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l1l. Abstract

Polycomb-group (Pc-G) proteins regulate homeotic gene silencing associated with the
repressive covalent histone modification, trimethylation of histone H3 lysine 27 (H3K27me3).
Pc-G mediated silencing is believed to remodel chromatin, rendering target genes
inaccessible to transcription factors. Pc-G mediated silencing might result in irreversible
changes in chromatin structure, however, there has been little analysis addressing whether
Pc-G mediated silencing is reversible. In this work we focused on CURLY LEAF (CLF), the
first Pc-G homologue discovered in Arabidopsis. CLF mediated repression of the floral
homeotic gene AGAMOUS (AG) was challenged during early and late leaf development. AG
was activated by the late leaf promoter, revealing that Pc-G mediated silencing can be
overcome in old leaves in the presence of CLF. AG was also activated in young leaf
primordia, yet did not persist in older leaves, revealing that transient activation of a Pc-G
target is not epigenetically stable. To address the mechanism of Pc-G action within an
endogenous environment, the histone dynamics at the APETALA1 (AP1) locus were
characterized by Chromatin Immunoprecipitation. Unexpectedly, we found that the activation
of AP1 in leaves did not require the removal of H3K27me3, questioning whether H3K27me3

is sufficient to silence.

The roles of CLF in leaf and flower development are masked due to partial redundancy with
SWINGER (SWN). clf- swn- mutants form a callus-like mass on sterile-tissue culture with no
distinguishable plant organs. The role of CLF in regulating flowering time in natural
populations of A. thaliana was investigated by complementing c/f- mutants with CLF alleles
from two accessions. We found that natural variation in CLF did not affect flowering time. To
dissect the roles of CLF and SWN in late leaf and flower development, two approaches were
developed for targeted expression. Firstly, CLF was introduced into the LhG4/ pOp
transactivation system to provide CLF during early plant development. For mosaic analysis,
CLF was introduced into the CRE lox recombination system in order to create clf- sectors

surrounded by CLF+ SWN+ and CLF+ swn- cells.
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V. Abbreviations

bp base pair(s)

cDNA complementary DNA

CIAP calf intestinal alkaline phosphotase

CSPD Disodium3-(4-methoxyspiro1,2-dioxetane-3,2’-(5-chloro)tricycle

[3.3.1.1] decan}-4-yl) phenol phosphate

DNA deoxyribonucleic acid

dNTPs deoxyribonucleotide triphosphate
dsDNA double stranded DNA

EDTA ethylenediaminetetraacteic acid (disodium salt)
g gravity

kb kilobase

M Molar

min minute(s)

mi millilitre

mM millimolar

nM nanomolar

mRNA messenger RNA

pM picomolar

RNA ribonucleic acid

RNAase ribonuclease

sec second(s)

SDS sodium dodecyl! sulphate

TE Tris-EDTA buffer

Tween polyethylenesorbitan monolaurate
ul microlitre

uv ultraviolet

X-Gal 5-bromo-4-chloro-3-indolyl-B-galactopyranoside
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1. Introduction

1.i. Cellular memory

One of the main questions in biology is how a single cell, a zygote, develops into a
multicellular organism, not only giving rise to specific cell types with distinct functions, but
maintaining established gene expression patterns. Developmental patterning of multicellular
organisms occurs progressively, based on crude gene expression patterns that are further
refined during the early stages of development (Coen 1999). Transcription factors involved in
establishing gene expression patterns are often transiently expressed, yet developmental
patterns are maintained over many cell generations. Therefore, cell fate must be maintained
through cell division. Cell fate may be maintained cell intrinsically (autonomously), or
extrinsically, which is flexible (based on neighbouring cell to cell signalling). The mechanisms

maintaining cellular memory convert an extrinsically determined cell fate to an intrinsic one.

Regulation of gene expression during development is vital for both ordered cell differentiation
and proliferation and maintenance of pluripotent stem cell states. During plant
embryogenesis, distinct gene expression patterns are established and cell differentiation
occurs forming distinctive tissue types and organs; roots, cotyledons and shoot and root
apical meristems. Patterning of reproductive organs; sepals, petals, stamens and carpels
occurs post-embryonically. Plant cell fate, in contrast to animal cell fate, is largely
extrinsically maintained via neighbouring cell to cell signalling. Cell to cell signalling is
essential for coordinated development in both plants and animals. In Drosophila, early
patterning events are established by the diffusion gradient of a morphogen. During
embryogenesis the Bicoid protein gradient is established along the anterior-posterior axis
and ultimately results in the formation of an anterior-posterior pattern of different
combinations of homeotic genes. These gene expression patterns set up distinct
parasegment identities in which cell fate is independent of neighbouring segments (Carroll et

al. 1988). In plants, most experiments indicate that cell fate is relatively labile and readily



reprogrammed following external signals. In vivo laser ablation studies of the root apical
meristem demonstrated that despite the stereotypic root cell lineage of Arabidopsis, cell fate
depends on positional information (van den Berg et al. 1995). Studies using marked clones
of cells in tobacco leaf development, illustrated that at fairly late stages of leaf development,
epidermal cell fate can be re-specified according to position (Stewart & Burk 1970). In
contrast to the poor capacity for de-differentiation of animal cells, plant cells retain a high
degree of totipotency and an ability to regenerate from de-differentiated callus cells following
the application of the appropriate hormones in tissue-culture (Steeves & Sussex 2002). This
argues against the intrinsic maintenance of cell fate in plants. Although, the mechanisms
ensuring cellular memory in plants may differ than that in animals, one may still argue that
cellular memory in plants is intrinsically maintained. Late germline specification and lack of
cell migration in plants (in animals, cell migration promotes the need for autonomous cell
fate), highlights the need for plant cell fate to be flexible and easily re-specified following
developmental cues. The flexibility of plant cell fate, may, in part, be associated with the

mechanisms that maintain cellular memory.

1.ii. Epigenetic Marks

Epigenetics was first used to describe the developmental events leading from fertilization to
the mature organism (Waddington 1947). Since then, its definition has evolved and it now
encompasses a wide range of phenomena, that are collectively defined as ‘mitotically and /
or meiotically heritable changes in gene function that cannot be explained by changes in
DNA’ (Russo, Martienssen, & Riggs 1996). The packaging of DNA and associated proteins
(nucleosomes and chromatin) within the nucleus has effects on gene expression. Chromatin
was generally considered to be a passive structure, classed as either euchromatic or
heterochromatic. Nuclear staining during interphase revealed patterns of DNA that were
either in de-condensed regions (euchromatic) or highly condensed regions
(heterochromatic). Heterochromatin can be further defined as, constitutive (permanently
silenced gene expression states, rarely expressed), or facultative (repressed gene

expression in some cells during a specific developmental stage). It is now evident that



chromatin is dynamic and pliable, being continually remodelled by various protein
complexes. Chromatin remodelling has been defined as ‘any event that alters the nuclease
sensitivity of a region of chromatin’ (Aalfs & Kingston 2000). Chromatin modifications and
remodelling maintain gene expression patterns and global gene silencing (Li 2002). Unlike
changes in the DNA sequence, chromatin modifications are readily reversible but they can
be persistent through mitosis and even meiosis. Interactions between DNA and chromatin
modifiers contribute to nuclear architecture and gene expression. However, how chromatin
architecture and its biological properties are maintained over many cell generations is not
fully understood. Chromatin remodelling has been characterised as epigenetic due to the

mitotic heritability and reversibility of such modifications which are not encoded in the DNA.

