genes exhibit a strong up-regulation upon 

treatment of the pAlcA::AP3-amiRNA line with EtOH. This effect was particularly 

strong at 2 and 4 d after dexamethasone application, respectively, but weaker at 6 d 

and not discernable at 8 d (see Figure 4.29). This makes it unlikely that these strong 

effects are simply due to EtOH treatments.
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Figure 4.29: Abundant expression changes are associated with the induction of AP3- 

amiUNA through the EtOH-inducible system during early floral stages. MA-plots from 

the microarray experiments of EtOH-inducible AP3-amiRNA in the FIS, at 2 (A), 4 (B), 6 (C) 

and 8 (D) d after dexamethasone treatment. Mean signal intensities and fold-changes from 

four biological replicates were plotted. Plants had been treated with a 6 h pulse of EtOH 

vapour and tissue was collected after an 18 h recovery period. Strong effects on gene 

expression were seen at the earliest time-points (2 and 4 d), a large proportion of genes were 

up-regulated in EtOH-treated plants.

In order to test whether the up-regulation of genes were due to treatments of 

the plants with EtOH in lines expressing the AlcR receptor and subsequent induction 

of an amiRNA, I generated an MA-plot for the data from two replicates of the 

dummy-amiRNA experiments. Strong gene expression changes were not found in this 

experiment, although some variation can be seen, too (see Figure 4.30).
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If a large proportion of gene expression changes in the AP3-amiRNA 

experiments were due to artefacts introduced by the inducible system used, it would 

be expected that expression changes in the dummy-amiRNA experiment and the AP3- 

amiRNA experiment were correlated. I therefore tested genes for differential 

expression in the dummy-amiRNA experiment and visualized them in the MA-plots 

of the AP3-amiRNA experiment. As shown in Figure 4.30, fold-changes in the 

dummy- and AP3-amiRNA experiments are moderately correlated, e.g. genes up- 

regulated in the dummy-amiRNA experiment exhibit a moderate trend to be up- 

regulated in the AP3-amiRNA experiment too.

A pAlcA;dummy amiRNA 
2 days after Oex

pAlcA:AP3 amIRNA 
2 days after Dex

- A--

B pAlcA;dummy amiRNA 
2 days after Dex

D pAlcA;AP3 amiRNA 
2 days after Oex

Figure 4.30: Identification of potential artefacts due to AlcR/amiRNA-expression in 

combination with EtOH-treatments. A. MA-plot for the microarray data from the dummy- 

amiRNA experiment: plants were harvested 2 d after dexamethasone application after they 

had been treated continuously for 24 h with EtOH or were mock-treated. The MA-plot shows 

that there is some variation in gene expression, but a clear directionality towards up-
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regulation upon EtOH treatment is missing. B-D. Identification of potential artefacts in the 

data of the AP3-amiRNA experiments. Correlated expression changes between the dummy- 

amiRNA and the AP3-amiRNA experiments were used as an indicator of artefacts: red points 

denote genes that were up-regulated upon EtOH treatment in the dummy-amiRNA lines, blue 

points denote genes that were down-regulated (unadjusted p-value < 0.05 and more than 10% 

expression change). B. average MA plot of the dummy-amiRNA experiment. Genes 

identified significantly up- (red) or down-regulated (blue) are coloured. C and D, MA plots 

for the AP3-amiRNA experiments (2 d after dexamethasone treatment). Locally weighted 

regression lines are drawn for all genes (black) or for genes that are down- or up-regulated in 

the dummy-amiRNA experiment, respectively (yellow).

The observed correlations in expression changes between dummy- and AP3- 

amiRNA experiments indicate the presence of some artefacts explainable by treatment 

effects in lines transgenic for the p35S::AlcRypAlcA::miRNA construct. I therefore 

masked genes that exhibit differential expression in the dummy-amiRNA line (upon 

EtOH treatment) in the analysis of AP3-amiRNA experiment, to remove potential 

artefacts. I determined an appropriate cut-off for the p-value used to detect 

differentially expressed genes in the dummy-amiRNA experiment {i.e. non-adjusted 

/>value <0.1, see Figure 4.31 A and B) to be used as a filtering criterion.

1 next visualized the differentially expressed genes in the ap3-3 null-mutant 

experiment (day 5, as described above) on the MA-plots of filtered AP3-amiRNA 

experiments (Figure 4.31 C and D). Genes down-regulated in the null-mutant 

experiment are also generally (weakly) down-regulated at the 2/4 d time-points of the 

AP3-amiRNA experiment, and genes up-regulated in the null mutant experiment are 

generally (weakly) up-regulated in the AP3-amiRNA experiment. At the 6/8 d time- 

points, this effect was not observed. The most strongly up-regulated genes in the AP3- 

amiRNA experiment, however, had not been determined to be differentially expressed 

in the null-mutant experiment. This leaves the reason behind the large variation 

unexplained, but could also suggests that genes under control of B-function during 

early developmental stages are not necessarily so during later developmental stages.
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D pAlcA::AP3amiRNA 
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Figure 4.31: Filtering genes that respond strongly to EtOH-treatment of AlcR-amiRNA 

lines. A. Selection of a filtering cutoff based on median bias assessment. The median bias is 

defined as the median log-fold change in the null/AP3-amiRNA experiments caclulated from 

probes that are differentially expressed in the dummy-amiRNA experiment; the plot relates 

the /7-value cutoff from the dummy-amiRNA experiment used for filtering (x-axis) to the 

median fold-change in unrelated experiments (grey: pi-1 null mutant experiment; black: 

pAlcA::AP3 miRNA experiment, 2 days after dexamethasone treatment; squares: genes up- 

regulated in the dummy-amiRNA experiment; circles: genes down-regulated in the dummy- 

amiRNA experiment). A cut-off of an unadjusted /7-value < 0.1 (vertical line) resulted in 

6,842 genes that were removed from the analysis. B. MA-plot of the AP3-amiRNA 

experiment at 2 d after dexamethasone treatment. Genes that showed signs of response to the 

treatments in the dummy-amiRNA-experiment (/7<0.1) have been removed from the MA-plot. 

The plot shows that, even after the filtering, there remains a large proportion of genes strongly 

up-regulated in the EtOH-treated plants. C and D. MA-plots of inducible AP3-amiRNA 

experiments at 4 d (C) and 8 d (D) after dexamethasone treatment, whereby genes determined 

as up- (blue, in the back) or down-regulated (yellow, in the front) in the ap3-3 null mutant
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experiments (day 5, with a relaxed p-value of 0.05) were labelled. The same observation was 

not made at the 8 d time-point. Lines show locally weighted regressions.

In order to test what processes are affected in the inducible AP3-amiRNA 

experiment, I used the same strategy that I have applied to the analysis for the null- 

mutant experiments, by the use of GO-term enrichment analyses. For comparison, I 

included a similar dataset obtained from an EtOH-inducible AG-amiRNA line used to 

examine C-class function in Arahidopsis (6 Maoileidigh 2011). I tested for 

differential gene expression between mock- and EtOH treated plants using 

functionality provided in the limma package. The resulting /?-value distributions 

exhibited extreme shifts towards low values in the EtOH/mock comparison at all 

time-points of the AG-amiRNA experiment, and at the 2 and 4 d time-points of the 

AP3-amiRNA experiment, suggesting a global mis-regulation of genes in these 

samples (Figure 4.32).
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Figure 4.32; /*-value histograms after testing for differentially expressed genes in 

inducible amiRNA experiments. The p-values were determined by testing for differential
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gene expression between EtOH vs. mock-treated plants using a linear model and testing 

method implemented in the limma package. In addition to p-value distributions at 2 and 6 d 

after dexamethasone treatment in the AP3-amiRNA experiments, equivalent distributions are 

shown for an AG-amiRNA experiment.

1 next selected genes that were differentially expressed (at a more stringent 

cut-off than used for the null mutant experiments, with p < 0.001) and performed a 

GO-enrichment analysis on the resulting gene lists. Figure 4.33 shows a heatmap that 

visualizes the results (obtained with an adjustedp-value < 0.0001). The most 

significant terms enriched in the lists of differentially expressed genes are, contrary to 

expectations, not associated with developmental processes but are relating the 

response to pathogens or stresses. Whether these terms indicate a strong stress 

response to EtOH treatment in plants carrying the AlcR receptor, or whether they 

reflect a hidden biological function of homeotic MADS-box protein is unclear. 

Conclusions await the control experiments that are underway to address this question 

(see Discussion), such as the use of a dummy-amiRNA line with higher levels of 

AlcR expression, the use of the pAlcA:;AP3-amiRNA line in a ap3-3 null mutant 

background, and the use of an inducible gain-of-function approach.
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Figure 4.33: GO enrichment analysis for the inducible amiRNA experiments. A GO term 

enrichment analysis was performed for genes determined to be differentially expressed in the 

AP3-amiRNA and AG-amiRNA experiments, respectively. The analysis was performed as 

described for the null mutant experiments. To be able to visualize the results, the analysis 

parameters used were more stringent than in the analysis for the null-mutant experiment. An 

unadjusted /^-value of 0.001 was used to determine differentially expressed genes, while an 

(Benjamini and Hochberg) adjusted p-value cut-off of 0.0001 was used to determine enriched 

GO terms. P-values were -logio-transformed. Black denotes non-significant terms, while 

yellow or red denote significant terms. Terms were classified as “potentially associated with 

developmental processes” (blue colour); “potentially associated with stress- and pathogen 

responses” (red colour); “unclear associations” (black).
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4.2.1.16. Inducible perturbations using the temperature-sensitive ap3-l allele

The observations made in experiments using the AP3-amiRNA line for 

inducible perturbations did not match well with observations made in null-mutant 

experiments. Therefore, I made use of the ap3-I temperature sensitive allele as an 

alternative system for inducible perturbations of B-function. I crossed the ap3-I allele 

into the FIS and subsequently isolated plants homozygous for all components of the 

FIS as well as for the ap3-l allele. I found that these lines could be propagated in a 

homozygous state when grown at 16°C. The line was then used for an experiment to 

study transcriptional responses upon temperature shifts: normal FIS plants were 

grown at 16°C together with FIS plants homozygous for the ap3-l allele, and 

temperature shifts from 16°C to 2TC were performed at 2 and 5 d after 

dexamethasone application, respectively. 24 h after the shift, inflorescences were 

harvested, RNA was extracted, labelled and hybridized to Arabidopsis whole-genome 

microarrays. This experiment is hereafter referred to as the FIS;a/>i-7 experiment.

1 first visualized global trends in the data obtained from the FIS;a/>i-7 

experiment using MA-plots, and did not find a strong up-regulation of many genes as 

had been observed in the AP3-amiRNA experiment (see Figure 4.34 A). One of the 

biological replicates hybridized to a single microarray was identified as an outlier, 

though, as it showed a global shift of log-transformed fold-changes towards negative 

values (microarray #8, see Figure 4.34 B). Hierarchical sample clustering showed that 

variation between time-points was larger than between genotypes {ap3-l vs. wild 

type, see Figure 4.34 C).
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Figure 4.34; Visualization of global variation in the ap3-l temperature-shift experiment.

Upper panel; MA-plots of single arrays from the FlS;cj/?3-7 temperature shift experiment. 

Microarray #6, hybridized with samples harvested at six days after dexamethasone treatment 

of FIS plants, exhibits moderate variation in fold-changes across the range of intensities. 

Microarray #8 (treatment as for microarray #6) exhibits fold-changes skewed towards 

negative values. Lower panel: complete hierachical sample clustering of individual channels 

based on euclidean distance metrics. Time-points are separated into two distinct groups, but 

mutant/wild type channels do not form separate cluster. The data from the ap3-l channel of 

microarray #8 (arrows) form a separate outgroup.
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I tested how strongly the temperature shift affected the expression of known 

targets of B-class function (Figure 4.35 A), and found that at the 3 d time-point, the 

expression changes of all 10 previously described targets were subtle, but 

directionality was as expected from the previous reports: APS, PI, SUP and NAP were 

down-regulated, whereas GNC, GNL, API and BNQI-3 were up-regulated.

At the 6 d time-point, expression changes were much more variable, and 

effects were weaker sometimes opposite to those seen at the 3 d time-point. I next 

tested how expression of genes involved in carpel development changed upon 

temperature shifts in these experiment (Figure 4.35 B). As in the null-mutant 

experiments, all of these genes, except HEC3, were up-regulated in the ap3-l mutant 

upon a temperature shift, but only in the 3 d time-point. This suggests that B-class 

gene perturbation has a direct effect on the expression of genes involved in carpel 

development, but only when this perturbation happens during early stages of flower 

development.
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Figure 4.35: Expression changes of of individual genes in ap3-l vs wild type 

comparisons. Changes in expression of previously described direct targets of B-class genes 

(A) and genes involved in carpel development (B) in the temperature shift experiments. The 

bar-plots show log-transformed fold changes in microarray experiments from four (day 3) or 

three (day 6) biological replicates, comparing ap3-l and wild-type FIS inflorescences, 24 h 

after plants had been shifted to non-permissive temperatures. Error bars represent standard 

errors.
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I also analyzed GO terms enrichment amongst differentially expressed genes 

(Figure 4.36). 1 found that only few genes were differentially expressed at the 6 d 

time-point (122 genes with /?-value <0.01), so that no term was significantly enriched 

at this time-point. On the other hand, 2,262 genes were differentially expressed at the 

3 d time-point, and 84 terms significantly enriched (adjusted /i<0.05) amongst these 

genes. This included both terms associated with developmental processes, as well as 

to stress/pathogen responses. Therefore, these results are somewhat intermediate 

between those from the null mutant experiment and those from the AP3-amiRNA 

experiment.

I next tested whether coordinated shifts of gene expression were visible within 

GO terms identified in the null-mutant experiments. To this end, 1 used the ROAST 

analysis as described above and identified a subgroup of gene sets that showed 

significant coordinated up-regulation in the ap3-l mutant (see Figure 4.36 B). This 

included terms such as “axis specification”, “specification of axis polarity”, 

“gynoecium developmenf’, or “response to blue lighf’.

The result suggest that several functions determined to be enriched in the null- 

mutant are directly repressed by B-function, including genes involved in polarity 

specification and carpel development.
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Figure 4.36: Functional analysis of dynamic knockdown experiments using the ap3-l 

temperature sensitive allele. A. Table showing a selection of GO-terms significantly 

enriched (adjusted/7-vaiue <0.05) amongst differentially expressed genes. As in the inducible 

amiRNA experiment, terms related to stress-responses were enriched (highlighted in red), 

alongside terms related to developmental processes (highlighted in green). The histograms on 

the left visualize the distribution of p-values resulting from testing for differential expression 

between FIS;<3pi-/ and FIS;wt-plants at 3 or 6 days after dexamethasone treatment. Many 

more differentially expressed genes can be identified at 3 days after dexamethasone treatment. 

B. ROAST gene set enrichment analysis (as explained in Fig. 4.22) using gene sets that had 

been identified to be significantly enriched in the null mutant experiments described in 

section 4.2.1.13. The heatmap visualizes /^-values from a ROAST test for up-regulation (blue)

130



or down-regulation (red) in the FlS;a/7i-7 plants, /’-values from test for upregulation were 

logio-transformed,/7-values from tests for downregulation were logio-transformed.
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4.2.2. Mapping in-vivo DNA binding sites of B-class homeotic proteins

4.2.2.1. Testing of antibodies raised against PI/AP3-peptide epitopes

To identify putative direct target genes of AP3 and PI, I aimed to use a 

combination of Chromatin Immunoprecipitation (CHIP) of protein-DNA complexes 

and deep sequencing (ChIP-Seq) to map genome-wide in-vivo DNA binding sites of 

these transcription factors. ChIP-Seq involves the precipitation of the protein of 

interest that has been crosslinked to DNA fragments using protein-specific antibodies. 

I first tested whether antibodies raised against peptide-epitopes corresponding to parts 

of the protein sequence of either B class homeotic genes could specifically recognize 

the respective protein in flower protein extracts (for details see Materials and 

Methods, Section 2.2.7; design of peptides for immunization was performed by 

Emmanuelle Graciet and Frank Wellmer). To this end, immunoblots were carried out 

with protein extracts from plants either mutant for, or overexpressing, the respective 

gene, as well as from wild-type plants. Despite repeated attempts, I could not detect a 

specific signal that would correspond to either AP3 or PI (data not shown). In 

addition, 1 carried out a ChIP experiment using these antibodies and optimized 

conditions that reproducibly yielded high enrichments for known AP3 or PI binding 

sites, when a GFP-specific antibody was used (as described later in Section 4.2.2.5). 1 

did not obtain enrichments of DNA fragments containing known binding sites for 

AP3 and PI (not shown). These results therefore indicate that the antibodies raised 

against peptide epitopes of AP3 and PI are not suitable to be used for ChIP.

4.2.2.2. Generation of epitope-tagged functional proteins

Because the antibodies that were generated to recognize endogenous B class 

homeotic gene products did not yield expected signals in Western blot analyses and 

Chip experiments, I generated C-terminal translational fusions of the PI and APS 

coding sequences (CDS) to well characterized epitope-tags (see Table 4.4 and 

Methods for details). These fusion constructs were driven by the respective 

endogenous promoters, as characterized by earlier studies using promoter-reporter 

constructs and complementation approaches (Irish and Yamamoto 1995; Hill et al.
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1998; Tilly et al. 1998; Honma and Goto 2000). Alternatively, the genomic loci of 

both genes were cloned and translationally fused to green fluorescent protein (GFP). 

In order to test whether the translational fusions were functional, I transformed 

segregating populations of pi-1 and ap3-3 null mutants, with the respective rescue 

constructs. I then phenotypically assessed the potential of the constructs to 

functionally complement the corresponding null mutants (see Table 4.4).

Constructs expressing the coding sequences of PI and AP3 fused to 6 repeats 

of the haemagglutinin tag (noted 6xHA) driven by the respective endogenous 

promoters could not restore wild-type flower development in the corresponding null 

mutant backgrounds. In contrast, I observed partial to near-complete rescue of petal 

development in several transgenic lines, in which the AP3 coding sequence was fused 

to GFP and expressed from the endogenous AP3 promoter. In lines expressing a 

similar construct for PI (i.e. the coding sequence of PI fused to GFP and controlled by 

the endogenous PI promoter), I found no restoration of wild-type flower development 

with the exception of three lines, in which some aspects of normal stamen or petal 

development were restored (data not shown).
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Table 4.4: Results of complementation experiments.

The table summarizes the results of the complementation experiments, whereby segregating 

populations of pi-1 and ap3-3, respectively, were transformed with different epitope-tag 

fusion constructs. Tl transgenic lines found homozygous for the respective null-allele were 

analyzed for restoration of normal flower development. In addition, the offspring of selected 

Tl transgenic lines that were heterozygous for the respective null-allele was analyzed for a 

distortion in the expected segregation ratio of the mutant versus wild-type phenotypes.

Complementation

construct

No. homozy

gous Tl

plants ob

tained

No. segre

gating T2

plants

analysed

total lines

analysed

partial

rescue

Full

rescue

pP|;.picDNA_HA 10 5 15 0 0

pPI::PlcDNA_GFP 8 12 20 3* 0

pP|.:PlcDNA_Aia-GFP 3 8 11 0 0

p|genomic_Gpp 4 2 6 1 2

pAP3;:AP3‘^^'"^-

6xHA 18 5 23 0 0

pAP3::AP3‘^'^^'^-Ala-

GFP II 36 47 6 0

Ap3genom,c_GFp 10 8 18 0 8**

* very weak stamen or petal rescue

** hemizygous lines with stamen elongation problems

When the APS genomic locus was cloned and translationally fused to GFP, 1 

found near-complete restoration of wild-type flower development in Tl transgenic 

plants homozygous for the ap3-3 allele (Table 4.4. and Figure 4.37). Complementa

tion lines were found to be fertile but exhibit reduced seed set, for they often showed 

slightly reduced stamen elongation. This effect was mitigated once the complementa

tion transgene was homozygous in T2 offspring.
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Figure 4.37: Complementation of the ap3-3 null mutant with a GFP-tagged AP3 protein.

A. Construct used for full complementation of the ap3-3 null mutant with a GFP-tagged APS 

fusion protein. In short, the AP3 genomic locus from I kb upstream of the intial ATG codon 

to the last encoded amino acid before the STOP codon was PCR-amplified from L-er 

genomic DNA and inserted upstream of a GFP coding sequence. B. Flower of a plant 

homozygous for the ap3-3 null mutant allele. C. Flower of a plant homozygous for the ap3-3 

allele and expressing AP3-GFP complementation construct. Stamen and petal identity are 

specified correctly as in a wild-type background. However, slight stamen filament elongation 

defects persist in plants hemizygous for the transgene. D. and E. Confocal images of 

inflorescences from plants carrying the AP3-GFP transgene. GFP-fluorescence can be seen in
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a ring-like domain in developing flower buds. In D., the inflorescences were stained with the 

FM4-64 dye to visualize epidermal surfaces.

Similarly, a fusion construct of a PI genomic region to GFP could fully restore 

wild-type flower development in a pi-1 null mutant background (see Table 4.4 and 

Figure 4.38). Furthermore, hemizygous transgenes fully complemented the pi-1 

mutation, and the stamen elongation problems that had been observed in AP3-GFP 

complementation lines were not observed.
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Figure 4.38: Complementation of the pi-1 null mutant with a GFP-tagged PI protein.
A. construct used for full complementation of the pi-1 null mutant with a GFP-tagged PI 

fusion protein. B. Flower of a plant homozygous for the pi-1 null mutant allele and transgenic 

for the Pl-GFP complementation construct (homozygous). Stamen and petal idenity are 

specified correctly as in a wildtype background. C. Fluorescence microscopy images of 

inflorescences from plants carrying the Pl-GFP transgene. GFP-fluorescence can be seen in a
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ring-like domain in developing flower buds, from flowers of approx, stage 3, a pattern that 

strongly resembles the one observed in the AP3-GFP complementation line.

4.2.2.3. Expression of GFP-tagged proteins within developing flowers

In order to confirm that the APS complementation construct described above is 

expressed in the correct domain, I analyzed the distribution of the AP3-GFP and PI- 

GFP fusion proteins in developing flowers using confocal laser scarming microscopy 

and fluorescence microscopy.

Confocal imaging was used to visualize GFP-derived fluorescence in 

meristems and young flowers of plants transgenic for the AP3-GFP construct and 

homozygous for the ap3-3 allele. As shown in Figure 4.37, fluorescent signal could be 

detected in a ring-like domain within flower buds from approximately floral stage 3 

onwards, when the sepal primordia arise at the flanks of the flower bud (Smyth et al. 

1990). This expression pattern is in agreement with the previously reported protein 

distribution within the developing flowers (Jack et al. 1994).

I next used fluorescence microscopy to visualize the GFP-signal distribution in 

inflorescences of plants homozygous for both the PI-GFP transgene and the pi-1 

mutant allele. As shown in Figure 4.38, GFP-signal could be detected in a ring-like 
domain within young flower buds and thus in a pattern very similar to that observed 

in the AP3-GFP line.

4.2.2.4. Use of the FIS to obtain synchrononusly developing young flowers 

expressing GFP-tagged B-class homeotic proteins.

I aimed at studying in vivo DNA binding of the B-class proteins specifically at 

an early stage of floral organ formation, which is difficult to do in a wild-type 

background, as one flower is formed at a time and floral buds are developing 

asynchronously. I therefore made use of the properties of the FIS, that allows for 

synchronization of early flower development, as well as collection of targe amounts 

of tissue that expresses the B-class proteins at high levels. Two independent GFP- 

complementation lines were crossed into the FIS (a PI-GFP complementation lines 

and one AP3-GFP complementation line), after the respective transgene insertion sites 
had been mapped using TAIL-PCR and sequencing. 1 used pollen of the two different
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complementation lines in homozygous mutant backgrounds for crosses into FlS-lines 

that were also homozygous for the corresponding null-mutant alleles pi-1 and ap3-3, 

respectively and to generate AP3-GFP;ap3-3;apl;cal and PI-GFP;pi-l;apl;cal 

homozygous plants, respectively.

I next tested whether, upon the induction of the APl-GR fusion protein by 

treatment with a dexamethasone-containing solution, the floral homeotic phenotypes 

of the pi-1 and ap3-3 mutant alleles could be rescued by the GFP-tagged versions of 

the respective transcription factors in the apl cal double-mutant background. 1 found 

that both complementation constructs restored floral development as seen in the 

normal FIS upon dexamethasone induction (Figure 4.39). However, 1 noted that the 

Pl-GFP fusion, but not the AP3-GFP complementation construct, could restore 

stamen development in lines of the FIS that had not been treated with dexamethasone 

(remark: in the absence of induction, the inflorescence-like meristems of FIS plants 

usually transition to flower development after an extended period of time. This is 

probably mediated by the the transcription factor FRUITFULL (Ferrandiz et al. 

2000)).

Figure 4.39: Complementation of FIS-plants homozygous for ap3-3 and pi-1 null mutant 

alleles and distribution of GFP-signal in the FIS complementation lines. A. and B.

138



Flowers of a FIS inflorescence homozygous for the ap3-3 null mutant allele without (A) or 

with (B) the AP3-GFP complementation transgene. Plants had been treated 2-3 weeks prior to 

observation with dexamethasone to restore normal flower development. Both petal and 

stamen identity is restored in the FIS ap3-3 plants expressing the AP3-GFP. C. Fluorescence 

microscopy images visualizing GFP fluorescence signal in an AP3-GFP/ap3-3/FlS 

inflorescence, four days after the application of dexamethasone. D. GFP fluorescence 

localization in a Pl-GFP/p/'-f/FIS inflorescence, three days after the application of 

dexamethasone.

After confirming that, upon induction of flower development by 

dexamethasone treatment, petal and stamen development can be restored in FIS lines 

encoding the GFP-tagged versions of APS and PI, 1 tested whether the GFP fusion 

proteins localized in the appropriate domains during early stages of flower 

development. As expected, I found GFP-related fluorescence in a ring-shaped region 

around the centre of young flower buds in the AP3-GFP complementation line, and in 

the central region of the buds in the PI-GFP rescue line. The domains in which GFP- 

tagged AP3 and PI proteins are present within young FIS flower buds therefore reflect 

the domains where the two transcription factors are expected to be present under 

normal {i.e. wild-type) conditions (see also Figures 4.37 and 4.38).

4.2.2.5. Chromatin Immunoprecipitation: protocol optimizations

The method used to map in-vivo DNA binding sites of the homeotic proteins 

is based on high-throughput sequencing of DNA sequences that have been obtained 

by Chromatin-Immunoprecipation (ChlP) of the GFP-tagged proteins from floral 

tissue. This approach has been successfully used to map binding sites of the floral 

homeotic proteins API (Kaufmann et al. 2010) and AP2 (Yant et al. 2010), as well as 

the meristem identity proteins SEP3 (Kaufmann et al. 2009) and LFY (Moyroud et al. 

2011). Chip had not been performed previously in the Wellmer lab, and ChIP 

protocols generally need to be adopted for a specific protein and antibody used 

(Haring et al. 2007; Kaufmann et al. 2010). Therefore, the protocol used for ChIP was 

optimized in a joint effort between Emmanuelle Graciet (abbreviated as EG),

Diarmuid 6 Maoileidigh (abbreviated as DM) and myself (SW, see also Table 4.5). 

Initial trials on the preparation of chromatin from plant tissue and design of the initial 

protocol were performed by DM and EG, and are not described here. However, a
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ChIP-Seq experiment carried out with this original protocol did not give satisfactory 

results. Additional optimization steps were therefore required. In this context, 1 was 

involved in optimizing again the different parts of the ChlP protocol, including the 

tissue fixation conditions for chromatin preparation and chromatin fragmentation, as 

well as the conditions for immunoprecipitation and purification of protein/DNA 

complexes using protein A (Figure 4.40 and Table 4.5).

Dex-treatment to induce flower development Tissue

Figure 4.40: Overview of the main steps in the ChIP protocol that was optimized. The

blue boxes highlight the steps for which different parameters were tested during the second 

optimization phase. The branching indicates different fixation methods (post- vs pre-fixation), 

which yielded very different results and for either of which some subsequent steps were 

optimized independently. The protocol is divided into three main steps, “Chromatin”, “IP” 

(Immunoprecipitation) and “Elution”. These terms are also referred to in Table 4.5 (see 

below), which describes in more detail the parameters that were tested during the different 

optimization steps. E = epitope; AB = antibody; B = protein A sepharose beads; TF = 

transcription factor

The optimizations were primarily performed with the AP3-GFP;F1S and later 

also with the P1-GFP;FIS complementation lines. Because few binding sites were
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known for B-class homeotic proteins, the performance of different protocols was 

initially assessed using enrichment of DNA sequences around a known AP3/P1- 

binding site in the APS promoter (Hill et al. 1998; Tilly et al. 1998; Sundstrom et al. 

2006). The enrichment for that region after ChIP was compared to that of four 

negative control regions neighbouring this known AP3-binding site, as well as two 

negative control regions at other locations in the genome (Sundstrom et al. 2006). 

After an early attempt to use high-throughput sequencing for mapping in-vivo binding 

sites of PI and AP3 (with suboptimal outcome - see also Figure 4.45 panel A and data 

not shown), a further five positive and two additional negative control qPCR assays 

could be designed. Overall, the optimizations were performed over a period of around 

1.5 years until a suitable protocol was established. The main parameters tested in the 

optimization steps are listed in Table 4.5, together with the main outcomes of the 

experiments.
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Table 4.5: Summary of optimizations of the ChIP protocol. The table summarizes the 

different steps in the protocol (see also Figure 4.40), the description of the variables which 

were optimized, the parameters chosen, the person who was involved in the optimization of 

the step (EG = Emmanuelle Graciet; DM = Diarmuid O Maoileidigh; SW = Samuel Wuest) 

and the outcome of the optimization.

Step Description Parameters Person Outcome/Optimal condition

Chromatin Fixation method
Formaldehyde fixation before 
or after grinding of snap- 
frozen tissue (post- vs pre
fixation)

EG, DM,
SW

Fixation of whole tissue samples 
before grinding (pre-fixation) 
increased signal by 7-9 fold

Chromatin Fixative concen
tration

Formaldehyde concentrations 
before grinding: 1% or 0.3% SW 1% fonnaldehyde for fixation of 

whole tissue

Chromatin C'hromatin
shearing

Sonication cycles: 8x (15' 
fixation or 0.3% formalde
hyde) vs I2x (Ihr fixation 
with 1% or 0.3% formalde
hyde)

SW

1% formaldehyde for Ihr, 
together with 12 sonication 
cycles; IP worked well with all 
conditions tested

IP Preclearing Duration of chromatin 
preclearing: 15'vs 90'

EG, SW,
DM

Results were ambiguous: 
sometimes shorter preclearing 
yielded higher signal-to-noise 
ratio but lower yields; sometimes 
longer preclearing gave better 
signal-to-noise ratios

IP Antibody Ab290 (Abeam)/A6455 
(Invitrogen)

DM, EG,
SW

Both Ab290 and A6455 GFP- 
specific antibodies yielded good 
enrichments. A6455 exhibited 
higher signals but also slightly 
higher background. Ab290 had a 
better "publication record"

IP Antibody
concentration Ab290: 2 pi or4 pl/lP DM, EG

4 pi /IP worked better for 
samples generated using post- 
fixed material. Not optimized for 
pre-fixed material

IP Antibody
incubation

Duration of antibody incuba
tion with chromatin: I hr vs. 
o n. (Ab290) and Ihr vs. 2h 
or o n. (A6455)

DM, EG

1 hr incubation with Ab290 
resulted in slightly better signal- 
to-noise ratio than o n incubation.
O n. incubation with A6455 was 
slightly better than 1 hr or 2h

IP Beads type Magnetic protein A beads vs. 
protein A Sepharose beads

DM, EG,
SW

Signal comparable, but use of 
Sepharose A beads lowers 
background

IP Wash buflers

Washes with increasing 
stringency (see protocol 1) 
versus use of IP buffer for 
washes (according to 
(Kaufmann et al. 2010)

SW
Washes with IP buffer result in 
higher yields and slightly better 
signal/noise ratio

Elution Elution of DNA 
from the beads

1) elution with 100 mM 
NaHCO.,/l%SDS at 65°C 
(2x2h); 2) elution according 
to (Kaufmann et al. 2010)

SW
Slightly better signal-to-noise 
with elution 1) but higher yields 
with elution 2)
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It is beyond the scope of this thesis to show in detail all the results from the 

optimizations of the ChIP protocol. The variables that were optimized included the 

fixation conditions, the chromatin preclearing time, the choice of the antibody used, 

the type of beads used for precipitation, the wash conditions of the beads or the 

conditions chosen to elute the DNA from the beads. Figure 4.41 A shows an example 

of an experiment comparing two parameters for the time of tissue fixation and the 

corresponding qPCR results. Figure 4.41 B shows selected results of protocols that 1 

have tested over the optimization period.

To summarize, we found that the largest difference in protocol performance 

depended on the choice of the fixation method (indicated by branching in the scheme 

in Figure 4.40). The initial method for chromatin preparation was based on a modified 

protocol described by Ito et al. (Ito et al. 2007), whereby inflorescences were ground 

and fixed with 1 % formaldehyde. We found, however, that the pre-fixation method 

(i.e. fixation of whole tissue before grinding), as used in several protocols for ChIP 

from plant tissues (Gomez-Mena et al. 2005; Leibffied et al. 2005; Kaufmann et al. 