Epigenetic phenomena include; DNA methylation, covalent histone modifications and RNA
interference. Epigenetic modifications regulate gene expression through blocking the
accessibility of the gene transcription domain. Epigenetic modifications are developmentally
advantageous as they do not result from changes in the DNA sequence, yet are stable
throughout organogenesis and reversible during the production of gametes. Therefore,
changes in gene expression that occur during somatic development can subsequently be
erased before the start of the following generation. Gene expression patterns must not only
be inherited through cell division, but the plasticity of plant development requires that the cell
fate is always open to change. The stability of the genetic code limits such flexibility, but
epigenetic maintenance of gene expression patterns via chromatin state is both stable and

relatively flexible.

1.iii.  Genetic identification of Pc-G genes in Drosophila

Polycomb-group (Pc-G) and trithorax-group (irxG) proteins mediate covalent histone
modifications, promoting chromatin remodelling and regulating gene repression and
activation, respectively. In plants and animals, Pc-G and trxG genes are important regulators
of homeotic gene expression. Homeotic genes encode a set of evolutionary conserved

proteins that specify the anterior-posterior axis during early development. In plants, floral



homeotic genes encode MADS-box proteins that specify floral cell identity autonomously
(Coen & Meyerowitz 1991). The expression patterns of homeotic genes are established early

during development and maintained by Pc-G and trxG proteins.

Pc-G genes were first identified from genetic studies in D. melanogaster whilst characterizing
the mutants extra sex combs (esc) and polycomb (pc) (Lewis 1978). The common
phenotype of these mutants is extra sex combs on the legs of males caused by ectopic
expression of SEX COMBS REDUCED (SCR) in posterior segments. SCR as well as other
homeotic genes, for example Ultrabithorax (UBX), of the Bithorax (BX-C) and Antennapedia
(ANT-C) complexes (that establish parasegment identity along the anterior-posterior axis)
are ectopically expressed in Pc-G mutants (Lehmann & Nusslein-Volhard 1987).
Transcription factors that establish initial homeotic gene expression patterns during
embryogenesis are ftransiently expressed. The gap gene HUNCHBACK (HB) initially
specifies UBX expression, yet following the loss of HB after gastrulation, UBX expression is
maintained. In enhancer of zeste (e(z)) mutants, regulation of UBX expression is not
maintained following embryogenesis, becoming ectopically expressed in the anterior body
parts (Jones & Gelbart 1993). Genetic and molecular analysis revealed that homeotic gene
expression is initially established in Pc-G mutants, but expression patterns are not
maintained. Thus, Pc-G proteins do not establish homeotic gene expression, but regulate

established gene expression patterns.

The Pc-G ESC, E(z) and SUPPRESSOR OF ZESTE (Su(z)12) loss of function mutants
share common phenotypes associated with the mis-regulation of homeotic genes such as
UBX, however, further molecular analysis revealed that they have distinctive functions during
development. ESC is expressed during embryogenesis and regulates spatial expression of
BX-C and ANT-C complexes. esc- loss of function mutants show severe homeotic
transformations, the thoracic and abdominal segments develop into the eight abdominal
segment, and are lethal (Struhl & Brower 1982). The maternal ESC+ contribution during

oogenesis rescues esc-/ esc- progeny resulting in only mild phenotypes (extra sex combs).



Although e(z)- loss of function mutants display similar phenotypes to esc- mutants, unlike
ESC, E(z) is required continuously to regulate homeotic gene expression throughout
development (Jones & Gelbart 1990). Su(z)12 suppresses position-effect variegation (PEV)
in which chromosomal rearrangements result in an euchromatic gene being silenced due to

being positioned near heterochromatin.

Molecular isolation of ESC, Su(z)12 and E(z) revealed that they encode diverse array of
proteins with distinctive functions. ESC encodes a nuclear-localised protein containing seven
WD-40 repeat motifs and is homologous to EMBRYONIC ECTODERM DEFICIENT (EED) in
mice and FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) in Arabidopsis (Ohad et al.
1999). Su(z)12 encodes a protein containing a VEFS domain and a C,H, zinc finger and is
homologous to VERNALIZATION2 (VRN2), EMBRYONIC FLOWER2 (EMF2) and
FERTILIZATION-INDEPENDENT SEED2 (FIS2) in Arabidopsis (Gendall et al. 2001; Luo et
al. 1999; Yoshida et al. 2001). E(z) encodes a SET domain-containing protein with adjacent
cysteine-rich domains (known as the PRE-SET and POST-SET domains) and is homologous
to EZH1 and EZH2 in mice, CURLY LEAF (CLF), SWINGER (SWN) and MEDEA (MEA) in

Arabidopsis (Goodrich et al. 1997; Chanvivattana et al. 2002; Grossniklaus et al. 1998).

1.iv.  Biochemical purification of Pc-G protein complexes

Through biochemical purification, Pc-G proteins were discovered to form distinct multimeric
complexes; Polycomb Repressive Complex1 (PRC1) and PRC2 (Figure 1.1). The PRC1 and
PRC2 complexes function interdependently, despite their distinct biochemical roles. PRC1
contains Pc, POLYHOMEOTIC (PH), POSTERIOR SEX COMBS (PSC) and dRING1
(Saurin et al. 2001; Shao et al. 1999) and functions in nucleosome remodeling and
ubiquitination of H2A resulting in stable long-term gene silencing (Schwartz & Pirrotta 2008).
PRC1 inhibits nucleosome remodelling by inhibiting the action of SWI/SNF on nucleosomal
arrays in vitro (Shao et al. 1999). Pc recruits PRC1 complexes to UBX downstream of
Polycomb-response elements (PREs) in the promoter region of UBX (Francis & Kingston

2001).
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Figure 1.1 Model of Drosophila Pc-G mediated silencing
(1) The PRC2 complex contains ENHANCER OF ZESTE (E(z)), SUPPRESSOR OF
ZESTE (Su(z)), EXTRA SEX COMBS (ESC) and P55. DNA wrapped around histones as
observed under electron microscopy, the 11 nm fibre.
(2) The PRC2 complex is recruited to target genes via PhoRC (Pho and Pho1) that
directly binds to DNA sequences present in Polycomb Response Elements (PREs). The
removal of the acetyl group is mediated by histone deacetylase RPDS3.
(3) The PRC2 complex trimethylates H3K27 and spreading of H3K27me3 occurs.
(4) The PRC1 complex PRC1 contains POLYCOMB (Pc), POLYHOMEQTIC (PH) and
POSTERIOR SEX COMBS (PSC) and is recruited to H3K27me3 established by the
PRC2 complex.
(5) The PRC1 complex then promotes stable long term gene silencing accompanied by

nucleosome remodelling and ubiquitination of H2A.



PREs are 100 to 130 bp cis-acting sequence elements that are recognized by the PRC2
complex (reviewed in (Schuettengruber et al. 2007)) (Figure 1.1). The PRC2 complex
contains E(Z), SU(Z), ESC and P55 (Ringrose & Paro 2004). The SET-domain containing
Pc-G proteins encode HMTases specifically target lysine residues on core histone tails
resulting in covalent histone modifications that affect gene activity by remodelling chromatin

(discussed further in section 1.iv).