2010) greatly improved the resulting enrichments of positive regions as measured by 

qPCR (see also Figure 4.41 C). We also found that both GFP-specific antibodies 

tested (Ab290 from Abeam and A6455 from Invitrogen resulted in good enrichments 

and yields. Because the Ab290 antibody had been used for several published ChlP- 

experiments (for example, (Kim et al. 2010; Kumar and Wigge 2010; Yant et al. 

2010)), it was chosen to analyze the in-vivo binding sites of AP3 and PI. The choice 

of the wash conditions showed a moderate effect on enrichments, the choice of elution 

conditions mainly on yields. To conclude this part, the final protocol used for ChlP- 

Seq is similar to the one described by the group of Gerco Angenent (University of 

Wageningen) (Kaufmann et al. 2010).
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Pl-GFP Chip: fixation time
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15'fixation
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■ MU

BRIl NFG
■ ACTIN
■ AP3-5 

AP3-3
■ AP3-4 
li AP3-2
■ BRIl
^ MEXK18 

HEC2 
PI
IAA27 

r. AP3-1 
AP3 6

Chip optimizations (selected parameters) 

Enrichment over Actin

" IP washes + elute 1 
“ IP washes + elute 2

“PI-GFP Ihr fixation 
PI-GFP 15' fixation

' fixation of whole tissue 
fixation after grinding

Figure 4.41: Optimization of ChIP-protocol parameters. A. and B. Example of a ChIP 

protocol optimization experiment. Testing the effects of fixation time in the pre-fixation 

method by comparing a long (1 hr) or short (15 min (noted 15’)) fixation, in combination with 

12 and 8 cycles of sonication, respectively. The experiments were performed using the Pl- 

GFP/FIS line at four days after the application of a dexamethasone-containing solution. A. 
shows the size distribution of chromatin fragments after sonication. The majority of DNA 

fragments migrate at sizes of approx. 100-500 base pairs and 200-600 base pairs, respectively. 

B. qPCR results for assays that amplify DNA fragments containing known binding sites for PI 

(assays: BRIl, MEKKK18, HEC2, PI, IAA27, AP3-I, AP3-6), control regions (ACTIN,

BRll NEG, REFl, MU) or regions at different distances from a known binding site at the 

AP3-promoter (flanks). The latter assays provide information of the physical resolution at 

which mapping of specific binding sites within the genome is possible. The barplot shows the
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estimated abundance of a given DNA fragment as compared to pre-cleared chromatin that 

was used as the input for the IP. A decicion matrix for this parameter optimization example 

suggested that longer fixation provided better enrichments (not shown). C. Comparisons of 

the performance of selected ChlP protocols using different parameters. The graph shows 

input-normalized enrichments over the ACTIN negative region. The different assays amplify 

DNA fragments in the vicinity of a known binding site at the APS promoter. The results are 

shown for a selection of different protocols: only one included the used of chromatin from the 

post-fixation method (yellow), which generally resulted in much lower enrichment values 

(compare with the green curve for a pre-fixation protocol with all other parameters equal). 

Results are furthermore shown for comparisons of different elution methods (elute 1, light 

blue vs elute 2, red), and for the two different durations of the fixation, as shown in A. and B. 

See also Table 4.5 for details.

4.2.2.6. Chromatin Immunoprecipitation and preparation of sequencing libraries

In order to generate a genome-wide picture of in-vivo DNA binding sites for 

B-class homeotic proteins, I performed an experiment that combines CHIP and high- 

throughput sequencing using the Illumina Genome Analyzer-IIX. 1 harvested and 

pooled inflorescence tissue from the two different FIS complementation lines four 

days after treatment with a dexamethasone-containing solution. I then followed the 

optimized ChIP protocol to isolate DNA fragments bound by AP3 and PI. The size 

distribution of the DNA fragments in the chromatin preparation used for the 

immunoprecipitation was determined to exhibit a peak in fragments sizes around 100- 

600 base pairs (Figure 4.42). With the remaining chromatin, I performed the 

immunoprecipitations (IP) using the anti-GFP antibody Ab290. Eluates of two 

independent IPs for each transcription factor were pooled by sequential resuspension 

of the final DNA pellet in 36 p,l water.

After IP, I assessed by qPCR the enrichment of DNA fragments that contain 

known binding sites for B-class proteins (positive regions) over DNA fragments that 

likely contain no binding sites (negative regions; see Figure 4.42). Fragments 

containing the binding sites at X\\qAP3, IAA27 and HECl loci were enriched in the 

AP3-GFP and PI-GFP ChIP samples when compared to two negative regions (as 

determined by the “BRIl-negl” and “ACTIN” qPCR assays). The enrichment values 

were highest for the IAA21 and APS genomic loci, and were better for the two PI-GFP
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replicates than for the AP3-GFP sample. No enrichment of the positive regions was 

found in the negative control sample.

From each of the DNA samples obtained after ChIP, 30 fxl were used to 

generate sequencing libraries using an adapter-ligation/PCR amplification protocol. 

The library preparation was kindly carried out by Diarmuid O Maoileidigh. 

Electrophoresis-based analysis of the resulting DNA showed that fragment sizes 

ranged between approx. 300-600 base pairs (see Figure 4.42 E and F). The libraries 

were subsequently sequenced on an lllumina GA IIx analyzer through a collaboration 

with Brendan Loftus and Amanda Lohan (University College Dublin).
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2 PI-GFP library 2: 
i Chromatin

Figure 4.42: preparation of PI-GFP, AP3-GFPand control libraries from ChIP-samples 

for high-throughput sequencing. A.-C. The size distribution of DNA fragments from 

chromatin preparations were determined by gel electrophoresis before immunprecipitation. 

The bulk of DNA fragments was found to be between 100-600 bp in length. The name of the 

libraries that were generated from each of these chromatin preparations after ChIP is 

indicated. D. qPCR on diluted DNA after ChIP from PI-GFP, AP3-GFP and negative control 

experiments showing enrichment of DNA fragments containing known binding sites of AP3

147



and PI over DNA fragments near the “ACTIN’’ locus, which does not contain AP3 or PI 

binding sites. The Bri I neg region (see Methods for details) was included as a second 

negative control assay. E. and F. Electropherograms showing the size distribution of DNA 

fragments after preparation of a sequencing library. The bulk of DNA fragment sizes ranges 

between 300-600 bp.

4.2.2.7. ChIP-Seq: quality assessments

I performed an analysis of the short read datasets produced after sequencing. 

Besides the two PI-GFP, the AP3-GFP and the negative control datasets described 

above, this included two replicates of an AG-GFP dataset (the latter were generated 

by Diarmuid O Maoileidigh (O Maoileidigh 2011)). The data produced by the 

Illumina sequencing pipeline (Figure 4.43 A) consists of a basic text file, in the so- 

called fastq-format (Cock et al. 2010), that contains both read information, as well as 

quality scores for each sequence (preprocessing of the raw sequencing data was 

kindly performed by Jai Prakash Mehta, University College Dublin). I used the 

FastQC-software (www.bioinformatics.bbsrc.ac.uk/projects/fastqc) to assess the 

general quality of each short read dataset and found that sequence qualities were high 

(Figure 4.43 and data not shown). Only duplication levels (the number of times a 

given sequence occurs) were elevated and much higher than expected by chance (see 

Figure 4.43 panel C). The lowest duplication levels were found in the Pl-GFP 

replicates 1 and 2, while intermediate levels were found in the AG-GFP replicate 2. 

The other datasets (AP3-GFP repliate, AG-GFP replicate 1 and negative control 

experiment) contained high levels of duplication, which could be due to PCR 

artefacts. However, given the total read numbers of these datasets (see Table 4.6), 

these duplicated reads can be removed to avoid false discoveries in peak-calling 

methods (Muino et al. 2011), without substantial loss of sequence coverage.

I aligned the short read datasets to the cnYVQni Arahidopsis genome release 

using the short read aligner SOAP version 2 with default settings (Li et al. 2009), and 

found very good mappability of the reads contained within all datasets. I also 

compared the total number of reads and mappability of our datasets to those from 

published ChIP-Seq experiments of Arahidopsis floral regulators (Kaufmann et al. 

2009; Kaufmann et al. 2010; Yant et al. 2010; Moyroud et al. 2011). I found that after 

aligning the short reads to the genome, the coverage of our datasets was highest in
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comparison with any published data (see Table 4.6). Together, these results indicate 

that the ChIP seq datasets described here are of suitable quality and of sufficient 

sequencing depth.

Spot ID: 

sequence:

quality:

@HWUSI-EAS325L_0004_FC:2;120:15437:21383#0/1 
TTTGCNACTATTTTTGGTCTAGCCGCCACCCAACAAGAAAGA 
+HWUSI-EAS325L 0004„FC:2:120:15437:21383#0/1
ZUYZB^aaa XXgdggdfggqgfgggqf ffdcdffeqg
@HWUSI-£AS325L_0004_FC:2:120:15453:21375#0/l 
ATGTANATACAGTATCCATGCTTAATTACCGACTTCACATGT 
+HWU5I-EAS325L 0004_FC:2:I20:15453:21375#0/1 
YJVRTBX\\\\\A\_ffcfaffdffeYdee\cacaZAZa(fc

Figure 4.43: ChIP-seq quality control. A. The output format of the lllumina GA sequence 
analysis pipeline contains both a sequence string for each spot, in addition to a quality string. 

The quality string is a score for the reliability of a base call at a given position within the 

sequence string (PHRED score). The PHRED quality score for lllumina GA sequencing data 

generally ranges from 0 (low quality) to 40 (high quality) and is coded in ASCII letters with 

an offset of 64 (that is 0 = @, I = A, 2 = B, ..., 39 = i, 40 = h; (Cock et al. 2010). B. Quality 

scores at a given position within the sequence of all reads from the PI replicate 1 ChlP-Seq 

experiment, as determined by the FastQC software. The boxplots show the distribution of per- 

base qualities for all reads in the PI-GFP replicate 1 library. The average quality overall is 

high, and drops only moderately towards the 3’end of the 42-bp reads, indicating good overall 

quality of the reads in the dataset. C. Duplication levels of the reads present in the ChIP-Seq 

data from six libraries sequenced on the same lllumina GA IIX analyzer flow cell. The graph 

represents the relative percentage of reads that exhibit a certain level of duplication (e.g. 2 = a 

given sequence was found twice in a sample). The percentages are normalized to the number 

of unique reads {i.e. duplication level = 1). All sequence data contain a substantial amount of 

multiple reads, with the PI-GFP libraries containing the lowest amount and the AP3-GFP 

library containing a similar number of multiple reads as the control library. The black line 

indicates theoretically expected duplication levels, according to Poisson-distribution densities
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with lambda = 30 million {i.e. approximate number of reads per library) divided by 240 

million (i.e. approximate genome size, including information on strand orientation).

Table 4.6: Read numbers and alignment of published datasets in comparison with 

datasets generated for B- and C-class homeotic proteins. Included are example datasets 

from ChlP-Seq experiments for the floral regulators LFY, API, SEP3 and AP2 that represent 

the output from different generations of high-throughput sequencers (e.g. the SEP3-dataset 

has been published in 2009, and the first generation of Solexa sequencers has been used to 

generate short read data (Kaufmann et al. 2009)).

Samnle Name No. reads
No.
alisned

%
alieiied

NCBI
GEO No. Reference

LFY sample 1: 9,474,212 6,801,776 71.79% GSE24568 (Moyroud et 
al.2011)

LFY sample 2: 29,199,200 21,713,379 74.36% GSE24568 (Moyroud et 
al.2011)

LFY control 1: 7,945,755 5,274,814 66.39% GSE24568 (Moyroud et 
al.2011)

API sample 1: 7,154,722 4,551,520 63.62% GSE20176 (Kaufmann et 
al.2010)

API sample 2: 15,225,981 12,047,359 79.12% GSE20176 (Kaufmann et 
al.2010)

API control 1: 10,884,208 7,987,512 73.39% GSE20176 (Kaufmann et 
al.2010)

SEP3 sample 1: 3,1 12,455 953,885 30.65% GSE14600 (Kaufmann et 
al. 2009)

AP2 sample 1: 34,224,671 19,408,630 56.71%> GSE21301 (Yant et al. 
2010)

AP2 sample 2: 14,990,229 6,923,052 46.18%) GSE21301 (Yant et al. 
2010)

control (suboptimal 
protocol) 8,228,819 4,830,372 58.70% NA

PI-GFP (suboptimal 
protocol) 6,841,508 6,161,906 90.07% NA

AP3-GFP (subop
timal protocol) 20,002,726 16,968,096 84.83% NA

AP3-GFP sample 1; 31,863,205 29,242,357 91.77% NA
PI-GFP sample 1: 31,660,640 29,124,266 91.99% NA
Pl-GFP sample 2: 27,679,860 25,591,938 92.46% NA

APl-GR only 
(negative control) 29,265,976 26,731,313 91.34% NA

AG-GFP sample 1: 27,492,693 22,050,870 80.21% NA
AG-GFP sample 2: 32,554,376 28,908,778 88.80% NA
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4.2.2.8. Detection of putative binding sites of B-class proteins in the Arabidopsis 

genome

ChIP-Seq allows inference of in vivo transcription factor-binding sites by 

finding genomic regions that show enriched associations with DNA reads from deep 

sequencing data after ChIP (Robertson et al. 2007). In order to visualize enrichments 

of reads aligning to known binding sites, I calculated genome-wide per-base 

coverages from the aligned short read datasets - after the reads had been extended to a 

length of 200 bases into 3’ direction (Kaufmann et al. 2010). I visualized per-base 

coverage at genomic regions that have been described to contain binding sites of B- 

class proteins. The best characterized binding site of B-class proteins resides in the 

region upstream of the^Pi transcription start site (Hill et al. 1998; Tilly et al. 1998). I 

found strongly increased per-base coverage upstream of the APS locus, as determined 

from the AP3-GFP, PI-GFP (replicate 1 and 2), as well as AG-GFP (replicate 1 and 2) 

datasets, but not from the negative control dataset (Figure 4.44). Interestingly, 

increased dosage of the genomic region that was used to generate the AP3-GFP 

complementation construct was evident from the coverage tracks; it resulted in 

increased coverage over the corresponding region in the AP3-GFP dataset, but not in 

the PI-GFP or AG-GFP datasets. 1 checked whether a corresponding effect was also 

visible in the PI-GFP dataset, and found slightly increased coverage across the region 

corresponding to the genomic DNA sequence used to generate the PI-GFP 

complementation construct. In addition, increased coverage indicative of a binding 

site for AP3-GFP, PI-GFP and AG-GFP was found upstream of the transcription start 

site of PI, in a region that was shown to be necessary for autoregulation of PI through 

B-class gene activity (Honma and Goto 2000).

I next checked extended read coverages at all other previously described 

binding sites of B-class proteins (Sablowski and Meyerowitz 1998; Sundstrom et al. 

2006; Mara and Irish 2008; Mara et al. 2010). I also included the SUP locus, as this 

gene has been suspected to be under direct control of B-class transcription factors 

(Sakai et al. 2000)). I found clear indications for B-class binding sites at the SUP and 

API loci, and weaker support for binding sites at the GNC and BNQ2 loci. In contrast, 

I could not find a clear confirmation for the binding of B-class transcription factors at 

the BNQl, BNQ3 or NAP loci (Figure 4.44 and data not shown).
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Figure 4.44: Confirmation of known binding sites of B-class genes by the ChlP-Seq 

datasets generated. Five tracks of per-base coverage calculated from extended reads from 

different ChlP-Seq datasets are shown in each panel, together with two gene model tracks at 

the bottom (forward strand above the genome axis and reverse strand below). The coverage 

tracks are all standardized to the maximum coverage found in any track in each specific 

region. The AP3-GFP track is shown in blue, the Pl-GFP tracks in purple, an AG-GFP 

(replicate 2 (rep2)) track in red and the negative control track in black. A. and B. show the 

genomic region around the AP3 and PI loci, respectively. These sites both contain regions 

with strongly enriched DNA sequences in the ChlP-Seq datasets. Please note that the 

respective regions also have increased dosage in the lines carrying the AP3-GFP and Pl-GFP 

transgenes, respectively (overlayed purple rectangles). C. and D. show data from the SUP, 

GNC and API loci, respectively. Images were generated using the GenomeGraphs R package, 

and annotation tracks were generated from information downloaded from the biomart 

database using biomaRt functionality (see Methods).