1.v. Histones and histone modifications

Nucleosomes are the fundamental repeating units of chromatin and contain a core particle
that has 145 — 147 bp of DNA wrapped around in 1.67 turns of a flat, left-handed superhelix
(Figure 1.2). At low ionic concentrations, the characteristic 11 nm ‘beads-on-a-string’
appearance can be viewed by electron microscopy (Olins & Olins 1974). The core particle
contains an octamer of the core histones, consisting of two histone H2A-H2B dimers and a
H3-H4 tetramer (Figure 1.2) (Luger et al. 1997). The N-terminal of core histones have lysine
rich tails that are subjected to post-translational covalent modifications, including;
acetylation, methylation, phosphorylation, ubiquitination, glycosolation and sumoylation.
Covalent histone modifications constitute a ‘histone code’ that is recognized and interpreted
by chromatin-associated proteins that establish higher order chromatin structure, regulating
gene transcription (Strahl & Allis 2000). Histone tails are well conserved between species,
presumably because of their role in chromatin remodelling and higher order structure.
Further investigation of the histone code has revealed that the position, nature and order of
histone modification are important in defining chromatin state and, hence, gene expression.
Euchromatic regions are associated with ‘open’ chromatin conformation and gene
transcription, characterised by active modifications, for example histone H3 lysine 9
acetylation (H3K9ac) and H3 K4 trimethylation (H3K4me3). Heterochromatic regions are
associated with repressed gene ftranscription states, characterised by repressive
modifications, loss of acetylation and H3K27me3. Histone deacetylation and methylation
have been associated with the establishment and regulation of Pc-G silencing and are the

main histone modifications to be discussed in this section.



Figure 1.2 Crystal structure of the nucleosome core particle
Nucleosomes, the fundamental repeating units of chromatin, contain a
core particle that has 145 to 147 bp of DNA wrapped around in 1.67 turns
of a left-handed superhelix. The core particle contains an octamer of the
core histones, consisting of two histone H2A (yellow) - H2B (red) dimers

and a H3 (blue) - H4 (green) tetramer. From Luger et al., (1997).




Histones in euchromatic regions are hyperacetylated compared to histones in
heterochromatic regions. Histone acetylation is less stable than other histone modifications.
Acetyl groups can be added to the tails of all the core histones, mediated by histone
acetyltransferases (HATs) and are removed by histone deacetylases (HDACS).
Deacetylation of H3K9 is necessary for initiation of Pc-G mediated silencing (Figure 1.3).
Histone methylation is mediated by histone methyltransferases (HMTases) and lysine
residues can be mono- (me1), di- (me2) and tri- (me3) methylated. Histone methylation has
been found to be associated with both gene transcription and gene repression (Francis et al.
2001). Trimethylation of H3K4 is associated with the action of trxG proteins, promoting gene
transcription, whereas, K8K27me3 is associated with the action of Pc-G proteins, promoting
gene silencing. Bernstein et al., (2006) showed H3K4me3 and H3K27me3 was associated
with genes that encode developmentally important transcription factors in mouse embryonic
stem cells. The enrichment for both H3K4me3 and H3K27me3 was characterised as a
‘bivalent’ chromatin structure. In mice, bivalent chromatin states are believed to mark silent
genes poised for activation. Bivalency might form the basis of the mechanism that allows
rapid activation of repressed genes. The involvement of EED was illustrated by Azuara et al.,
(2006). eed- mutant embryonic stem cells express differentiation-specific genes that are
otherwise repressed. Boyer et al., (2006) and Lee et al., (2006) identified large numbers of
Pc-G binding sites associated with genes that are activated during differentiation. These
groups both demonstrated that the loss of bivalent marks correlated with stem cell
differentiation. Yet, how H3K27me3 is reset, and how H3K4me3 is established (gene
activation) remains unclear. If H3K27me3 is a default mark at most target genes, this raises
the questions does activation require the removal of H3K27me3, and is H3K27me3

enrichment sufficient to silence?
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Figure 1.3 PRC2 homologues in A. thaliana silence target genes via Pc-G mediated
histone methylation
Core proteins of the PRC2 complex are functionally conserved in mammals, flies and plants
(colours indicate homology). In A. thaliana Pc-G proteins form specific PRC2 complexes
that regulate different target genes during different stages of development; (A) the
FERTILISATION INDEPENDENT SEED2- (FIS2) complex represses targets, such as
PHE1 during endosperm development. (B) The EMBRYONIC FLOWER2- (EMF2) complex
silences floral homeotic genes during vegetative development. (C) The VERNALIZATION2-
(VRN2) complex represses FLC. This is associated with the vernalization response. The
PRC2 is recruited to primary sequences by an unknown signal, associated with the action
of histone deacetylases, VERNALIZATION INSENSITIVE3 (VIN3) and VERNALIZATION5S
(VEL). Local tri-methylation of histone H3 lysine 27 (H3K27meg3) is catalysed by SET-
domain proteins CLF/ SWN and MEA. H3K27me3 accumulates at target gene loci and
spreads, which is associated with long-term stable silencing. Other proteins are recruited to
H3K27me3, potential PRC1-like homologues, that mediate long term silencing. VRN1 may
have a more specific function, where as EMF1 appears to be associated with many target
genes. The chromodomain protein, LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) is

anchored to target loci, via H3K27me3 and could promote long term silencing.
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1.vi. Identification of plant Pc-G complexes and roles during development

As previously mentioned, Pc-G proteins regulate gene repression established during
embryogenesis. In animals, Pc-G members form two complexes, the PRC1 and the PRC2
complexes. Based on sequence homology, no PRC1 homologue has been identified in
plants. Structural analysis revealed that the PRC2 complexes are conserved in plants where,
unlike in animals, they form small gene families in which the duplicated members play
distinct roles during plant development (Figure 1.3). Evidence for functional conservation of
PRC2 in plants is weaker as in vitro biochemical histone methyltransferase activity has yet to

be demonstrated, however, it is inferred from Pc-G loss of function mutant analysis.

Seed development results from a double fertilisation event leading to the formation of the
diploid embryo (from the fertilized egg cell) and the triploid endosperm (from the fertilized
central cell). fis-5 mutants exhibit a maternal-induced seed abortion phenotype and
endosperm development in the absence of fertilisation (Figure 1.4) (Chaudhury et al. 1997;
Grossniklaus et al. 2001). Therefore, before fertilisation, the egg and central cell divisions
are actively repressed by the FIS complex. Identified FIS genes include: MEA (Grossniklaus
et al. 1998), FERTILISATION INDEPENDENT ENDOSPERM (FIE) (Ohad et al. 1999),
FERTILISATION INDEPENDENT SEED DEVELOPMENTZ2 (FIS2) (Luo et al. 1999) and
MULTI COPY SUPPRESSOR OF IRA1 (MSI1) (Guitton et al. 2004). Analysis of FIS gene
expression by in situ hybridisation demonstrated that all FIS genes are expressed in the
female gametophyte prior to fertilisation and exclusively expressed from the maternal allele
in the embryo and endosperm (Grossniklaus et al. 2001). Genomic imprinting is a process in
which either the maternal or paternal alleles are silenced in a parent-of-origin fashion.
Although imprinting has evolved independently in animals and plants, there appears to be
some functional homology. In female mice, the FIE homologue, EED, controls imprinted

inactivation of the paternal X chromosome in the placenta (Wang et al. 2001).