To detect genome-wide overrepresented associations of short read sequences 

with certain genomic regions, I used the peak-calling method implemented in the 

Bioconductor package CSAR (Muino et al. 2011). In brief, this method removes 

duplicated reads from a dataset (to remove PCR-based artefacts) and calculates 

extended per-base coverage in a sample, as well as in a negative control. Then, after 

normalization of sample and control, it calculates a statistic score to determine a per- 

base enrichment over the negative control (based on a test that relies on a Poisson
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distribution). A statistics-cutoff is determined by assessing permutation-based false 

discovery rates. I determined an appropriate FDR cut-off used for the detection of 

significantly enriched genomic regions (peaks), by assessing the number of regions 

signficiantly enriched at different cutoffs. For comparison, I also performed the 

analysis for a previously published dataset for API (a dataset with comparable 

sequencing coverage (Kaufmann et al. 2010)). 1 chose a FDR cut-off of 0.001 and a 

minimal width of 50 bp to infer significantly enriched genomic regions, because at 

FDR-cutoffs above 0.001, the number of peaks in the AP3-GFP dataset increases 

exponentially, which is indicative of an inflation of false discoveries at lower 

statistical scores (Figure 4.45 A). 1 next performed a peak-calling analysis using an 

independent method, as implemented in the R package BayesPeak (Spyrou et al.

2009; Cairns et al. 2011). Peak regions determined by the CSAR software were only 

retained if they showed overlaps with peak regions determined by the BayesPeak 

approach (see Figure 4.45 B).

Approximately 70% of the peaks were found upstream or overlapping with the 

transcriptional start sites of the genes in closest vicinity (Figure 4.45 C). Peaks were 

then associated with genes located in the vicinity, whereby a peak had to reside in a 

genomic region ranging from 3 kb upstream of a gene’s transcriptional start position 

to 1 kb downstream of its transcriptional end position. A union of 4,776 genes were 

assigned to peaks in any of the Pl-GFP or AP3-GFP datasets, 3,249 genes were 

assigned to peaks in at least two datasets, and 1,862 genes were assigned to peaks in 

all three datasets.

153



Figure 4.45: Detection of significantly enriched regions (peaks) in the ChIP-Seq datasets 

using a combination of two peak-calling methods. A. Number of significant peaks at 

different p-value cutoffs as determined by the CSAR method. Aside the PI-GFP and AP3- 

GFP datasets, the publicly available API dataset (Kaufmann et al. 2010) and the two datasets 

from deep sequencing DNA from a suboptimal ChIP protcol are included. B. Table 

summarizing the number of peaks detected by the CSAR method (at a FDR < 0.001 and peak 

regions > 50 bp in width) that overlapped with regions determined by an independent peak

calling method (BayesPeak). The number of genes with associated peaks (within ranges of 3 

kb upstream to I kb downstream) are listed in the third column. C. The location of peaks 

detected in the PI-GFP (replicate2) ChIP-Seq dataset, in relation to gene in the closest 

vicinity.
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4.2.2.9. Functions associated with genes in the vicinity of in-vivo binding sites

I next tested the enrichment of GO-terms associations with genes in the 

vicinity of putative binding sites of B-class proteins, using a Fisher-exact test. The 

analysis is similar to the GO-term enrichment analyses carried out with the microarray 

data. 1 only considered genes that were determined to be associated with peaks in all 

three datasets (PI-GFP replicates 1 and 2 and AP3-GFP replicate). 97 terms were 

found significantly enriched at an adjusted p-value cutoff of 0.05 (Benjamini- 

Hochberg adjustment). Amongst the most significantly enriched terms were “flower 

developmenf’, “regulation of transcription”, “meristem determinacy” “formation of 

organ boundary” or “carpel developmenf’, and terms relating to developmental 

processes were strongly overrepresented (see Figure 4.46). This indicates that B-class 

proteins are directly controlling some of the functions that were detected to be 

misrepresented differentially expressed genes detected in the mutant experiments. In 

particular, a cadastral role of B-class genes through direct suppression of known 

regulators of carpel development can be anticipated: putative binding regions of B- 

class proteins could be detected in the vicinity of genes upregulated at early stages in 

B-class mutants, e.g. SHPl/2, CRC, HECl/2, ALCATRAZ (Rajani and Sundaresan 

2001) or NO TRANSMUTING TRACT (Crawford et al. 2007) (see Figure 4.46 for 

selected ChlP-Seq tracks).
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iNo GO Term adi.P.val observed exoected
' 1 G0:0009908 flower development 4.08E-16 72 22
3 G0:0045449 reaulation of transcriotion 1.15E-11 190 104
5 G0:0010073 meristem maintenance 1.02E 10 25 4
10 G0:001058? floral meristem determinacv l.OOE 07 10 1
14 G0:0010160 formation of oraan boundary 8.60E-07 8 1
15 G0:0048467 Qvnoecium development 8,93E-07 19 4
16 G0:0048440 carpel development 9.17E-07 18 4
19 G0:0048443 stamen development 4.23E-06 18 4
27 G0:0009944 polaritv specification of adaxial/abaxial axis 0.00015913 8 1
31 G0:0009740 aibberellic acid mediated sianalino pathway 0.00034842 11 2
36 G0:0048366 leaf deyelopment 0.00132574 24 10
37 G0:0009737 response to abscisic acid stimulus 0 00134861 44 23
45 G0:0009416 response to light stimulus 0.00362963 55 32
46 G0:0048481 oyule deyelopment 0 00477397 10 3
52 G0:0009739 response to qibberellin stimulus 0.00819277 18 7
53 G0.0009809 lianin biosynthetic process 0.01047438 9 2
54 G0:0048236 plant-type spore development 0 01088683 7 2
58 G0:0009867 iasmonic acid mediated sianalinq pathway 0.01424585 9 3
59 G0:0009753 response to iasmonic acid stimulus 0.01424585 22 10
65 G0:0048653 anther deyelopment 0.01824549 9 3
76 G0;0009556 microsDoroqenesis 0.0269044 6 1
87 G0:0048441 petal development 0.03932072 5 1
89 G0;0035195 oene silencing bv miRNA 0.03938703 11 4

AT&G6706O HECl

Figure 4.46: Enrichment of functional terms amongst genes associated with putative 

binding sites of B-cIass proteins. A. Table showing enrichment of GO-terms associations 

with genes in the vicinity of putative binding sites of B-class proteins. The terms were ranked 

according to the adjustedp-value (Fisher-exact test comparing associations with genes located 

nearby peaks as compared to those with all genes of the Arabidopsis genome) - as indicated 

by the leftmost column. Only selected terms are shown. B.-E. Examples of extended ChlP- 

Seq coverage tracks around genomic locations of genes involved in carpel development. GO- 

terms “carpel development” and “ovule development” exhibit strongly enriched association 

frequencies with genes in the vicinity of binding sites of B-class proteins (blue and purple 

tracks, respectively). These binding sites often concide with putative binding sites of the AG 

protein (see red tracks). Some genes with gene expression changes in the perturbation 

experiments are not associated with a clearly enriched regions, as shown in E.
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4.3. Discussion

4.3. 1. A study of B-class homeotic gene function in Arabidopsis

The first floral homeotic genes \n Arabidopsis were cloned two decades ago 

(Yanofsky et al. 1990; Jack et al. 1992; Goto and Meyerowitz 1994), and genetic as 

well as biochemical interactions between the homeotic genes and their gene products, 

respectively, have resulted in a detailed model of how they work together to specify 

floral organ identity (Honma and Goto 2001; Theissen and Saedler 2001; Krizek and 

Fletcher 2005; Immink et al. 2010). However, so far only few direct targets of floral 

homeotic factors have been identified, and a comprehensive view of the downstream 

genetic network was missing. In this work, I combined gene network perturbation 

experiments to examine the roles of B-class genes - in combination with genome-wide 

mapping of DNA binding sites of the corresponding proteins. Through a functional 

genomic approach, this work has established a first molecular framework for the 

multiple roles of B-class homeotic gene function.

4.3. 2. B-class homeotic genes in Arabidopsis have multiple separable roles during 

flower development

The analysis of inducible perturbations of gene functions through conditional 
restoration or removal of gene expression levels have been used in the past to uncover 

new roles of pleiotropic regulators of development, such as UFO (Laufs et al. 2003) 

and AG (Ito et al. 2007) in Arabidopsis, or DEFICIENS in Anthirrhinum (Zachgo et 

al. 1995; Bey et al. 2004). 1 generated plant lines carrying EtOH-inducible amiRNA 

construct used to target and PI, respectively, the two B-class gene known to exist 

in Arabidopsis. The advantage of this system lies in the apparent strength and 

efficiency of the gene knockdown, as suggested by the analysis of knockdown 

kinetics in the lines described here. In comparison to temperature-sensitive alleles, 

such as the ap3-l allele (Bowman 89), the approach allows a more controlled delivery 

of a gene network perturbation. An alternative inducible system was combined with 

the amiRNAs described in this chapter, with similar phenotypic effects and 

comparable target knockdown efficiency (Andrea Raganelli and Frank Wellmer,
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personal communication). The observations made in this chapter, and the conclusions 

drawn from phenotypic observations are thus supported by independent approaches.

The results of this chapter suggest that B-class genes play multiple, separable 

roles during flower development (Figure 4.47). During early stages of flower 

development, they seem to specify stamen identity and define organ size and shape of 

petals. During later stages of flower development they seem promote growth of petals 

and stamens, anther dehiscence and required for the development of characteristics of 

petal identity.

These findings also underline several important differences in the control of 

B-class homeotic genes over second and third whorl organ specification, respectively; 

Firstly, B-class genes seem to specify petal or stamen identity during distinct 

developmental windows. Secondly, whereas stamen identity seems to be under 

complete control of B-class genes, several traits characteristic of Arabidopsis petals 

are not under B-class homeotic control: the cell divisions during early primordia 

development (Hill and Lord 1989) and patterns of organ initiation (Bossinger and 

Smyth 1996), suppression of trichome development (Bowman et al. 1989) or the 

formation of a narrow organ base (with a single main vascular strand).

These differences somewhat reflect the different evolutionary histories of the two 

organ types, whereby petals are thought to have evolved more recently than stamens 

(Endress 2006; Irish 2009).
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Early development

Anthesis

Third Whorl I Patterning of Primordia; Repression of Carpel Fate

Organ Growth; Filament Elongation 
Anther Dehiscence

Patterning of Primordia; Boundary Formation; 
Definition of Organ Size?

Second Whorl
Organ Growth
Promotion of Petal Characters

Figure 4.47: Multiple roles of B-class homeotic genes during flower development. A

schematic drawing that outlines the multiple roles of B-class homeotic genes in Arabidopsis. 

Darker areas denote the main time-windows during which different developmental processes 

are controlled by B-function. The red boxes outline the functions that are “homeotic” in a 

strict sense, as they denote the developmental windows in which the specification of 

characteristic organ traits occurs.

4.3.3. Differences observed in dynamic or static perturbations: artefacts or clues 
for a hidden role of homeotic genes?

I found relatively subtle gene expression changes when analyzing a network 

perturbation experiments that employs “static” perturbations, namely null mutant 

alleles for homeotic genes. This is not unexpected, for gene expression might only be 

affected in one or two whorls in mutant flowers. I therefore used a process-centered 

analysis of gene expression data, and the results matched well with the observed 

morphological developmental changes in null-mutant flowers (Bowman et al. 1989; 

Hill and Lord 1989; Bowman et al. 1991).

In contrast, dynamically induced perturbations through the use of an inducible 

AP3-amiRNA yielded very different results. A large proportion of genes were 

upregulated upon induction of the amiRNA by EtOH-treatment, and functional terms
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relating to stress responses were strongly enriched amongst differentially expressed 

genes. Two possible hypotheses for these unexpected findings are:

1) The expression changes observed upon the inducible perturbations reflect 

artefacts due to treatments (and interactions with the p35S::AlcR;pAlcA::AP3 

amiRNA transgene)

2) The expression changes reveal functions of B-class homeotic genes that are 

hidden, by a gene network topology that can compensate for “static” 

perturbations (e.g. through functional redundancy ) but reacts strongly to a 

“dynamic” perturbation {e.g. oscillatory effects after abrupt expression 

changes in a non-linear gene network/dosage sensitivity of transcriptional 

protein complexes).

The first hypothesis is supported by i) the observation that some T1 transgenic 

plants carrying an EtOH-inducible amiRNA lines exhibit stunted growth upon EtOH- 

treatment; ii) the observation that a stronger expression of the AlcR EtOEi receptor 

(lowest in the dummy-amiRNA lines, intermediate in the AP3-amiRNA line and 

strongest in the AG-amiRNA lines) correlates with stronger effects of the EtOH 

treatment and iii) the lack of substantial overlaps between the most strongly 

upregulated genes and putative direct targets as determined by ChlP-Seq (not shown).

The second hypothesis is supported by i) observed differences between 

treatment-induced expression changes in early vs later developmental stages of the 

AP3-amiRNA, which suggests that the effect is dependent on developmental stage; ii) 

the lack of a clear directionality of gene expression changes in the dummy-amiRNA 

line even after a 24 hr EtOH-treatment - contrasting to a strong up-regulation of genes 

observed in the AP3- and AG -miRNA lines upon 6 hr pulsed treatments iii) the 

observations from the ap3-l temperature shift experiment, in which GO-terms 

relating to stress responses were also enriched amongst differentially expressed genes 

at early but not later stages of development and iv) phenotypic observations of second 

whorl organs upon inducible perturbations, whereby some of the observed phenotypes 

do not occur in flowers of the corresponding null-mutants.

Three main control experiments are currently underway that should provide 

unambiguous support for either explanation: i) the use of a dummy amiRNA line that 

exhibits higher levels of AlcR-expression, ii) the use of the pAlcA::AP3 amiRNA line
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in a ap3-3 null mutant background (where the induction of the AP3-amiRNA should 

not exhibit any effects), and iii) the use of an inducible gain-of-fimction approach 

(where the APS CDS is under the control of the EtOH-incucible system).

4.3.4. Early B-class genes action is mediated through transcriptional submodules

I have dissected the molecular network underlying the roles of B-class genes 

during early flower development. Several perturbations experiments were conducted 

and described here, whereby three different mutant alleles or an inducible amiRNA 

targeting AP3 were crossed into a floral induction system. The FIS allowed for the 

synchronization of flower development and provided an excellent system to study 

early roles of B-class homeotic genes. As discussed above, the results from null- 

mutant experiments were easiest to interpret, so that a large part of the following 

conclusions are based on these perturbation experiments and the ChIP-Seq 

experiments. However, observations on inducible perturbations often provided 

additional support for the conclusions drawn here.

I found strong enrichments of transcription factor families and GO-terms 

relating to processes of transcriptional regulation amongst genes differentially 

expressed in the perturbation experiments, as well as amongst genes associated with 

putative DNA binding sites of B-class proteins. This indicates that the genetic 

network downstream of B-function - at least during early developmental stages - is 

strongly modular and mediated through regulation of other transcriptional regulators. 

This hypothesis contradicts an earlier hypothesis on functions downstream of B-class 

genes, which suggested that they predominantly excert direct control over cellular 

functions (Zik and Irish 2003; Bey et al. 2004). I found that closely related members 

of certain transcription factor families are enriched amongst downstream targets. Most 

of these families contain members for which a role in reproductive developmental has 

been described, but have so-far not been linked to B-class gene action. For example;

1) the C2H2-zinc finger family contains several genes with known roles during flower 

development that were found differentially expressed in genetic perturbation 

experiments - such as SUPERMAN (SUP) (Sakai et al. 1995), RABBIT EARS (Takeda 

et al. 2004), KNUCKLES (Payne et al. 2004), NO TRANSMITTING TRACT
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(Crawford et al. 2007), or NUBBIN (Dinneny et al. 2006), of which only SUP has 

been proposed to be regulated by B-class genes.

2) The REM/B3 transcription factors family was most strongly enriched amongst 

differentially expressed genes in both B- and C-class null mutant experiments. A 

recent report has shown that one member of this family, now called VERDANDl, is 

under direct control of other MADS-box transcription factors and has a role in the 

specifieation of reproductive cell types (Matias-Hernandez et al. 2010). In Chapter 5,

1 discuss a reverse genetics approach used to assess the roles of these putative 

downstream regulators of homeotic genes during sexual reproduction of the plant.

4.3.5. A cadastral role of B-class genes during early flower development

I have observed a strong de-repression of genes involved in carpel 

development during very early development of ap3-3/pi-l mutant flowers. A similar 

de-repression was found to occur within a 24 hr temperature-shift experiment in 

young flowers of ap3-l mutant plants. A large traction of these de-repressed genes 

probably represent direct targets of B-class transcription factors, because several of 

high-confidence binding sites for B-class proteins were found in close vicinity of the 

corresponding loci. An early function of B-class genes important in the determination 

of stamens might therefore encompass a cadastral function, that is the suppression of a 

genetic program leading to carpel development.

A cadastral role of B-class genes is probably independent of C- and A- 

function. It has been reported, that in ap2-2/ag-I double mutants (where both A and C 

function have been removed), ovules and stigmatic tissues (both characteristic of 

carpels) develop on organs in the first and fourth floral whorls. These carpel features 

seem to be specified by factors that act partially redundant io AG (Bowman et al.