The VRN2 complex is involved in the vernalization response (Bastow et al. 2004; Chandler

et al. 2001; Gendall et al. 2001). Vernalization promotes flowering after prolonged periods (4
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vrn2-/ |_/rn2- Wildtype +/ +

Figure 1.4 Pc-G loss of function mutant phenotypes reveal their discrete roles
during Arabidopsis development
(A) The silique from a mea-/+ female and a +/+ male, illustrating the maternal effect of
mea ovules on seed development, mea- loss of function mutants shown by arrow that
are embryo lethal. (B) vrn2- loss of function mutants do not respond to vernalization,
wildtype A. thaliana respond to vernalization treatment and flower earlier. (C) emf2-3
mutant plants are extremely small and produce small sessile leaves and several

flowers. From Goodrich & Tweedie (2002).
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to 12 weeks) at low temperatures (1 to 7°C). By imposing a requirement for prolonged cold, it
prevents seed that germinates in late summer from flowering in autumn or winter (Sung &
Amasino 2004). The involvement of Pc-G proteins in vernalization was discovered by genetic
screens for A. thaliana mutants that did not respond to vernalization (Figure 1.4) (Chandler
et al. 1996). The vernalization2- (vrn2-) mutant has decreased FLC expression following
vernalization treatment, however, FLC repression is not maintained once plants return to
warmer conditions, resulting in late flowering. The VRN2 complex contains VRN2, CLF/

SWN, FIE, MSI1 and FIE. Vernalization is further discussed in section 1.vi.

The EMF2 complex is involved in flowering and floral organ identity (Jack et al. 1994; Weigel
et al. 1992). The EMF2 complex contains EMF2, CLF/ SWN, MSI1 and FIE. emf2- mutants
are very small plants and show extremely early flowering (Figure 1.4), due to the ectopic

expression of AP1 and AG (Chen et al. 1997).

Floral organ identity is determined by homeotic genes that are expressed in the floral
meristem during flower development. The initial activation of homeotic genes is mediated by
LEAFY, AP1 (Weigel & Meyerowitz 1993) UNUSUAL FLORAL ORGANS (UFO) and
WUSCHEL (WUS). Combinations of homeotic genes from the classes A, B and C contribute
to floral organ identity (Coen & Meyerowitz 1991). Floral organs are arranged in whorls
around the floral meristem. Class A genes, AP1 and AP2 are both involved in floral meristem
identity and expressed in sepals and in petals (whorl 1). Class B genes, AP3, PISTILLATA
(Pl) are expressed with class A in petals (whorl 2) and class C in stamens (whorl 3). Class C
gene, AG is expressed in stamens and carpels (whorl 4) (Krizek & Fletcher 2005) (Figure
1.5). The ectopic expression of floral homeotic genes in emf2- and clf- implies that one of the
main functions of Pc-G proteins is to repress floral identity during vegetative development.
Regulating floral development is an important role for CLF and SWN as the transition from
vegetative to reproductive development is critical for angiosperms to ensure reproductive

Success.
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Figure 1.5 Roles of floral homeotic genes in floral identity
(A) Wildtype flower of A. thaliana with four sepals, 4 petals, 6 stamens and 2 fused carpels.
Combinations of homeotic genes from the classes A, B and C contribute to whorl identity. Class A
genes, AP1 and APZ2 are both involved in floral meristem identity and expressed in sepals (whorl 1)
and petals (whorl 2). Class B genes, AP3 and PISTILLATA (PI) are expressed with class A in petals
and class C in stamens (whorl 3). Class C gene, AG, is expressed in stamens and carpels (whorl 4).
(B) Class A, apetala-2, mutant flowers do not have sepals or petals, but carpels and stamens. (C)
Class B, pistallata, mutant flowers do not have petals or stamens, but sepals and carpels. (D) Class
C, agamous, mutant do to not have stamens or carpels, but sepals and petals. (E) sepallatai- sep2-
sep3- sep4- quadruple mutant lacks class E activity, resulting in the loss of floral determinacy and

floral identity. From Krizek and Fletcher 2005.
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Figure 1.6 clf- and swn- loss of function mutant phenotypes
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Figure 1.6 clf- and swn- loss of function mutant phenotypes
(A) Compared to wildtype Columbia-0 A. thaliana, (B) clf-2 loss of function mutants are
dwarfed with curled leaves. (C) swn- loss of function mutants do not show any gross
morphological phenotype. clf-50 swn-3 germinated on sterile tissue culture develop
cotyledons, hypocotyl and primary roots. (D) The arrow refers to root to shoot
transformation, a characteristic feature of clf- swn- loss of function mutants. (E) c/f-50
swn-3 grown on sterile tissue culture for 5 weeks showing root hairs (arrow) and
somatic embryos. (F) clf-50 swn-3 forms a callus like mass that can grow indefinitely on

sterile tissue culture. Scale bar 1 cm. From Chanvivattana et al., (2002).
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Molecular characterisation of Pc-G mutant phenotypes suggests that floral homeotic gene
expression is repressed during embryogenesis and vegetative development by Pc-G
proteins FIE, EMF2 and CLF. Pc-G loss of function mutants are early flowering, yet the role

of Pc-G proteins in regulating flowering time has not been fully addressed.

clf- mutants are dwarfed with curled leaves (Figure 1.6) and are early flowering with partial
homeotic conversion of sepals and petals to stamens and carpels (Goodrich et al. 1997). In
clf- mutants, ectopic expression of AG occurs in leaves and flowers, resulting in curled
leaves and partial homeotic transformation (Figure 1.6). CLF is partially redundant with a
related gene SWN (Chanvivattana et al. 2002). The swn- mutant displays no gross
morphological phenotype (Figure 1.6). Yet, the severity of the c/f- swn- double mutants
implies that the roles of CLF and SWN during development are greater than originally
observed in single mutants (Figure 1.6). clf- swn- double mutants develop cotyledons,
hypocotyl and primary roots during embryonic development (Figure 1.6) however, post-
embryonic development arrests, forming a callus-like mass with no true plant-like structures
(Figure 1.6). The mis-expression of FUSCA3 (FUS3) in clf- swn- double mutants may
underlie the transformation to embryonic callus-like tissue. clf- swn- double mutations are
lethal on soil, presumably due to defective root development, but can grow indefinitely in

sterile tissue-culture (Figure 1.6).

Flowering in A. thaliana is promoted by the photoperiod and vernalization pathways in
response to long days (LD) and prolonged cold temperature, respectively, and the
autonomous and gibberellic acid-dependent pathways that are controlled by internal cues
(Figure 1.7 shows the main flowering time pathways in A. thaliana). Under LD, CONSTANS
(CO) is expressed during the light phase, activating FLOWERING LOCUS T (FT) which is
antagonistic to the action of FLOWERING LOCUS C (FLC) (An et al. 2004). FLC binds FT,
repressing activity and delaying flowering. FT interacts with FD and up-regulates

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1/AGL20) and LFY that
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Figure 1.7 Flowering time pathways in A. thaliana

The four main flowering time pathways in A. thaliana are; the photoperiod pathway,

the vernalization pathway, the gibberellic acid-dependent pathway and the

autonomous pathway. The gibberellic acid-dependent and autonomous pathways are

controlled by internal cues. The photoperiod pathway responds to day length. Under

LD, CO accumulates in the light and is able to promote the transcript of FT,

promoting flowering. The vernalization pathway responds to periods of prolonged

cool temperature that leads to stable silencing of FLC.
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Figure 1.8 FT protein moves from the leaves to the apex and interacts with FD
promoting AP1 expression
In LD, CO expression during the light period induces FT expression in the leaves. FT
then moves from the leaves to the shoot apical meristem where it interacts with FD
promoting AP1 expression, converting the vegetative meristem into an inflorescence

meristem, resulting in flowering. From Wigge et al., (2005).
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reprogram the shoot apex to form an inflorescence meristem. Flowering is then initiated and
the flower primordium expresses AP1, AG and AP3 (Figure 1.8). There is considerable
variation in A. thaliana flowering time; many accessions are late flowering due to active
FRIGIDA (FRI) alleles (Johanson et al. 2000). A latitudinal cline for early flowering alleles
due to selection on polymorphisms in the FR/ locus, causing loss of function fri- accessions,
has been discovered (Stinchcombe et al. 2004). FRI represses flowering by promoting high
levels of FLC expression. FLC encodes a MADS-box class transcription factor that represses
flowering during vegetative development. FLC expression represses transcription of FT and
SOC1 (Michaels & Amasino 2001) that are involved in combining regulatory signals to

initiating flowering.