1991; Alvarez and Smyth 1999). B-class activity seems to be maintained in these ap2- 

2lag-l double mutants, for in the second and third whorls of these flowers, organs 

intermediate between petals and stamens develop. Importantly, these organs are 

always devoid of carpelloid tissue (not shown). After removal of B-function from 

these double mutants (for example in ap2-2; ap3-3;ag-} triple mutants), organs in any 

whorl can develop ovules at their margins and stigmatic tissue. This suggests that B- 

function alone is not only necessary but also sufficient to repress carpel fate.
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It has been reported previously that over-expression of genes important for 

carpel development and repressed by B-class genes, such as the HECI-3 genes 

(Gremski et al. 2007) or the INDEHISCENT gene (Girin et al. 2011), can lead to the 

development of carpel-features in the second and third floral whorl. Whether this is 

due to a suppression of B-class gene expression or due to the ability of these genes to 

override B-class mediated suppression of carpel fate remains to be tested.

4.3.6. B-class genes enhance floral organ boundaries and promote early pattern

ing of floral primordia

Several lines of evidence gathered in my work suggest that B-class genes are 

also involved in the formation of floral organ boundaries and the patterning of organ 

primordia during early stages of development. Firstly, the GO-term “formation of 

organ boundary” was found significantly enriched amongst genes differentially 

expressed in the null mutant experiments, as well as amongst genes in the vicinity of 

putative AP3 and PI binding sites. Putative direct targets of B-class genes include the 

three CUP-SHAPED COTYLEDON gQxiQS or ASYMETRIC LEAVES 1, that have 

been implicated in the establishment of within-whorl organ boundaries in the flower 

(Aida et al. 1997; Xu et al. 2008). I also indentified putative binding sites in the 

vicinity of the SUP locus, indicating that B-class genes directly regulate the SUP gene 

to promote boundary formation to limit their own expression domain (Bowman et al. 

1992; Sakai et al. 1995; Sakai et al. 2000).

Secondly, I found a reproducible reduction in the expression RABBIT EARS 

(RBE), a second-whorl repressor of AG (Krizek et al. 2006), in all four perturbation 

experiment (but only at early timepoints). It has been previously been suggested that 

RBE expression is not under control of B-class genes (Takeda et al. 2004). It could be 

though, that RBE is under the control of multiple regulators, amongst them B-class 

genes that enhance its expression levels. In line with this hypothesis, I identified a 

high-confidence binding site of B-class proteins 1.5 kb downstream of the RBE locus 

(Figure 4.48). 1 tested whether this binding site had functional relevance and ordered 

three T-DNA insertion lines with predicted insertion sites between the putative 

binding site and the 5’UTR of RBE. I could confirm the approximate insertion sites in 

two of the three T-DNA lines and found that homozygous lines for both these alleles 

exhibited floral organ defects reminiscent of the rbe mutant phenotype (Figure 4.48).
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These results are preliminary, and a detailed characterization of the insertion lines is 

under way. It would be interesting to generate reporter-GUS construct to dissect 

putative promoter elements downstream of the RBE gene. These preliminary results 

suggest, however, that B-class genes bind to a functional RBE promoter element and 

promote its expression to enhance the outer boundaries of C-class gene expression.

Figure 4.48: Identification of a putative functional binding site of MADS-box proteins in 

the regulatory regions of the RBE locus.

The top panel shows ChlP-seq extended coverage tracks for the AP3-GFP, PI-GFP (repi and 

2) and a control library around the RBE locus. The RBE gene is labelled in red (bottom track). 

Purple bars indicate the left border insertion sites the rbe-101 (SALK_135728, flower bottom 

right) and rbe-103 alleles (SAIL_241_E02, flower bottom left ). The insertion for allele rbe- 

102 (WiscDsLoxHsl62_0l E, not shown) could so far not be confirmed by PCR-based 

genotyping.

Thirdly, the “Lateral Organ Boundary (LOB) Gene Family” was significantly 

enriched amongst genes differentially expressed in early stages in pi-1 null mutant.
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Members of this gene family have been implicated in the formation of organ 

boundaries through repression of genes involved in stem cell maintenance and in the 

development of tracheary elements (Lin et al. 2003; Borghi et al. 2007; Soyano et al. 

2008).

Together, these results suggest that B-class function is involved in defining 

organ boundaries in the developing primordia. However, it is unlikely that the 

homeotic genes do this independently of other factors, and some control mechansisms 

over boundary formation are probably superimposed on a general lateral organ 

development program (Sablowski 2010). It is unexpected, that homeotic genes are 

involved in floral patterning, because distinct homeotic gene already exhibit pre

defined expression domains. It could be that the influence of B-class genes on 

boundary formation represents a mechanism to amplify these pre-existing patterns 

which renders them more robust. This also fits with the observations that one of the 

earliest phenotypes visible in developing flowers of pi-1 mutants is a weakly defined 

boundary between the third and fourth floral whorls (Hill and Lord 1989).

4.3.7. B-function as a developmental switch to determine the sexuality of floral 
organs

Parallel experiments were performed to analyse the functions of the C-class 

gene AG during early flower development (O Maoileidigh 2011), which allowed a 

comparative analysis of B- and C-class null-mutant (see also section 4.2.1.14. 

“Comparison of early B and C-class functions”). We identified both processes that are 

likely commonly or likely independently regulated. Within commonly regulated 

functions, both synergistic or antagonistic influences on gene expression could be 

observed. Whereas the C-class gene AG is likely to act as a general activator of 

genetic programs, B-class genes seem to have dual roles and act through both 

activating and repressing transcriptional modules. Thus, B-class genes exhibit the 

properties of a developmental switch: the presence or absence of B-class genes could 

act as a flip to direct the sexuality of floral organs towards male or female, 

respectively, whereas the C-class gene AG could simultaneously activate 

transcriptional modules important for reproduction. It has been proposed, that in 

extant gymnosperms, the sister group of flowering plants, the only function of 

angiosperm B-class orthologues is the specification of male reproductive structures

165



(Winter et al. 2002). The dual role of B-class proteins through either activation or 

repression of genes might require differential interactions with co-factors at different 

promoters.

Interestingly, several mechanisms ensure a bistable and switch-like behaviour 

of B-class genes/proteins: 1) direct autoregulation of B-class genes leads to a switch

like expression pattern, whereby any initial activation input is amplified (Jack et al. 

1992; Goto and Meyerowitz 1994; Hill et al. 1998; Tilly et al. 1998; Honma and Goto 

2000) 2) indirect autoregulation: the ChlP-Seq data indicates that B-class proteins 

bind in the vicinity of nearly all known upstream regulators, such as API, UFO, LFY, 

ULT or^G. The biological relevance of these sites is unclear, and they might even 

function as off-switches during later development (such as in the case of API 

(Sundstrom et al. 2006)). However, in the inducible AP3 amiRNA experiment, both 

UFO and ULT are downregulated upon the reduction oi AP2 expression (at early 

developmental stages). This indicated the presence of a so-far undescribed indirect 

autoregulatory loop for B-class genes 3) protein stabilization and regulation of 

nuclear localization through obligate heterodimerization: it has been shown, that AP3 

protein stability is increased through the presence of PI protein (Jack et al. 1994; 

Krizek and Meyerowitz 1996) and nuclear localization of either PI or AP3 proteins 

depend on heterodimerization (McGonigle et al. 1996). The obligate 

heterodimerization is thought to enhance the switch-like properties of B-class 

activation (Tenser et al. 2009).

Together, these observations support a hypothesis that B-class genes are part 

of an ancestral sex determination system, in which the absence of B-class genes 

specifies female organs, a mechanism that has been proposed to be conserved in 

extant gymnosperms, the monophyletic sister group of angiosperms (Theissen and 

Becker 2004). It will be interesting to see whether female organ programs are also 

suppressed by gymnosperm orthologues of B-class genes, and whether cA-regulatory 

logic has been conserved between the two groups of seed plants (Winter et al. 2002).

It will be interesting to see, whether the regulation of B-class orthologues is 

conserved, and at which level (e.g. at the level of upstream regulatory proteins 

(Frohlich and Meyerowitz 1997; Frohlich 2003; Frohlich 2006; Soltis et al. 2007; 

Vazquez-Lobo et al. 2007)). In that context, it could be interesting to see what cis- 

regulatory elements important for spatial regulation of B-class genes have been 

conserved in gymnosperms and angiosperms and how regulatory elements conserved
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within gymnosperm perform in an angiosperm context and vice-versa (similar to what 

has been done for the orthologue proteins from gymnosperms, see (Winter et al. 

2002)).

4.3.8. Divergent roles of B- and C-class genes

The perturbation experiments described in this chapter have revealed functions 

that are commonly affected by both B- and C-class function and either regulated in a 

synergistic or antagonistic fashion. The study of the modules are predicted to be 

regulated independently, on the other hand, could provide insights into the divergent 

roles of B- and C-class genes;

Not so surprisingly, the functional term “petal development” was found 

strongly enriched amongst genes differentially expressed in the /?/-/ mutant, but not 

amongst those in the ag-l mutant. More informative was the identification 

transcription factors families which seem to be differentially affected by B- and C- 

class gene perturbations. An example include the glutaredoxin family, two genes of 

which have already been shown to be important for petal and stamen development 

(ROXYl and ROXY2). Another group of genes that is strongly affected by 

perturbation of B-function but not C-function include members of the MYB-domain 

protein family. In Antirrhinum, the MYB-transcription factor MIXTA has been shown 

to function in the definition of the unique cell shape of the petal epidermis (Noda et 

al. 1994). The perturbation experiments described here suggest that several members 

of the MYB-TF family are activated by B-class but not C-class gene action. It could 

well be that through the regulation of these transcription factors B-class genes specify 

the unique shape of epidermal cells in the Arahidopsis petal.

The comparative analysis also identified a putative role of C-class to activate 

epigenetic pathways independently of B-class function. Interestingly, members of 

these pathways have been found important for gametophyte development and 

function. Amongst the genes putatively activated hy AG are, for example, several 

related ARGONAUTE genes involved in small RNA metabolism, including 

ARGONAUTE9 (AG09), a gene important for female germline selection (Olmedo- 

Monfil et al. 2010). Recently, components of small RNA metabolism have been 

emerging as players in processes of sexual reproduction in plants (Slotkin et al. 2009; 

Bourc'his and Voinnet 2010; Wuest et al. 2010; Schmidt et al. 2011; Twell 2011). It is

167



therefore tempting to speculate that the onset of AG expression demarks the first step 

in the determination of the plant germline, whereas AP3/P1 expression represents a 

transcriptional hub that allows switching between different genetic modules 

underlying heterospory in plants.
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Chapter 5: The role of REPRODUCTIVE MERISTEM 
transcription factors during sexual reproduction

5.1 Introduction

5.1.1. Reverse geneties as a tool to circumvent functional redundancy

Although forward genetics is a useful approach to unravel the role of 

transcription factors involved in various aspects of plant development, the function of 

the majority of the 1,700 predicted transcription factors encoded in X\\q Arabidopsis 

genome remains to be elucidated (Riechmann et al. 2000). As mentioned in Chapter 1, 

the forward genetics approach suffers from several drawbacks, but most severely from 

genetic redundancy, whereby two (or more) genes have identical or overlapping 

function and the inactivation of one of those genes has little or no phenotypic effect 

(Nowak et al. 1997). Not only have two ancient autopolyploidization events led to an 

increase in duplicated genes within the Arabidopsis genome (Blanc et al. 2003;

Bowers et al. 2003), but additional gene family expansions have occurred through 

small-scale duplications such as tandem gene duplications or segmental duplications 

(ArabidopsisGenomelnitiative 2000). Interestingly, gene expression data have 

suggested that high duplication rates within gene families can be correlated with 

predominant expression during a certain developmental stage during the plant’s life 

(Wellmer et al. 2006; Wuest et al. 2010). In particular during the reproductive stages, 

this could prevent the study of certain developmental processes through forward 

genetics. A combination of genomics with reverse genetics constitutes an alternative 

strategy to the forward genetic approach. The advantages of reverse genetics have 

been most impressively demonstrated through work on carpel and fruit development 

in the Yanofsky lab (Liljegren et al. 2000; Pelaz et al. 2000; Pinyopich et al. 2003; 

Ditta et al. 2004; Dinneny et al. 2006; Crawford et al. 2007; Gremski et al. 2007; 

Crawford and Yanofsky 2011). The key of this successful strategy seems a 

combination of careful analysis of gene expression patterns and phylogenetic 

relationships, together with a primary focus on certain transcription factor families (as 

potential regulatory nodes in a genetic network). This chapter explores a combination
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of genomics and reverse genetics to examine the role of a group of putative 

transcription factors during reproductive development.

5.1.2. The B3-domain and REPRODUCTIVE MERISTEM (REM) transcription 

factors

The B3-transcription factor family in Arahidopsis comprises around 90 genes, 

with estimates ranging from 87 to 110. This group is characterized by the presence of 

a B3-domain, a DNA-binding motif that was originally described as the third basic 

domain of the maize VIVIPAROUSl protein (Suzuki et al. 1997) and \\.% Arahidopsis 

orthologue ABSCISIC ACID INSENSITIVE 3. The domain was found to be 

conserved in the plant lineage and occurs in a large number of putative transcription 

factors (Swaminathan et al. 2008), amongst them the ABSCISIC ACID 

INSENSITIVE 3/VIVIPAROUS I, the RAV (Related to AB13IVP1), ARE (AUXIN 

RESPONSE FACTORS), HSI (High-level expression of sugar-inducible genes, also 

called VAL) and REM (REPRODUCTIVE MERISTEM) subgroups (Figure 5.1 A). 

Members of all of these subgroups, with the exception of the REM subgroup, code for 

composite transcription factors that carry other DNA-binding protein domains in 

addition to the B3 domain (Figure 5.1 B). Phylogenetic analysis across multiple 

sequenced plant genomes that include the angiosperm, moss, as well as red and green 

algal lineages indicated that especially the REM transcription factor-coding genes 

exhibit signs of increased duplication rates and divergence (Romanel et al. 2009). 

Interestingly, many members of the REM transcription factor family are expressed in 

reproductive tissues, including the founding member of the family that was cloned 

based on specific expression in the reproductive meristems of Brassica and its 

orthologue m Arahidopsis (Franco-Zorrilla et al. 2002; Wellmer et al. 2006). 

Moreover, eight closely-related REM genes were found to be activated upon induction 

of the C-class homeotic transcription factor AGAMOUS (Gomez-Mena et al. 2005).

In addition, my work on female gametophytic cell type transcriptomes (Chapter 3) has 

revealed that REM-type transcription factors are enriched in female reproductive 

structures and early flowers, paralleling enrichment of Typel MADS-domain 

containing transcription factors in the very same tissues.

170



Number of genes

Arabidopsis
thahana

r{£

118

Oryza
saliva

BAV 13 16

ARF 23 28

REMA 6 16

HEMB 19 2

MEMO 18 5

REMO 1 7

RFME 3 10

BEMF 29 0

91

B
ABI3

HSI

ARF

RAV

REM

III-

I I Aux/IAA 

B Aux resp. factor 

V Ap2 

B3

zf-CW

— AtHi U?.l (AtSgO9ra0) 

"" —

_ — At79SS3IO
At3gi70l0 

_ " — At^giAOOO 

— At^giKiftO

“I ——
I — OkOIgSTMO

— O»0l9S2*’4

AtnLIAfZ (AI304M/0)

- i- AtigaO'M
Al^gOOIAO 

—. Al59eoi*0 W)
— Atft£|yt21 (A139O6I6O) 

^ AI3u0e?20
AIA9344CX}

r— AI&9S7770

w AnpieMo
— At&geflseo

~ AiRr AL>0 (Al39&a3)0l

aa
300 600 900

Figure 5.1. Structure and phytogeny of the B3 and REM transcription factor families

A. Phylogenetic overview of the B3-domain sequences of the B3 superfamily [image adapted 

from (Swaminathan et al. 2008)]. B. Domain compositions mongst group members of the B3 

transcription factor family [image adapted from (Romanel et al. 2009)]. Boxes indicate 

different domains present in the protein coding sequence of different subgroups. C. Sequence 

similarities amongst a subgroup of REM genes and their expression in vegetative and 

reproductive structures of the plant [image adapted from (Swaminathan et al., 2008)]. The
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heatmap indicates expression levels, with red denoting high expression and white indicating 

low expression. (R, root; L, leaf; M, shoot meristem; F, flower; S, seed). Right panel: 

schematic drawings of the protein structure, the B3 domain is highlighted in dark blue.

The strongest evidence that B3-domain transcription factors play a role in 

reproductive development arises, however, from the observation that the B3/REM- 

TFs are the most significantly enriched transcription factor families amongst targets 

of both AGAMOUS and APETALA3/P1STILLATA at early stages of floral 

development (see Chapter 4). Importantly, members of the family are both 

synergistically and antagonistically regulated by the B- and C-class genes, suggesting 

that these genes might be important for the development of sexual organs.

5,1,3. Aims of the chapter

The aim of this chapter is to examine the role of REM genes during 

reproductive development of Arabidopsis. 1 pursued a reverse genetics approach, 

which combines available T-DNA insertion mutants with the generation of gene 
knockdowns using artificial miRNAs. Because genetic redundancy amongst closely 

related gene family members was expected, 1 wanted to employ dominant-negative 

and gain-of-function approaches, by generating overexpression lines and translational 

fusions of some of these putative transcription factors to transcriptional repressor- or 

activation domains. Together, 1 wanted to test a hypothesis on the function of genes 

based on phylogenetic relationship and gene expression patterns predicted from 

microarray experiments.
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5.2. Results

5.2.1. Expression of /ffM genes across developmental stages

Several phylogenies for REM-type transcriptions factors have been constructed 

so far (Swaminathan et al. 2008; Romanel et al. 2009), which somewhat clarify se

quence similarities within this group of genes (although there are some disagreements 

between the constructed phylogenies; furthermore, two new gene models have be

come available in newer genome releases that are closely related to REM VIWIII 

subgroup members).

I wanted to assess whether and how these two members of these two groups 

are developmentally regulated in Arahidopsis. Although descriptive, expression pat

terns and correlative relations have been used to infer gene functions (Sugano et al. 

2010), and in particular when combined with phylogenetic analysis (Liljegren et al. 

2000; Pelaz et al. 2000; Breuninger et al. 2008). It has previously been shown that 
four members of the REM-family were upregulated during early flower development 

with their expression confined to stamens and carpels (Wellmer et al. 2006). I com

piled a developmental atlas of gene expression from publicly available microarray 
datasets in order to examine predominant expression patterns of group VII and VIII 

REM genes. Expression analysis revealed that the REM-VII and REM-VIII group 

members (also referred to as group B-REM (Swaminathan et al. 2008)) are predomi

nantly expressed in reproductive tissues (see Figure 5.2). 12 genes are expressed 

strongly at early floral stages and in the inflorescence shoot. In addition, ovule- 

enriched expression was found for eight genes, namely REM27, REM26, REM23, 

REM21, REM2(), REMI9, REM13 and REMll. It is notable that REM20/21 and 

REMl 1/13, predominantly expressed in ovules, had been found upregulated in pi-1 

mutants during early stages of flower development, as determined by a microarray 

experiment described in Chapter 4 (see also Figure 5.2). Nine REMs predominantly 

expressed in inflorescences and young flowers had been found to be downregulated in 

pi-1 mutants.
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AT5G18000: REM 20
AT5G18090:REM21
AT3G17010: REM 22 
AT2G35310: REM 23 
AT2G16210 REM 24 
AT5G09780: REM 25
AT5G25475; REM 26
AT5G25470: REM 27

AT3G06160: REM 18 
AT3G06220; REM 19
AT4G34400: REM 17
AT3G53310: REM 16 
AT5G57720: REM 15 
AT1G16640. REM 14
AT3G46770: REM 13
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REM 12 
REM 10 
REM 6

Figure 5.2. Expression patterns of REM transcription factors suggest predominant 

enrichment in reproductive tissues. The heatmap represents expression estimates for the 

REM transcription factors inferred from publicly available micorarray data, whereby black 

indicates low expression and yellow - red indicates high expression. Blue boxes around gene 

names denote genes repressed by B-class homeotic genes, red boxes denote genes activated 

by B-class genes.

5.2.2. Addressing gene redundancy by the use of amiRNAs, gain-of-function and 

dominant-negative approaches.

The overlapping expression patterns between closely related genes encoding 

for REM transcription factors together with a lack of reports that ascribe a funtion to 

them indicates that members of the REM gene family are functionally redundant. To 

study the roles of redundant genes, it is necessary to generate double mutants or even 

higher-order mutant combinations. Because the generation of higher-order mutants is 

time-consuming and sometimes not feasible due to close linkage of the genes under 

study, I assessed a strategy to knock down multiple genes by amiRNAs. For this, I 

generated six amiRNAs that were predicted to target up to three closely related genes.
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and produced transgenic plants that constitutively express these amiRNAs (see Table 

5.1). In the resulting T1 generation of plants, I did not observe any inheritable defects 

of flower development. Furthermore, FI plants from crosses between different T1 

plants of different amiRNA lines did not show any phenotypic effects either. Semi- 

quantitative RT-PCR on four independent transgenic lines for each amiRNA 

suggested that miRNA repression did not lead to a major reduction in transcript levels 

(data not shown). For the amiRNA targeting the REM 13 genes, the RT-PCR data did 

not clarify whether a knockdown of the target transcript had been achieved. I 

therefore confirmed by qRT-PCR that mRNA levels of REM13 were not reduced in 

T2 transgenic lines that carried this amiRNA (Figure 5.3).

Table 5.1. amiRNAs generated to reduce expression of multiple REM genes. The table 

lists the plasmid that harbour the cloned amiRNAs, the differen REM familiy members 

predicted to be targeted by an amiRNA and the amiRNA sequence.

plasmid (35S-pBJ36 
vector backbone) Target genes amiRNA sequence

pSW16 REM23-25 TTACTTTCCAAGAGTTTCCCC
pSW17 REM20, REM21 TTTCAGCTGTTTTGTGACAAG
pSW21 REM 18, REM 19 TAAAI'ACACTTGCTCACGCTT
pSW23 REM17, REM18 TTGTGCATGAACCTACAGCTC
pSW18 REM 13 TATGATACTACCGATTCCGTT
pSW19 REMll, REM12 TTTGAAAGAAATGGGTAGTAC

CC
co

<:(/) §
CO

CO

controls

□o□□□□
»-c\ico-sj-incDh«-co'D> 

cocooooococooococo o 

cocococococococo

controls

Figure 5.3. qRT-PCR of target gene expression in two amiRNA lines. The amiRNA were 

designed to target REM 13 (A) or REM 19 (B, see text below for a description) expression
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levels. qRT-PCR experiments were performed using RNA from whole inflorescences only 

containing flowers before anthesis. Columns are labelled by line-identifiers: in (A), these 

denote T2 transgenic plants (in Col-0 ecotype) harbouring the REM 13 amiRNAs. In (B), 

these denote T1 transgenic plants doubly mutant for reml7;reml 8 alleles (see below). The y- 

axis represents expression levels normalized against expression in Col wt plants after 

standardization against the RefZ gene (At4g34270, A) or the Ref3 gene (At2g28390, B). FIS 

4d = floral induction system inflorescences harvested at 4 d after dexamethasone treatment. 

Col wt = wild-type plants.

In a gain-of-function approach, I transformed wild-type plants with 

overexpression constructs for REMJ3, REM16, REMI7, REM19, REM22, REM24 but 

did not find any phenotypes in T1 transgenic plants (between 3 and 18 independent 

T1 lines examined for each construct, data not shown). I also fused two genes,

REM 17 and REM22, to transcriptional repressor and aetivator domains, respectively, 

and examined between 5 and 25 independent T1 lines for each of these construct. 

Again, I did not observe any inheritable phenotypic alterations of floral 

developmental pathways (data not shown). I did not check whether the respective 

transcripts were overexpressed in transgenic plants, or whether fusion proteins were 

present in transgenic lines. I omitted these controls, because these gain-of-function 

experiments were only used as potential prescreening method to identify the processes 

that these genes are involved in. Secondly, gain-of-function experiments can be hard 

to interpret, even when they result in a distinet phenotype. Instead, I decided to focus 

on the isolation of loss-of-function alleles for these genes. However, 1 cannot finally 

conclude whether or not overexpression of REMs leads to gain-of-funetion 

phenotypes.

5.2.3. Isolation and phenotypic characterization of available insertion mutants

In order to assess the funetion of the REM-type transcription factors during 

flower development, I ordered available knockout-lines from the Arahidopsis mutant 

eollection stock center (Sessions et al. 2002; Alonso et al. 2003; Rosso et al. 2003; 

Woody et al. 2007)). The mutant collection contains mostly T-DNA insertion lines in 

addition to 4 transposon-insertions. I found suitable insertion lines for 14 out of 20 

genes of the REM VII/VIII subgroups and confirmed the presence of the insertions by 

allele-specific PCR. From these 14 insertion lines, I was able to obtain 12 as
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homozygous lines. Table 5.2 lists the insertions that could be isolated during my 

project. 1 did not observe obvious developmental abnormalities in any line, except in 

the T-DNA insertion line for REM20 {AT5G18000), in which the transmission of the 

T-DNA was impaired and only heterozygous plants could be isolated. Since the start 

of the project, the REM20 gene was renamed VERDANDI in a report by the Colombo 

lab (Matias-Hemandez et al. 2010), and the transmission deficiency ascribed to 

female gametophytic effects found in mutant plants. Therefore, this line was not 

investigated further.

Table 5.2: Insertion lines for REM transcription: The table lists Arabidopsis Gene 

Identifiers (AGl), gene name and group classification (according to (Romanel et al. 2009)), 

insertion ids as used by the NASC, a closer description on the nature of the knockout for each 

allele, as well as the double mutants generated (the latter does not include mutant 

combinations isolated in higher-order mutant crosses as described below). Yellow fields 

denote the genes that whose mutant alleles were used in the higher-order mutant crosses.

AGI
Gene
Name

subgroup
(Romanel) Insertion ID

characterization 
of alleles

double
mutants

A T2GI62I0 REM 24 VII

WiscD-
sLoxHs200_0
2A

intronic (tran
script levels not 
confirmed)

AT2G35310 REM 23 Vll

three insertions: 
two could not be 
isolated; pro
moter-insertion 
SALK_057418C 
uncharacterized

AT5G09780 REM 25 VII no insertion

AT5G46915 NA
new in 
TA1R8

SALK_08297
1

insertion needs 
confirmation

AT5G18000
REM
20/VDD VII SAIL 50 C03

1st intron; female
gametophytic
lethal

AT5GI8090 REM 21 VII
SALK 09829
5

2nd exon, centre 
of the gene rem22

AT3G17010 REM 22 VII
SALK 09114
9

2nd exon, centre 
of the gene

AT5G25470 REM 27 Vll
SAIL_849_E0
1 2nd last exon rem 26

AT5G25475 REM 26 Vll
RWiscD-
sLox254A09 2nd exon

AT3G06220 REM 19 VIII
SALK 06794
9

transcriptional
null reml7

177



AT3G06I60 REM 18 VIII
SALK_I5055
4/amiRNA

transeriptional 
null/ amiRNA 
with strong 
knockdown reml7

A T4G34400 REM 17 VIII
SALK_07I67
I

transcriptional
null

AT3G53310 REM 16 VIII
WISCDSLOX
443A7

transcriptional
null

AT5G57720 REM 15 VIII
GABI_081C0
2 (obsolete)

transcript levels 
unchanged: 
isolation of a 
new allele in
progress

ATI G16640 REM 14 VIII
SALK 14738
8

located in 1 st
exon

AT3G46770 REM 13 VIII no insertion

AT5G60130 REM 12 VIII GT 5 991 16

L-er background; 
transcript levels 
not checked

A T5G60I40 REM 11 VIII no insertion

AT5G60142 NA VIII
SALK 15196
6

last intron; 
transcript levels 
not checked

higher order mutant knockdown (in progress): l35S::pSWI 79 (amiRNA 
against REM18) in remI9-reml 7-remI6 FI!x Irem22-reml8-reml 7- 

comment: reml6-reml5 FIJ

5.2.4. Generation of double mutants and higher order mutant lines

Because I was not able to detect developmental defects in single mutant lines 

nor in the gain-of-function experiments, I generated double mutants and higher order 

mutant combinations with selected single knockout lines. In order to minimize the 

number of mutant combinations, I focussed on subsets of closely related genes that 

were predicted to be expressed during early flower stages. These include the genes 

REM15-19 and REM21-25. In order to circumvent tight linkage between closely 

related putative paralogues, REM 18 and REM 19,1 generated an amiRNA targeting 

the REM 18 transcript, transformed it into plants doubly mutant for reml8/rem20.1 

assessed the expression levels of REM18 in T1 transgenic lines and found strongly 

reduced expression in several independent lines (see Figure 5.3). To speed up the 

generation of higher order mutants, I performed the following FI crosses in 

collaboration with Liina Rae:
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rem16 ^

T2: (reml7-rem19)/t REM18 amiRNA x rem16

BASTA-
selection

BASTA-
selection

rem22-rem18-rem17 - 
[remi 5 (allele obsolete)]

check for presence of inserts

check for presence of inserts

Figure 5.4. Scheme of a cross to generate higher order mutant combinations of REM 

genes. Three main parental lines were used (i) line doubly mutant for reml7;reml9 that had 

been transformed with the amiRNA against REM18 (ii) the reml6 insertion (iii) a line that 

contained the rem22;reml8;reml7 alleles, as well as the remI5 allele. As the plants 

homozygous for the remI 5 allele did not show reduced levels of the REMI 5 transcript (Liina 

Rae, personal communication), the allele was considered obsolete. Orange denotes the plant 

generation in which the first phenotypes were observed.

We used three independent T2 transgenic lines from the (remi 7-19) double 

mutant transformed with the amiRNA targeting REM18 transcript (all lines exhibited 

a strong knockdown, corresponding to sSW85.1, sSW85.2 and sSW85.6 transgenic 

plants as shown in Figure 5.3 panel B), and made use of transgene-mediated herbicide 

resistance to maintain the transgenes during all crosses. For all other T-DNA 

insertions, we used PCR-based genotyping to confirm their presence in the FI crosses. 

Figure 5.4 outlines the generation, in which we observed the first phenotypes (orange 

box): we observed semisterility in several plants confirmed to contain at least one 

mutant copy for all corresponding insertions (not shown). One plant (sSW94.6, no24) 

was completely sterile, showed a defect in the phylotaxis of the flowers and often 

exhibited mishaped anthers and had problems forming style and stigma with normal 

proportions (see Figure 5.5). According to PCR-based genotyping, this plant was 

heterozygous for the remi4 allele, homozygous for the remi 7 allele and contained the 

REM19-amiRNA. Preliminary data based on clearings of fixed flowers from this 

plants suggest that a large proportion of the pollen is deformed, and that tracheary 

elements ectopically develop at the micropylar end of some ovules (data not shown.
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and Figure 5.5). A better phenotypic description and confirmation of the underlying 

genotype awaits the isolation of different mutant combinations from the plant 

population obtained by selfmg the generation in which this phenotype occurred.

Figure 5.5. Phenotypes observed in a plant during crosses to generate higher-order 

mutant combinations. A. Flower of plant sSW94.6 - no 24, a line generated by two 

sequential FI crosses as outlined in Figure 5.4. The genotype of this line was determined to 

be rem 14 +/-; rem 17 REM 19-amiRNA hemizygous; this plant exhibited complete 

sterility and could not be propagated. Anthers were small and shrinkly and produced only few 

mature pollen. The stigma was often enlarged, and the style was sometimes found to be 

deformed. B. and C. Chloral hydrate clearings of ovules from flowers of plant sSW94.6 - no 

24, viewed under differential interference contrast optics. Several ovules were observed that 

developed tracheary element at the distal end of the ovules at the position of the micropyle 

(black arrows). Whether a fully developed female gametophyte was present in these plants 

could not be determined.

The generation of plants obtained from selfed plants carrying all six mutant 

alleles (heterozygotes) as well the REM 19-amiRNA is currently growing. Preliminary 

results suggest, that a large fraction of these plants show fertility problems and some
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plants exhibit abberant phylotaxis of sequentially produced flowers. A detailed 

characterization of these lines is currently under way.

5.3. Discussion

5.3.1. Difficulties in generating lines for gain-of-function or loss-of-function 

analyses of REM transcription factors

In this chapter, I have tried to characterize the roles of several closely related 

genes, all of which seem to be predominantly expressed in reproductive tissues and 

belong distinct subgroups to the REM transcription factor family. I have used a gain- 

of-function screening method to identify potential roles of these genes during 

reproductive development, but the experim.ent did not result in obvious phenotyic 

alterations of a developmental process. I have also tried to employ amiRNAs that 

target multiple closely related genes to knock down their expression simultaneously. 1 

assessed the knockdown efficiency of these amiRNAs and found that they did not 

result in substantial reduction of target gene expression levels. Thirdly, I have tried to 

isolate insertion lines for all REM transcription factors of group VII and VIII but 

could not isolate suitable alleles for some of the genes under study. As it seems that 

some REM gene are involved in reproductive processes, and it could well be that 

changes of expression levels or ectopic expression of these genes leads to 

gametophytic or embryonic lethality. This hypothesis is supported by a report that 

was published since the start of this project (Matias-Hemandez et al. 2010). Loss-of- 

function alleles of the VDD gene exhibit a reduced transmission through the female 

gametophyte, and probably result in zygotic lethality, as homozygous plants have 

never been observed. One of the amiRNAs that I have cloned was predicted to target 

both the REM21 as well VDD transcripts. It might be that the amiRNA cloned 

functional, but transgenic lines with strong reductions in VDD transcript levels would 

not be transmitted to the next generation.