1.vii. Mechanism of Pc-G action

Although the mechanistic role of Pc-G genes has been widely studied independently in both
plants and animals, there have been few experiments addressing the question whether Pc-G
mediated silencing in plants has similar mitotic stability and autonomy of action compared to
animals. Chromatin remodelling by Pc-G complexes is thought to result in chromatin
compaction (Schwartz & Pirrotta 2008). In flies, PRC1 is necessary to confer stable long-
term silencing by binding H3K27me3 via chromodomain protein, Pc (Figure 1.1). As plants
do not appear to have PRC1 homologues, this raises the question whether Pc-G mediated
silencing in plants is as stable in animals. Plants may have developed other mechanisms
that confer a PRC1-like function, for example, EMF1 has been suggested to be a functional
homologue of PSC (Calonje et al. 2008), which in animals is a part of the PRC1 complex. In
plants, unlike animals, most Pc-G target genes are enriched for H3K27me3, covering
transcribed and promoter regions gene specifically, rather than covering large genomic
regions, as is the case in animals (Schubert et al. 2006; Zhang et al. 2007). PRC2
complexes have been isolated in various forward genetic screens (Figure 1.3) showing
distinct gene specificity. In flies, cis-acting sequences, PREs, recruit the PRC2 complex,
ensuring target gene recognition; however, no such elements have been identified in plants.

This may not be all that surprising, when considering that the PREs could be recognized by
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all Pc-G complexes. This could lead to competition between Pc-G proteins for binding sites
as well as limiting accessibility. There may also be dosage effects mediated by different Pc-
G complexes that have higher or lower affinity for the PRE at the target sequence. How Pc-G
proteins are initially recruited to target sequences in plants is still unknown. One possible
mechanism could be that Pc-G proteins are recruited to target genes via signals provided
during patterning events. HMTase activity could induce chromatin remodelling that further
attracts Pc-G complexes following cell division, providing faithful propagation and
maintenance of established gene silencing. The current view of the mechanism of Pc-G
silencing in plants is illustrated in Figure 1.3. Plant Pc-G proteins form distinct PRC2
complexes that are recruited to target genes by an unknown mechanism. VERNALIZATION
INSENSITIVES3 (VIN3) and VERNALIZATIONS (VEL) are required for histone deacetylation
and might recruit PRC2 complexes by protein interactions (Greb et al. 2007). H3K27me3 is
catalyzed by SET-domain containing Pc-G proteins CLF, SWN and MEA, that appears to

spread over target genes.

A key feature of epigenetic silencing is that although stable and heritable during cell division,
epigenetic modifications are reversible. The definitive example of epigenetic phenomena in
plants is the vernalization response (Figure 1.9). The vernalization response demonstrates
epigenetic features; the transient signal, cold, is remembered long after the initial exposure
has gone and the progeny of vernalized plants require vernalization. The vernalization
response functions mainly by reducing FLC expression that represses flowering. FRI
represses flowering by promoting high levels of FLC expression and so confers a
vernalization requirement. VRNZ represses the expression of FLC following prolonged cold
treatment (Gendall et al. 2001) and appears to provide the epigenetic basis of the
vernalization response by remodelling chromatin in the first intron of FLC, leading to

mitotically stable FLC silencing.

The vernalization response illustrates the mitotic stability of Pc-G mediated silencing

providing cellular memory long after the stimulus has gone, but also retaining the ability to be
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Figure 1.9 Model for the chromatin modifications at FLC that occur during
vernalization
In nonvernalized plants FLC chromatin is marked by histone acetylation, the active histone
mark, H3K4me3 and the variant H3.2 is enriched at the FLC promoter and coding regions.
Upon cold induction, VIN3 represses FLC expression via deacetylation of histones and
dimethylation of H3K4me3 to H3K4me2. The VRN2 PRC2 complex promotes the repressive
mark, H3K27me3. Following vernalization treatment, when conditions become warmer,
PRC2 and LHP1 are associated with FLC chromatin and during DNA replication, H3.2 is

replaced by H3.1, which acquires K27me3. From Finnegan and Dennis (2008).

24




reset, as the progeny of vernalized plants also require vernalization. Upon vernalization, the
initiation of H3K27me3 at FLC and its propagation was illustrated by Finnegan et al
(Finnegan & Dennis 2007). During vernalization, H3K27me3 was found in a small region of
FLC that then spread over the entire gene once the plant was transferred to warmer
conditions. The spreading of H3K27me3 was also reported by Schubert et al (Schubert et al.
2006), revealing that H3K27me3 spread over the transgenic sequences (non-plant) of the
AG reporter construct. This implies that once initiated, H3K27me3 can propagate without Pc-
G proteins binding directly to that sequence. CLF has been shown to localise specifically at
promoter sequences, although the localisation of CLF does not always coincide with
H3K27me3 enrichment (Clarenz and Goodrich unpublished). This could indicate the
HMTase activity of another Pc-G protein, or that CLF does not always need to remain at the
target genes for H3K27me3 to remain. In c/f- mutants, silencing of target genes is lost,
therefore, CLF must be required for regulating target gene silencing. This has been
confirmed by studies using clf- plants carrying a conditional steroid-dependent CLF
transgene whereby CLF+ activity is dependent on steroid application; cl/f- mutants are
complemented by steroid application. In the absence of steroid, the cl/f- phenotype is
observed with ectopic expression of AG (Schubert et al. 2006). Surprisingly, ectopic
expression of AG in leaves was stable, restoring CLF activity only silenced AG if the steroid
was supplied early in leaf development (Schubert et al. 2006). This suggests that CLF
activity is required continuously during leaf development to maintain transcriptional silencing
of AG, even after mitosis is completed. Due to the uneven uptake during seed formation and
persistence of steroid in the plant, it is unclear exactly when CLF is inactivated. Additionally,
the compensatory effects of SWN activity may have masked the full effects of the single cif-
mutant. As CLF is lost during mitosis (Schubert et al. 2006), it may not constitute a heritable
mark transmitted through mitosis. However, this poses the problem of how CLF re-

establishes itself to target sequences following mitosis.

During floral transition, the shoot apical meristem undergoes stable changes, converting

from a vegetative meristem to an inflorescence meristem. AG is stably silenced during
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vegetative development and is enriched with H3K27me3 (Schubert et al. 2006). AG is
activated upon floral transition and enriched with H3K4me3. Saleh et al., (2007) showed that
AG was enriched during vegetative development for both H3K4me3 and H3K27me3, yet AG
is stably silenced during vegetative development. This suggests that histone modifications
are not mutually exclusive. It is apparent that H3K27me3 is abundant throughout the
genome (Zhang et al. 2007). It is not clear how H3K27me3 is propagated through mitosis,
whether maintained by the recruitment of Pc-G proteins after cell division. How Pc-G
mediated repression is maintained during plant development, two important questions are
raised; how stable is Pc-G mediated silencing? And does activation of a Pc-G target gene

require the removal of H3K27me3?