Interestingly, we have observed a dosage effect in plants carrying multiple alleles of 

REM genes: these plants were partially or fully sterile even when heterozygous for
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most mutant alleles, even though corresponding single homozygous mutants did not 

exhibit any visible phenotypes.

5.3.2 A role of REM genes in development of reproductive tissues

Even though higher-order mutants for REM genes need to be isolated and await 

a detailed phenotypic characterization, the preliminary observations of certain 

developmental aberrations can be used to speculate about the developmental roles of 

REM transcription factors. Developmental aberrations of plants carrying multiple 

mutant alleles for REM genes include defects in phylotaxis, disproportionate growth 

of the stigma and style, and semisterility. Some of these phenotypes indicate a 

problem in homeostasis, signal transduction or regulation of the phytohormone auxin 

(Scarpella et al. 2010). For example, ETTIN, a member of the Auxin Response Factor 

proteins, also contains a B3 domain and ettin mutants exhibits a strong 

overproliferation of stigmatic tissue (Sessions and Zambryski 1995). Tracheary 

elements have also been observed that ectopically develop at the micropylar end of 

ovules in one plant line. The development of the plant vasculature is thought to 

depend on the formation of local auxin maxima (Scarpella et al. 2010). Such a local 

auxin maximum has been describe to exist at the micropylar end of the ovule in wild- 

type plants, which is necessary for correct cell specification in the female 

gametophyte (Pagnussat et al. 2009). It will be interesting to see whether the vascular 

elements ectopically develop in mutant ovules, replacing one or multiple female 

gametophytic cell types, or whether the phenotype can be explained by a partial 

transformations of ovules into carpels.
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Chapter 6: Conclusions and Outlook

Recent technological advances have made it possible to study gene expression 

activities or protein-DNA interactions on a genome-wide scale (genomics). The 

advent of novel genomics technologies have opened exciting new possibilities to 

study the genetic bases of developmental processes, diseases, natural variation etc. 

(Mardis 2008). However it seems to me, that too much focus on technological 

novelties can sometimes take the focus from the biological questions - or as stated by 

Ned Friedman and colleagues: “...we risk the sophistication and power of genetic 

tools outstripping our ability to interpret the data and "know" the phenotype” 

(Friedman et al. 2008). In my opinion, a functional genomic approach to study 

developmental processes, as used in this thesis, should extend beyond the 

accumulation of vast datasets. The use of powerful genomics technologies should not 

come at a cost of good experimental design, appropriate developmental resolution and 

process-oriented data analyses that integrate with morphological observations.

In this thesis, 1 used a functional genomics approach to study gene regulatory 

networks underlying organ formation and sexual reproductive processes in the model 

plant Arahidopsis. 1 aimed to study these processes by performing experiments at an 

appropriate developmental resolution and using the powerful molecular toolkit 

available today.

In the first part of the thesis (Chapter 3), 1 was involved in the first comprehen

sive transcriptome study of the haploid female generation in angiosperms. The use of 

a microgenomics approach - a combination of laser-assisted microdissection and 

genome-wide expression profiling - yielded detailed insight into female gametophyte 

function (Kessler et al. 2010; Wuest et al. 2010; Koszegi et al. 2011; Schmidt et al. 

2011). During this project, I developed and applied analytical methods to analyze the 

single-eell expression data and improve interpretation and comparability to publicly 

available datasets. Besides the use of the highly resolved view of gene expression for 

reverse genetics and support of map-based cloning, it can be used in future work to 

answer questions on the function and evolution of the female gametophyte.
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In the main part of my thesis (Chapter 4), I studied the roles of B-class homeotic 

genes APETALA3 and PISTILLATA during flower development. The product of these 

genes are involved in the specification of stamens and petals, respectively (Weigel 

and Meyerowitz 1994). Hereby, I used genetic backgrounds that allow for the syn

chronization of flower development (Wellmer et al. 2006). This allowed the study of 

gene function during early developmental stages through a combination of gene net

work perturbations and genome-wide expression profiling. In addition, I mapped in- 

vivo DNA binding sites of the homeotic proteins by the use of chromatin immunopre- 

cipitation and next-generation sequencing. Close association of many binding sites 

with genes encoding for developmental regulators supported the notion that the ge

netic network downstream of the homeotic genes is highly modular. Experiments 

using conditional knockdowns of B-class homeotic genes further suggested that they 

have multiple roles during flower development, and that petal and stamen fate are 

specified during distinct developmental windows.

I further provided evidence that these homeotic proteins have cadastral func

tions during early development, and probably directly suppress carpel fate in stamen 

primordia. I performed a comparative analysis of functions differentially affected by 

mutations in B- and C-class genes, respectively. The results of the analysis indicate 

that these two classes of genes can act both synergistically as well as antagonistically 

on common target genes. This would explain the combinatorial action of B-class 

genes with C-class genes to specify different organ types. B- and C-class proteins are 

thought to act in a protein complex to influence the expression of common down

stream targets (Theissen and Saedler 2001), and predicted DNA binding sites were 

found to be shared between the two protein classes (O Maoileidigh 2011). Therefore, 

it is likely that a protein-complex containing both B- and C-class proteins can switch 

from being an activator to being a repressor, depending on the context of bound DNA 

regulatory elements. An integrated analysis of expression data and information on in- 

vivo DNA-binding sites of both B- and C-class proteins could be used to detect con

served DNA elements that mediate the switch of transcriptional activator to repressor 

complexes.

In a third project, I wanted to characterize the roles of several REM transcription 

factor family during plant reproduction. Most of the genes studied exhibit 

predominant expression in reproductive tissues. 1 found that genetic redundancy
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probably exist between several closely related genes. Based on phenotypic 

observations in plants with reduced dosage for those genes, it can be speculated that 

these factors are involved in the specification or formation of specialized reproductive 

structures. Future research is needed, though, to fully characterize their roles during 

sexual plant reproduction.
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Appendix

Table SI: List of primers described in this thesis
ID Name Sequence 5' to 3' Description

general primers

3'ocsjo 3'ocsJo GGTAAGGATCTGAGCTA
CACATGCTC

oligo in terminator sequence of pBJ36; 
used for sequencing/colony PCR

AD1 AD1 NTCGASTWTSGWGTT degenerate primer 1 forTAIL-PCR

AD2 AD2 N GTCG ASWG AN A WG AA degenerate primer2 for TAIL-PCR

AD3 AD3 WGTGNAGWANCANAGA degenerate primerJ for TAIL-PCR

TAIL pML- 
BART1

TAIL pML- 
BART1

GCGACATCTATGATAGA
GCGCCAC pML-BART TAIL primer, Tm 61

TAIL pML- 
BART1

TAIL pML- 
BART2

GGCAGAACCGGTCAAAC
CTAAAAG pML-BAR'T TAIL primer,Tm 60

TAIL pML- 
BART1

TAIL pML- 
BART3

AGTACATTAAAAACGTCC
GCAATGTG pML-BART TAII. primer, Tm 58

genotyping

OSW290 DM5-1_genotF tctatatggatctcgttgctctggg see genotyping assays for details

OSW297 DM5-1_genotR ATAGTGACCAACCCCAC
CAGATG see genotyping assays for details

OSW544 sSW79.4_Forwa
rd

AGCTCTCTGATTCTTGAA
TTGTCAG see genotyping assays for details

OSW570 SSW79.4- 
genot R2

TCCAACGGAAACAAACG
GAAG see genotyping assays for details

OSW276 ap3-
1 dCAPS F

CTTGGGAATCAGATCGA
GACCACCAAGCATA see genotyping assays for details

OSW277 ap3-1_R GTTCTGCAATTGTGTAAA
CCACAAGAG see genotyping assays for details

OSW28 5’ ap3-3 AGAGGATAGAGAACCAG
ACAAATCGA see genotyping assays for details

OSW29 3' ap3-3 GTTTAGAGAGATGGTGT
ACGTGG see genotyping assays for details

OSW30 5' pi-1 JLR GATTACTGTTGTCCTTCC
ATGG see genotyping assays for details

OSW31 3' pi-1 JLR ATCTAGGGTTAAAGATTC
AAGGG see genotyping assays for details

OSW383 AP3G_no9_gen
omicF2

TAGCTCTTTCTAGCCCAG
TTACG see genotyping assays for details

OSW384 AP3G_no9_gen
omicR2

TAATGTTATGGACTGCTG
CGCTTG see genotyping assays for details

OSW489 piG-
no26 genoForw

ATCCCAACACCGACGCT
TATC see genotyping assays for details

OSW356
ap3-
3 genomicGeno

R
atagacaatgatggcaccagc see genotyping assays for details

OSW309 Plg_genot_F2 gacaaaatttgccttctcaatattttc see genotyping assays for details

OSW311 Plg_genot_R2 ttcgcataagatttggtcttgatgg see genotyping assays for details
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cloning complementation constructs/RNAi

OSW138 PI-GFP_F
atCTGCAG-
GAGGCTAAACAAGTAAA
CATGACCTG

primer for cloning PI-GFP construct

OSW139 PI-GFP_R atCTCGAGggaccatcgat-
gaccaaagacataatcttttcc primer for cloning PI-GFP construct

OSW261 PI Ala BamHI
R

TAGGATCCatcgatgac-
caaagacataatcttttcc

primer for cloning PI-GFP construct 
(Ala-linker)

SW140 AP3-GFP-F atCCCGGGATGCATAGTT
GACCCTGTTTTAAGG

primer for cloning AP3-GFP con
struct

SW146 AP3-GFP-R-2
atCCC G GGtacctg gtccTT C 
AAGAAGATGGAAGGTAA 
TGATGTC

primer for cloning AP3-GFP con
struct

OSW238 pAP3_Sacl_F GACTCACTATAGGGAGC
TCGC

primer for cloning GFP-tagged AP3- 
complementation construct

OSW239 pAP3_EcoRI_R ATGAATTCTGAAGAGATT
TGGTGGAGAGG

primer for cloning GFP-tagged AP3- 
complementation construct

OSW240 PI RNAi Xhol
F

atctcgagGG AAT GAT GAT - 
GAGAGATCATG

for PISTILLATA RNAinterference 
construct

OSW241 PI RNAi Xbal
F

attctagaGGAATGATGAT-
GAGAGATCATG

for PISTILLATA RNAinterference 
construct

OSW242 PI RNAi EcoRI
R

atgaattcGTTTCACACA-
GATCAATTAGTTCG

for PISTILLATA RNAinterference 
construct

OSW243 PI RNAi BamFI 
l R

atggatccGTTTCACACA-
GATCAATTAGTTCG

for PISTILLATA RNAinterference 
construct

qRT-PCR primers
0SWI81

AP3 qRT-PCR 
left tccggactcagatcaagca qPCR oligo for AP3

0SWI82 AP3 qRT-PCR 
left ttccatttcatcctcaagacg qPCR oligo for AP3

0SWII PI qRT-PCR 
Forward

ACAAAGTCCGAGACCAC
CAGATG qPCR oligo for PI

0SWI2 PI qRT-PCR 
Reverse

CCTCTTGCGTTGCTTGCT
ATAGC qPCR oligo for PI

Ref1 qPCR
F Ref1_qPCR_F 5’-AAGCGGTTGTGGAGA

ACATGATACG-3’
qPRC-oligo for reference gene
At1g 13320

Ref1 qPCR
R Ref1_qPCR_R 5’-AGTTCACGTTCATTCT

CTCTGACC-3’
qPRC-oligo for reference gene
Atig 13320

Ref2 qPCR
R Ref2_qPCR_R ATCTGCGAAAGGGTATC

CAGTTGAC
qPRC-oligo for reference gene 
At4g34270

Ref2 qPCR
R Ref2_qPCR_R TGGAAGCCTCTGACTGA

TGGAGC
qPRC-oligo for reference gene 
At4g34270

Ref3 qPCR
F Ref3_qPCR_F CACTCTTCTATGTTGGGT

CACACCAG
qPRC-oligo for reference gene 
At2g28390

Ref3 qPCR
R Ref3_qPCR_R TTATC GCCATC GCCTTGT 

CTGC
qPRC-oligo for reference gene 
At2g28390

OSW552 Pl(10)precursor
qPCR-F

GTGACGTTGTCAAAGTt-
cacagg

qPCR assay to detect the PI amiRNA 
precursor

OSW553 Pl(10)precursor
qPCR-R

GGTGACGTTCTCAAA-
GAtcaaagag

qPCR assay to detect the PI amiRNA 
precursor

OSW554 AP3(1)precursor 
.qPCR F

CACTCAATAAGAG-
CGATtcacagg

qPCR assay to detect the AP3 
amiRNA precursor

OSW555 AP3(1)precursor 
qPCR R

CCCACTCAATATGAG-
CGAAtcaaag

qPCR assay to detect the AP3 
amiRNA precursor

OSW669
con
trol prec qPCR
._F

gaTTA-
CACTTGCGGAGGTGTAT
etc

qPCR assay to detect the dummy 
amiRNA precursor
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OSW670
con
trol prec_qPCR

R

aTTGCACTTGCGGACGT
GTATCtc

qPCR assay to detect the dummy 
amiRNA precursor

OSW452 REM22_qPCR_
F

CGAGAAACAAAGTGAAG
AAGAAGAGC

qPCR assay to detect REM22 tran
script

OSW453 REM22_qPCR_
R

TTGGTATTGCCAGGAAC
TTGAGG

qPCR assay to detect REM22 tran
script

SW460 REM13_qPCR_
F

GCCAAGAAGAGGTGGTA
CAAGTAG

qPCR assay to detect REM13 tran
script

SW461
REM13 qPCR_
R

TGTTGGGAAATGTCAAG
TTGTAGTC

qPCR assay to detect REM 13 tran
script

SW454 REM18_qPCR_
F

CAACGATTCTCTTCATGG
TGATGC

qPCR assay to detect REM18 tran
script

SW455 REM18_qPCR_
R

CTCAATGGTCTTCCTCTT
GTAACTTC

qPCR assay to detect REM18 tran
script

primers used for cloning the amiRNA (Chapter 4)

OSW481 con-
troLmiRNA I

gaGATA-
CACGTCCGCAAGTGCAAt
ctctcttttqtattcc

dummy amiRNA

OSW482 con-
troLmiRNA II

gaTTGCACTTGCGGACGT
GTATCtcaaagagaat-
caatqa

OSW483 con-
troLmiRNA III

gaTTA-
CACTTGCGGAGGTGTAT
Ctcacaqqtcqtqatatg

OSW484 con-
troLmiRNA IV

gaGATA-
CACCTCCGCAAGTGTAAt
ctacatatatattcct

OSW485 PlmiRNA(lO) I
gaTCTTTGAGAACGTCAC
CACTCtctctcttttgtattcc

WMD2-suggestiong: 
TCTTTGAGAACGTTACGACTC 
miRNA; changed to make per
fect match with the cDNA target 
region 211-231

oSW486
PlmiRNA(lO)
II

ga-
GAGTGGTGACGTTCTCA
AAGAtcaaaqaqaatcaatqa

OSW487 PlmiRNA(lO)
III

ga-
GAATGGTGACGTTGTCA
AAGTtcacaqqtcqtqatatg

OSW488
PlmiRNA(lO)
IV

gaACTTTGACAACGT- 
C ACC ATT Ctcta cata ta - 
tattcct

OSW257 AP3-miRNA2 I
gaTACTAGTCCATAGT-
GACGGTCtctctcttttgtattc
c

AP3 amiRNA (II)

OSW258
AP3-miRNA2
II

gaGACCGTCAC-
TATGGACTAGTAtcaaa-
qaqaatcaatqa

OSW259
AP3-nniRNA2
III

gaGAACGTCAC-
TATGCACTAGTTtca-
caqqtcqtqatatq

OSW260
AP3-miRNA2
IV

g a AACTAGTG CATAGT-
GACGTTCtctacatata-
tattcct

FW232 AP3 miRNA 1 gaTTCGCTCATATT-
GAGTGGGCCtctctcttttgt AP3 amiRNA (I)
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attcc