1.viii. Resetting Pc-G mediated silencing

A defining feature of epigenetic modifications is that they can be reversed. Presumably,
genes regulating embryonic development need to be silenced following germination and the
transition from vegetative development to flowering must involve resetting of Pc-G mediated
silencing of floral homeotic genes. Reprogramming of gene expression states in animals
occurs in gametogenesis or early embryogenesis. In plants, key regulatory developmental
genes (such as FLC) are active or silenced (such as AG and APT) for many cell generations
during vegetative development. Following floral induction, Pc-G mediated silencing of AG
and AP1 is reset. The vernalization-induced repression of FLC is reset between generations.
During vegetative development FLC is stably expressed and is enriched for H3K4me3.
Following vernalization treatment, FLC is rapidly silenced, accompanied by the loss of
H3K4me3 and enrichment for H3K27me3 and H3K9me2 (Bastow et al. 2004). Finnegan et
al., (2007) showed that there was a quantitative relationship between the length of
vernalization and the amount of H3K27me3 and H3K4me3 enrichment. This suggests that

there may be a correlation between levels of enrichment and gene transcription.

In the progeny of vernalized plants, FLC expression is restored. Sheldon et al., (2008) used

a reporter transgene for FLC to establish when Pc-G silencing of FLC was reset during
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reproduction. They showed that the paternal and maternal derived FLC reporter transgene
differed in the timing of their expression. The paternal copy of the FLC reporter transgene
was active during early gametogenesis and in the single-celled zygote. The maternal copy of
the FLC reporter transgene was not expressed until the early multicellular embryo stage of

seed development (Sheldon et al. 2008).

1.ix. Main aims to be addressed in this thesis

It is apparent that Pc-G mediated silencing is an important mechanism in maintaining cellular
memory during development. Microarray analysis reveals that many flowering time genes
are up-regulated in clf- mutants (Thorpe and Goodrich unpublished). The role of CLF in
flowering is highlighted by the early flowering phenotype of c/f- mutants, yet it is difficult to
address due to the compensatory effects of SWN and the effects of floral homeotic gene
mis-expression. Therefore, it is of interest to investigate how genes within the flowering time
pathway are regulated by CLF. The aim of Chapter 3 is to investigate the role of natural

variation in CLF in regulating flowering time in natural populations of A. thaliana.

Floral homeotic genes are silenced by Pc-G proteins during vegetative development and
expression is restricted to specialized cell types upon floral transition. CLF regulates the
floral homeotic gene, AG (Goodrich et al. 1997). CLF mediated repression of AG in leaves
might result in irreversible changes in chromatin structure that render AG inaccessible to
transcription factors. However, there has been little analysis to address whether Pc-G
mediated silencing is reversible. The aim of Chapter 4 is to address the stability of Pc-G
mediated silencing of AG, by challenging AG silencing, to determine whether Pc-G mediating

silencing can be reversed.

The repressive histone modification associated with Pc-G silencing, H3K27me3, is abundant
throughout the genome (Zhang et al. 2007). Studies suggest that H3K27me3 is dispersed
over promoter sequences and spreads over target loci (Schubert et al. 2006; Sheldon et al.

2008; Zhang et al. 2007). How Pc-G mediated silencing is reset, whether by a passive
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mechanism or an active removal of modifier followed by histone modifications, is still
unknown. The aim of Chapter 5 is to ascertain the histone dynamics at the AP7 locus to

address whether activation of a Pc-G target requires the removal of H3K27me3.

Microarray analysis, ChIP and ChIP on chip (probing tiling arrays with ChIP DNA) revealed
that CLF and SWN have many target genes (Zhang et al. 2007). Further understanding of
the biological relevance of these candidate target genes and identifying new targets is
difficult due to the downstream effects of target gene mis-expression. The roles of CLF in
late leaf and flower development remain unknown due to the compensatory effects of the
partially redundant Pc-G gene, SWN. The severity of clf- swn- mutants limits the analysis of
the roles Pc-G proteins, as the callus-like tissue does not develop leaves or distinguishable
plant-like organs. The main aim of Chapter 6 is to develop two approaches to gain insight

into the developmental roles of CLF and SWN in late leaf and flower development.
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2. Materials and Methods

2.i. Plant materials

2.i.0. Plant lines used in this thesis

clf-28 has a T-DNA insertion in the fourth exon of CLF. The T-DNA insertion is in a
Columbia-0 (wildtype) background and was obtained from the Salk Institute Genome
Analysis Laboratory (SIGnAL) SALK_139371. clf-28 has a mild leaf curling phenotype when
grown on soil and confers kanamycin resistance. clf-2 was derived from transposon
mutagenesis, and the mutation is in a Landsberg erecta background. The Ds insertion is
positioned at the junction between the first and second exon, previously described in
(Goodrich et al. 1997). clf-2 is a null allele and has a strong leaf curling phenotype when
grown on soil. swn-7 has a T-DNA insertion in the eighth exon of SWN. swn-7 mutation is in
a Columbia-0 background and was obtained from SIGnAL, SALK_109121. This is a null
allele and has no gross morphological phenotype. The T-DNA insertion confers kanamycin
resistance. The Columbia-0 and Edinburgh-0 A. thaliana accessions were provided by Prof.
Magnus Nordborg (University of Southern California, USA) for flowering time analysis
associated with Chapter 3. The LhG4 driver lines utilized in Chapters 4 and 6 were provided
by Prof. Yuval Eshed (Weizmann Institute of Science, Israel). The 35S::LhGR driver line was
provided by Dr. lan Moore (University of Oxford, UK) and is in a Columbia-0 background.
35S::FD is an over-expression line of the bZIP transcription factor FD that was provided by
Dr. Philip Wigge (John Innes Centre, UK). It is a single homozygous line conferring
kanamycin resistance. 35S::FD AP1::GUS confers both kanamycin and BASTA®

(phosphinothricin-tripeptide (PTT) herbicide resistance, also provided by Dr. Philip Wigge.

2.i.ii.  Sterilizing A. thaliana seeds

When germinating seeds in sterile tissue-culture, seeds were either sterilized by ethanol
wash or by chlorine gas. In the ethanol treatment, the seeds were placed in microcentrifuge

tubes together with 70 % ethanol + 0.05 % triton. They were left rolling for 15 min, the
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solution was then replaced with 95 % ethanol. They were then left rolling for 5 min. The
seeds were then dispensed onto sterile filter paper to dry and then scattered sparsely onto
Murashige and Skoog basal salt mixture (MS) agar plates (1.65 g ammonium nitrate, 6.2 mg
borac acid, 332.2 mg calcium chloride anhydrous, 0.025 mg cobalt chloride, 0.025 mg cupric
sulfate, 27.8 mg ferrous sulfate, 180.7 mg magnesium sulfate, 0.25 mg sodium salt, 0.83 mg
potassium iodide, 1.9 g potassium nitrate, 170.0 mg potassium phosphate monobasic and
8.6 mg zinc sulfate). Larger quantities of seed were sterilized by chlorine gas overnight. In
this case, the seeds were placed in an air-tight bell jar (under a fume hood) containing a
beaker with 100 ml of sodium hypochlorite mixed with 3 ml HCI. Seeds were sterilized
overnight and following sterilization the bell jar was opened and left in the fume hood for a

further 20 min in order to remove trace amounts of chlorine gas.

2.i.iii.  Growing A. thaliana on sterile MS agar plates and on soil

All plants were grown either under long day growth conditions (LD) (16 hrs light and 8 hrs
dark) or short day growth conditions (SD) comprising of 8 hrs of light and 16 hrs dark. A.
thaliana seeds were grown on sterile MS agar plates in order to select for primary
transformants or for T-DNA insertion lines, or both. Seeds were dispersed onto agar plates
sparsely. Plates were sealed with micropore tape and seeds were stratified at 4 °C for 210 3
days in darkness, in order to overcome dormancy and synchronise germination. The plates
contained the appropriate antibiotic concentration for selection and were grown under LD or
SD at 23°C. Hygromycin sensitive plants did not grow roots, and so resistant plants were
detected by root growth. Kanamycin sensitive plants had white cotyledons and resistant
plants had green cotyledons, allowing detection of the plants carrying the binary vector.
Seedlings were transferred from plates onto soil after 4 to 7 days. Seeds and seedlings were

grown on soil made up of a 2: 1: 1 ratio of Levington F2 compost, sand and fine grit.

2.i.iv.  Gene transfer into A. thaliana by floral dip transformation

To introduce plasmid DNA into A. thaliana by floral dip transformation, 60 to 100 plants were
grown in SD and the first inflorescence bolts were cut. Plants were then transferred to LD

and when many inflorescence shoots had emerged plasmids were introduced into the plants
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by floral dip transformation. 1 L cultures of recombinant A. tumefaciens were grown to
stationary phase. The cultures were then centrifuged at 3500 x g for 20 min and the
supernatant discarded. The pellets were resuspended in 500 ml 0.5 x MS salts with 0.2 %
silwet and 5 % sucrose. Inflorescences were submerged into the A. tumefaciens suspension
culture for 10 sec ensuring that there was no air bubbles trapped between the flowers. The
trays were covered overnight with plastic bags and taken off the following morning. The floral
dip was repeated after 7 days. Following 2 to 3 weeks, siliques dried and seeds were
collected in bulk and the T1 (first progeny transformed) were selected using the relevant

antibiotic or herbicide resistance marker gene conferred by the binary vector.

2.i.v.  Crossing of A. thaliana

Young flowers of female plants were emasculated, removing the sepals, petals and anthers,
just before the anthers had matured. Mature stamens from the paternal plant were brushed
against the carpels of the female plants until the stigmatic papillae were yellow with pollen.
This was repeated the following day. The siliques were left to grow and then dry, and the F1

seeds from the crosses were collected.

2.i.vi.  Small scale plant DNA extraction for PCR

Small leaves, flowers and young seedlings were collected into microcentrifuge tubes and
immediately frozen in liquid nitrogen. The plant material was ground into a powder and 200
pl of Extraction buffer (100 mM Tris.HCI pH 8.0, 1.4 M NaCl, 20 mM EDTA, 2 % CTAB, 0.2
% B-mercaptothanol) was added to the samples, which were then incubated at 65 °C for 10
min. Chloroform extraction and ethanol precipitation followed. The DNA was dissolved in
Tris-hydrochloride (10 M Tris.HCI pH 7.4) that buffers the solution and ethylene diamine
tetraacetic acid (10 mM EDTA) which chelates the Mg®* ions, therefore, protecting the DNA

from degradation (as DNase enzymes require Mg®* as cofactor).

2.i.vii. Large scale plant DNA extraction

Plants were grown under standard LD and 500 mg of young leaf tissue was collected and

frozen immediately in liquid nitrogen. Samples were ground using a pestle and mortar (also
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frozen with liquid nitrogen) and 500 pl of extraction buffer (50 mM EDTA, 100 mM NacCl, 100
mM Tris.HCI pH 8.0, 1 % SDS) was added. A phenol/chloroform extraction was carried out
and the DNA was precipitated with 0.1 volumes of 3 M NaOAc (pH 5.2) and 0.7 volume

isopropanol followed by washing in 70 % ethanol. The DNA was dissolved in 50 pl of TE.

2.i.viii. Southern Blot Analysis of genomic DNA

pg) was digested in a reaction consisting of; 3 ul of enzyme buffer, 1.5 pl of enzyme, 0.25 pl
of spermidine and 5.25 H,O. The digestions were incubated overnight at 37 °C. The samples
were loaded onto a 0.7 % agarose gel and run at 0.35 v/ cm for 16 hrs. Digested fragments
were separated according to size. The gel was trimmed and immersed twice in 0.25 HCI for
15 min to partially depurinate the DNA (1o aid transfer of fragments more than 10 Kb). The
gel was then immersed twice in a denaturation solution (1.5 M NaCl, 0.5 M NaOH) for 15
min, and then twice in a neutralization solution (1.5 M NaCl, 0.5 M Tris.HCI pH 7.2, 1 mM
EDTA) for 15 min. The DNA was then capillary transferred to a Hybond-N Nylon (Amersham)
membrane overnight. The membrane was then rinsed in 2 x SSC and cross-linked to the
membrane by UV transilluminator at 40 mJcm? followed by baking at 68 °C for 1 hr. The
membrane was then blocked in 70 ml pre-hybridization buffer (5 x SSC, 0.1 % N-lauryl
sarcosine, 0.02 % SDS and 1 % w/v milk powder) at 45 °C for 2 hrs to limit nonspecific

binding.

To hybridize the DNA probe to the Southern blot, the probe was denatured (boiled for 3 min)
and hybridized to the membrane in 50 ml of hybridization buffer. The probe was then
removed and stored at -20°C (for re-use) and the membrane was washed twice for 5 min at
room temperature in 2 x SSC and 0.1 % SDS and washed twice again in stringent wash
made up of 0.5 x SSC and 0.1 % SDS at 68 °C for 30 min. To detect the Digoxigenin labeled
probe, the membrane was blocked in 50 ml maleic acid buffer (10 % w/v blocking reagent,
100 mM maleic acid, 150 mM NaCl pH 7) for 1 hr at room temperature. This prevented
nonspecific antibody binding. The membrane was then incubated with 2 pl of anti-

Digoxigenin antibody (Roche) linked to alkaline phosphatase (anti-GIG AP) in 20 ml of
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maleic acid blocker for 30 min at room temperature. Following this, the membrane was
washed twice with 100 ml 1 x maleic acid buffer (100 mM maleic acid pH 7.5, 150 mM NaCl,
0.3 % tween) for 15 min at room temperature. Then the membrane was equlibriated in
detection buffer for 3 min and wetted with chemiluminescent substrate, chloro 3-(40methoxy
spiro [1,2-dioxetane-3-2-tricuclo[3.3.1.1.]-decan]-4-yl) phenyl phosphate (CSPD) (Roche)

sealed and exposed to film for 1 — 6 hrs, depending on the signal strength.

2.ii. DNA manipulation and analysis

2.ii.i. DNA sequence analysis

For cloning, alignments, sequence analysis, predicted restriction digestions and constructing
plasmid maps | used Vector NTI®. The software was freely available to download from
www.invitrogen.com/site/us/en/home/LINNEA-Online-Guides/LINNEA-Communities/Vector-

NTI-Community/Sequence-analysis-and-data-management-software-for-PCs.reg.uk.html.

2.ii.ii.  Online resources used for working with A. thaliana

For nucleotide sequence analysis including BLAST and sequence viewer within the A.
thaliana genome, | used the Arabidopsis Information Resource website found at
www.arabidopsis.org. In order to establish how a gene of interest was expressed under
abiotic and biotic stresses as well as expression at different developmental stages | used
Genevestigator, an online A. thaliana microarray database and analysis toolbox found at

iii.genevestigator.ethz.ch/at.