FW233 AP3 miRNA 2
gaGGCCCACTCAATAT-
GAGCGAAtcaaagagaat-
caatga

FW234 AP3 miRNA 3
gaGGACCACTCAATAA-
GAGCGATtca-
caggtcgtgatatg

FW235 AP3 miRNA 4
gaATCGCTCTTATT- 
G AGTGGTCCtctacatata - 
tattcct

Chip qPCR primers

OSW617 BRI1 Chip qP 
CR_F ctgctaacatttacgaacgtctgt

qPCR oligo for Bri1 (At4g39400) 
upstream genomic locus; Amplicon
88 bp, Tm=57‘>

0SW6I8 BRI1 Chip qP 
CR R tcatggaggtgagtgcgattg

0SW6I9 IAA27 Chip qP 
CR_F attgctactgcggctaagtgg

qPCR oligos for IAA27 (At4g29080) 
genomic locus; Amplicon 92 bp, 
Tm=58°

OSW620 IAA27 Chip qP 
CR R ccataggctctcattttttgggtc

OSW621 MEKK18 Chip 
qPCR_F ctgaaattcgacacgtcatcacc

qPCR oligos for MEKK18 
(At1g05100) genomic locus; Ampli
con 71 bp, Tm= 57°

OSW622 MEKK18 Chip 
qPCR R taggaatggtagagtctcattggc

OSW627 BRI1_neg_F acccagcactaaacagaagat-
cag

negative control qPCR assay for
Chip, upstream of Bril; Amplicon
79bp, Tm = 58°

OSW628 BRI1_neg_R cccaaccacctatctcttgattctc

OSW629 BRI1_neg2_F AAGTCTCCAATACCTCTC
TCTGGC

negative control qPCR assay 2 for 
Chip, within Bril; Amplicon 161 bp,
Tm = 57 °

OSW630 BRI1_neg2_R GTGATTCGAGAAGAGAA
CATGAACC

OSW631 Ref1_ChlP_F TCTCC GAC CTTTCTTC AC 
ACCCATTCC

Reference region for ChIP, according 
to Kaufmann et al (2010)

OSW632 Ref1_ChlP_R GTCTCCGCTTAGGAGCA
CGAAAGCTATC

OSW633 Hec1_ChlP_F cgttatgccttctttgcctttagtg

qPCR olios for Flectatel 
(AT5G67060) -630bp upstream 
genomic locus;Amplicon 98 bp,
Tm=58°

OSW634 Hec1_ChlP_R tttatcgcatttatcgaccgtccag

OSW671 PI Chip qPCR 
_F tagagttggctatgtgtaataagcg

qPCR oligos for PI (AT5G20240) 
binding site around transcription start 
site;Amplicon 69 bp

OSW672 PI Chip qPCR
R gctactttcttgagggcacagtc

oS\/V496 ChlP_AP3_2_F CTATTTCTGATGTCGATG
TTTGGGC

500 bp downstream of AP3-CarG 
box; Tm = 58; Amplicon 138bp

OSW497 ChlP_AP3_2_R TTGGTTTCTTGCATTCGct
gc

OSW498 ChlP_AP3_3_F cagTT-
CAAATCTCTTGGGAATCA

1000 bp downstream of AP3 CarG 
box; Tm=58; Amplicon 69 bp
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GATC

OSW499 ChlP_AP3_3_R gtgagtggacatagaa-
gatgtgacC

OSW500 ChlP_AP3_4_F aacaacactaactggtcgaagc 600 bp upstream of AP3 CarG box; 
Tm=57; Amplicon 74 bp

OSW501 ChlP_AP3_4_R actccaaacagtccatcaaatcag

OSW502 ChlP_AP3_5_F atcattacttacgcttctaggtccg 1200 bp upstream of AP3 CarG box; 
Tm = 58; Amplicon 69 bp

OSW503 ChlP_AP3_5_R AAGG-
CATTCCCCGTATctgcg

OSW510 GNC_ChlP_F TAGTTTAACGGTATATAT
ACATATGAAAAG

Mara and Irish, Plant Physiology
2008 Jun;147(2):707-18

OSW511 GNC_ChlP_R GAGGTTCACGTGAGTCC
ATG

Mara and Irish, Plant Physiology
2008 Jun;147(2):707-18

OSW512 GNL_ChlP_F TTCATCAGTCTCTAAACA
TGGCCATATAATCCT

Mara and Irish, Plant Physiology
2008 Jun;147(2):707-18

OSW513 GNL_ChlP_R
AATTCTTACTTTTTATGTT
TATAAATTTGAAAAACTG
ATTTGG

Mara and Irish, Plant Physiology
2008 Jun;147(2);707-18

OSW514 ChlP_AP3_6_F GATTTAAACAGTGTCTTG
TAATTA

Mara and Irish, Plant Physiology
2008 Jun;147(2):707-18

OSW515 ChlP_AP3_6_R GATTTGGTG GAGAGGAC 
AAG

Mara and Irish, Plant Physiology
2008 Jun;147(2);707-18

Genotyping oligos (Chapter 5)

WiscDS-
p745 WiscDS-p745 AACGTCCGCAATGTGTT

ATTAAGTTGTC
Wisconsin-DSLox insertion specific 
primer

GABIKat- 
PAC161 LB

GABIKat- 
PAC161 LB

ATATTGACCATCATACTC
ATTGC

GABI-KAT insertion specific left 
border primer

SALK LB_ 
AS SALK_LB_AS CTTTGACGTTGGAGTCC

AC
SALK insertion specific left border 
primer

Ds_3-
1_GeneTra
P

Ds_3-
1_GeneTrap

ACC CGA CCG GAT CGT 
ATC GGT

CSHL-gene trap insertion specific 3' 
border primer

Ds_5-
1_GeneTra
P

Ds_5-
1_GeneTrap

GAA ACG GTC GGG AAA 
CTA GCT CTA C

CSHL-gene trap insertion specific 5' 
border primer

LB_SAIL LB_SAIL gcttcctattatatcttcccaaattac-
caataca Reverse primer in SAIL LB.

SW493 M1b_genot_F TCCCAAGGTTGAGCTTT
CTTC

genotyping primer for insertion in
REM 24

SW494 M1b_genot_R TCTGAATGTGAGGATTCA
TGC

OSW284 M3ANew b gen 
otF

TTTCAGCCCAAGTTCATA
TGG

genotyping primer for insertion 
AT5G46915

OSW285 M3ANew_b_gen
otR

AGATGCCAAGAAGGCTC
TAGG

OSW71 l\/l3_genot_forw
ard

TTCGACAGTGTGTCACT
GGTC

genotyping primer for insertion in 
REM20

oSW72 M3_genot_rever
se

CGAAGGAGAGAAGCAGA
GATG

OSW52 M4_genot_forw
ard

AACATCTCCGATCTCCAA
ACC

genotyping primer for insertion in 
REM21

OSW53
M4_genot_rever
se

CTTGAAACTTTGGCCTCA
ATG

OSW206 M5b_genot_F TTGAATCTGTTGTTTCCC
TGG

genotyping primer for insertion in 
REM22
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OSW207 M5b_genot_R TTGCTCTTGCTCTTGCTC
TTC

OSW75 M6_genot_forw
ard

ATATAGGCAGATGGGCC
TTTG

genotyping primer for insertion in 
REM27

OSW76 M6_genot_rever
se

TTAGGCCCAAATGATAAC
GTG

OSW286 M7b_genot_F ATATTATTGGGCCGGATA
TGG

genotyping primer for insertion in 
REM26

OSW287 M7b_genot_R AGACTTTGTGAGAAGAA
CGCG

OSW79 l\/l8_genot_forw
ard

GTGATCCAAATCCTGCTT
GAG

genotyping primer for insertion in 
REM19

oSW80 M8_genot_rever
se

CGTCAACAAGGCTACCA
AGAG

0SW8I M9_genot_forw
ard

TCGAACAACCGTCAATA
CTCC

genotyping primer for insertion in 
REM18

OSW82 M9_genot_rever
se

TGTGAATGGACACTTTGA
TTAAGC

OSW83 M10_genot_for
ward

TGTTTTCGTCTCCCATTT
GAG

genotyping primer for insertion in 
REM17

oSW84 M10_genot_rev
erse

TGATGGTGATGAGAATGG
TGG

oSW85 M11_genot_for 
ward

GAAAAGGAGGTGTGAAA
TTGG

genotyping primer for insertion in 
REM16

0SW86 M11_genot_rev 
erse

ATGATGAGAAGGGGGAT
AGTG

OSW54 M12_genot_for
ward

AGAGGTTTGGGAAAATT
GGG

genotyping primer for insertion in 
REM15

OSW55 M12_genot_rev
erse

TGAGGAAGAGAAGGAAA
GTGG

oSW56 M13_genot_for 
ward

GGGAGATTGAGATGGTA
GTGG

genotyping primer for insertion in 
REM14

OSW57 M13_genot_rev
erse

GAGGAGAGATTGGAAGA
GGAG

gain-of function constructs (chapter 5)

OSW99 M1 cDNA Xhol
F

ATGTGGAGGGAAGAGAG
TGTGAAAGAGAG

cloning of REM24 overexpression 
construct

0SWIOO M1 cDNA Sma 
l R

ATGGGGGGGAGAATAAA
AGGTTAGGATTGAG

0SWIOI M5 cDNA Eco 
RLF

GAGAATTGATGGGTAAG
AGTAGTAAGATAG

cloning of REM22 overexpression 
construct

0SWIO2 M5 cDNA Bam 
HLR

ATGGATGGAAGATAGATA
GTTTTGTTAGGATAAG

0SWIO3 M8 cDNA Eco 
RLF

GAGAATTGGTGTGAGTG
AGTGTGAGAGAAG

cloning of REM19 overexpression 
construct

0SWI04 M8 cDNA Bam 
HLR

ATGGATGGGTGGAGAGA
GGAAAAGTGAA

0SWIO5 M10 cDNA Xh 
ol F

TAGTGGAGTGTTGATAGA
AGATTTTAGG

cloning of REM 17 overexpression 
construct

0SWIO6 M10_cDNA_Ba
mHLR

ATGGATGGAGGTGAAAG
ATTAGATATTG

0SWIO7 4Bsingle cDNA 
EcoRLF

GAGAATTGTGATGATGTA
ATGTGGAATGTG

cloning of REM13 overexpression 
construct

0SWIO8 4Bsingle_cDNA 
Bam HLR

ATGGATGGTGAGGGGTT
GATAATGTGGAG

OSW237 M11 cDNA Eco 
Rl F2

GAGAATTGTGTGGTTTGG
AAGATGATTG

cloning of REM16 overexpression 
construct
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OSW124 Mil cDNA Ba 
mHI R

ATGGATCCATAAAAAGC
CATAGATGCATT

OSW245 M5 cDNA EAR 
_R

ATGGATCCAGGAACTAC
TCCCCAATCGATCATGC
ACTGATC

cloning of fusion construct for
REM22

OSW246 M10 cDNA EA
R F

TACTCGAGTCCAAGATG
GCCTCTTCAATG

cloning of fusion construct for
REM17

OSW247 M10 cDNA EA
R R

ATATCGATGTACAGATCC
TTACCGCGGATG

cloning of fusion construct for
REM17
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Appendix: Genotyping assays

35S:APETALA1-GR insertion (for line described in Yu et al. (2004) Nat Genet 36,157-161)

Primers:
FW164: 5’-GTCCCGCAATTATACATTTAATACGCG-3’
FW167; 5’-CTCCGTCATCACTCTCGCTAGG-3’
FWl 68: 5’-CTCCTACCCGGTATCTCCTTCAAG-3’

PCR: 5min 95°C - [30sec 95°C - 30sec 52“C - 1:30min 72°C]35 - 5min 72°C

Run reactions on 1% agarose gel.

Bands:
^-T-DNA:~400 bp 
- T-DNA: -800 bp

apetala3-3 (Sablowski and Meyerowitz (1998) Cell 92, 93-103)

Primers:
FW181: 5’-AGAGGATAGAGAACCAGACAAATCGA-3’
FW182: 5’-GTTTAGAGAGATGGTGTACGTGG-3’

PCR: 5min 95°C - [30sec 95°C - 30sec 53°C - 30sec 72°C]35 - 5min 72°C

Digest with Clal; run digest on 3% agarose gel.

Bands:
ap3-3: 160 bp, 22 bp 
AP3: 180 bp

pistil lata-1 

Primers:
FW230: 5’-GATTACTGTTGTCCTTCCATGG-3’
FW231: 5’-ATCTAGGGTTAAAGATTCAAGGG-3’

PCR: 5min 95°C - [30sec 95°C - 30sec 52°C - 30sec 72°C]35 - 5min 72°C

Digest with FokI; run digest on 3% agarose gel.

Bands: 
pi-l:2\9 bp 
PI: 130 bp, 90 bp

ap3-l temperature sensitive allele

Primers:

OSW276: 5’- CTTGGGAATCAGATCGAGACCACCAAGCATA-3’
OSW277: 5’- GTTCTGCAATTGTGTAAACCACAAGAG-3’

PCR: 5min 95°C - [30sec 95°C - 30sec 52°C - 30sec 72°C]35 - 5min 72°C
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Digest with Ndel; run digest on 3% agarose gel. 

Bands:
ap3-l: 280 bp 
AP3: 302bp, 22 bp

pAlcA::AP3-iiiiRNA insertion line

PCR: 5min 95°C - [30sec 95“C - 30sec 52°C - 1:20min 72°C]35 - 5min 72°C 

Primers:

oSW 290: tctatatggatctcgttgctctggg
oSW 297: ATAGTGACCAACCCCACCAGATG
OSW265: AGTACATTAAAAACGTCCGCAATGTG

use oSW290 + oSW265primers for T-DNA-specific assay

Run reactions on 1% agarose gel.

Bands:
+ T-DNA:~470 bp 
w/oT-DNA: ~ 1060 bp

pAlcA::PI-miRNA insertion line

PCR: 5min 95°C - [30sec 95°C - 30sec 54°C - 1:20min 72°C]35 - 5min 72''C 

Primers:

OSW544: AGCTCTCTGATTCTTGAATTGTCAG 
OSW545: AATGTATTGACCAGAATCGACAGG 
OSW265: AGTACATTAAAAACGTCCGCAATGTG

use oSW545 + oSW265 primers for T-DN A-specific assay

Run reactions on 1% agarose gel.

Bands:
+ T-DNA: -620 bp 
w/oT-DNA:~904 bp

AP3g-GFP insertion

PCR: 5min 95°C - [30sec 95°C - 30sec 57°C - 1:20min 72°C]33 - 5min 72°C 

Primers:
OSW383: TAGCTCTTTCTAGCCCAGTTACG 
OSW384: TAATGTTATGGACTGCTGCGCTTG 
OSW265: AGTACATTAAAAACGTCCGCAATGTG

use oSW384 + oSW265 for T-DNA specific assay.

Run reactions on 1% agarose gel.

Bands:
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+ T-DNA:~690 bp 
w/oT-DNA:~950 bp

PIg-GFP insertion

PCR: 5min 95°C - [30sec 95°C - 30sec 57°C - I ;20min 72°C]33 - 5min 72°C 

Primers:
OSW468: TTCTTGACGCTCAGCATAGGC 
OSW489: ATCCCAACACCGACGCTTATC 
OSW265: AGTACATTAAAAACGTCCGCAATGTG

use oSW 384 + Bart_TAIL3 primers for insert-allele 

Run reactions on 1% agarose gel.

Bands:
*T-DNA:~600 bp 
w/o T-DNA: ~ 995 bp
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Table S2: List of Buffers 
Ml buffer
lOmMNaPi pH7.0 
100 mM NaCl 
H20
Added fresh to Ml stock just before 
use
I M hexylene glycol 
10 mM b-ME 
IxCPIC

M3 buffer
10 mM NaPi pH7.0 
100 mM NaCI
Added fresh to M3 stock Just before 
use
10 mM b-ME
lx Complete Protease Inhibitor cocktail

Chip dilution buffer
l6.7mMTris-HCIpH8.I 
167 mM NaCI 
1.2 mM EDTA 
1.1% Triton X-lOO 
0.01% SDS
IX CPlC was added fresh just before 
use

LiCI/Deterqent Wash
lOmMTris-HCI pH8.0 
0.5% deoxycholic acid (w/v)
0.5% N P-40 
I mM EDTA 
250 mM LiCI

Elution buffer
100 mM NaHCOj 
l%SDS

MC Buffer
lOmM NaPipH7.0 
50mM NaCI 
O.IM Sucrose

M2 buffer
lOmMNaPi pH7.0 
100 mMNaCI 
10 mM MgCI2 
0.5% Triton XI00 
H20
Added fresh to M2 stock just before 
use
I M hexylene glycol 
10 mM b-ME
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IxCPIC

Lysis buffer
SOmMTris-HCi pH 8.1 
10 mM EDTA 
1%SDS
lx CPIC was added fresh just before 
use

Mixed Micelle Wash Buffer
20mMTris-HCI pH8.0 
150 mM NaCI 
5 mM EDTA 
5 % sucrose (w/v)
I % Triton XI00 
0.2% SDS

Buffer 500
50 mM Hepes pH7.5 
0.1% deoxycholic acid (w/v)
I mM EDTA 
I % Triton XI00

IP Buffer
50mM HEPES (pH 7.5) 
l50mM NaCl 
lOpM ZnS04 
5mM MgC12 
l%Triton-XI00 (Sigma)
0.05% SDS (Sigma)
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