2.ii.iii.  Preparing Escherichia coli competent cells

The E. coli strain used was DH5a with the genotype F- endA1 hsdR17 supE44 thi-1 recAft
gyrA (Nal-r) relA1 delta (laclZYA-argF) U169 deoR (phi80dlac[delta]lacZM15. Competent E.
coli cells were made by inoculating colonies in 250 ml Super Optimal Broth (SOB medium),
shaking at 16 °C for approximately 48 hours until the ODg of the cultures reached 0.6. The
culture was then placed on ice for 10 min and centrifuged at 5200 x g at 4 °C for 10 min. The
supernatant was removed and the pellet resuspended in 80 ml ice cold Tris-borate buffer

(TB) and incubated on ice for 10 min, followed by centrifugation. The pellet was resuspended
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in 20 ml ice cold TB with 7 % DMSO and incubated on ice for 10 min. Cells were then gently

aliquoted, placed in liquid nitrogen and stored at -80 °C.

2.ii.iv.  Transforming E. coli with plasmid DNA

The bacterial strain DH5a was thawed on ice, using 100 pl per transformation. 1 — 50 ng of
plasmid DNA was added. For ligations and mutagenesis reactions larger quantities of DNA
was used in transformations. The competent cell and DNA mix was incubated on ice for 30
min, followed by a 45 second heat-shock at 42 °C (in a water bath), and then incubated
again 2 min on ice. 0.5 ml of Luria-Bertani (LB) media was added to the cells which were
then incubated at 37 °C for 45 min shaking. At this stage antibiotics were not added to the
LB medium to allow the expression of the antibiotic resistance genes. The cells were then
centrifuged at 5200 x g for 30 sec and resuspended in 100 pl of LB medium. In the case of
re-transforming plasmid, for which a lot of transformants are expected, 10 ul of resuspended
cells was diluted in 100 ul of LB medium and plated on LB agar plates with the appropriate
antibiotic concentration. For ligation reactions, the whole volume was plated out on LB agar
plates. Kanamycin was used at a final concentration of 50 um/ ml, Ampicillin and
Spectinomycin were used at a final concentration of 100 um/ ml for both LB agar and LB
liquid medium. Following overnight incubation, colonies were picked individually and 5 — 100
ml cultures were inoculated (depending on the plasmid preparation required). Cultures were

grown overnight (at least 16 hrs) at 37 °C shaking.

2.ii.v.  Plasmid DNA extraction from E.coli

To extract plasmid DNA from E. coli, 1.5 ml of culture was centrifuged at 14 000 x g 1 min,
the supernatant was removed and the bacterial pellet was resuspended in 150 pl
resuspension buffer (5 M Tris.HCI pH 8.0, 10 mM EDTA pH 8.0, 100 pg/ ml RNAase) and
vortexed. 150 pl of lysis solution (0.2 NaOH, 1 % SDS) was added and gently mixed by
inversion. The lysis solution bursts the cells, allowing the bacterial DNA to be recovered. 200
ul of ice cold neutralization buffer (3 M potassium acetate, 11.5 % glacial acetic acid) was
added and gently mixed. The tubes were then incubated on ice for 5 min and the bacterial

lysate was centrifuged at 14000 x g for 5 min. The supernatant was removed and transferred
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to a new microcentrifuge tube and the plasmid DNA was precipitated by ethanol
precipitation. Twice the volume of ethanol was added at room temperature, the solution was
vortexed and left for 2 minutes before centrifuging for 5 min in a microcentrifuge at 14 000 x
g- The supernatant was removed and 70 % ethanol was added (mixed gently by inversion)
and the plasmid DNA was recovered by centrifugation at 14000 x g for 2 min. The
supernatant was removed by gentle aspiration and the tube was left open to allow the
remaining ethanol to evaporate for about 10 min. The plasmid DNA was dissolved in 50 pl of
TE (pH 8.0) containing 20 ug/ ml DNAase free RNAase (pancreatic RNAase) and stored at -
20 °C. For large scale E. coli plasmid purifications (50 ml cultures) Qiagen midi plasmid
preparation kits were used following the manufacturer’s instructions. The handbook can be

downloaded from www1.giagen.com/literature/handbooks/literature.

2.ii.vi.  Endonuclease Restriction digestion of DNA

Restriction digestions were performed in 10 ul volumes consisting of 5.5 pl of distilled water,
1 pl of 10 x buffer supplied with the enzyme, 1 pl of BSA (1 mg/ml), 50 ng of DNA (in TE 0.1
— 1 ug of DNA) and 0.5 pl of restriction enzyme (2 — 10 units). Reactions were incubated for
1 — 3 hrs at 37 °C (unless otherwise stated by the manufacturer’s instructions). For larger
quantities of DNA (in the case of preparing DNA for Southern blot analysis), the volumes
were increased to 50 ul and the reactions were incubated overnight. Double digests were
performed under the guidelines provided by the manufacturer New England Biolabs (NEB)
(www.neb.com/nebecomm/DoubleDigestCalculator.asp). If unable to find a compatible buffer
for 100 % enzyme activity, digestions were performed sequentially, whereby following the

first digestion the enzyme was heat inactivated and the DNA was ethanol precipitated.

2.ii.vii. Agarose gel electrophoresis and gel extraction

To resolve different fragment sizes (ranging from 100 bp — 10 Kb) by gel electrophoresis, the
% agarose (w/ v) dissolved in 0.5 % TBE was varied. For larger fragments of less than 10 Kb
1 % final gel volume was used (5 g in 500 ml 0.5 x TBE) and smaller fragments (less than
100 bp) were ran in 2 - 5 % final gel volume. The agarose was dissolved in 0.5 x TBE (4 mM

Tris.borate, 1 mM EDTA) buffer and stored at 60 °C. Ethidium bromide solution (0.5 pg/ mli
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final concentration of gel) was added to molten agarose, and it was poured into casts and
allowed to solidify (approximately 30 min at room temperature) and then placed into a gel
electrophoresis tank with 0.5 x TBE buffer. 10x loading buffer (0.25 % bromophenol blue,
0.25 % xylene cyanol FF, 15 % ficoll type 400) was added to samples to a final concentration
of 1 x loading buffer. The voltage applied to the electrophoresis was decided based on the
DNA fragments to be resolved. For larger DNA fragments (> 3 Kb) 100 V was applied for 1
hr. Lower voltages were applied to fragments <3 Kb to allow greater separation by gel
electrophoresis, 10 V over 3 days. The gel was eventually placed on an ultraviolet (UV) light
source, where ethidium bromide (which intercalates into double stranded DNA and
fluoresces upon activation with UV light) was visualized. QlAquick Gel Extraction Kit was
used to extract DNA after the gel had run for sufficient time to resolve products. The protocol

was followed as per manufacturer’s instructions.

2.ii.viii. Converting 5’ -overhang to a blunt ended terminus

When performing cloning with 2 restriction enzymes, digestion products leave cohesive
overhangs that can subsequently annealed and be covalently joined through ligation
reactions. However, when unable to use the same enzyme for vector and insert DNA, blunt-
end cloning was necessary. 5’ overhangs were converted into blunt ended termini by filling
with dNTPs using Klenow DNA polymerase (NEB). Following digestion and purification the
DNA was dissolved in 20 pl of 1 x Klenow buffer (50 mM Tris.HCI pH 7.2, 10 mM MgSOQ,,
100 uM DTT, 40 uM of dNTPs (all) and 0.1 mg/ml of BSA). 1 unit of Klenow (DNA
polymerase | large-fragment) was added per ug of DNA. The reaction was incubated at room
temperature for 10 min, and was terminated by incubating at 75 °C for 10 min, denaturing

the Klenow DNA polymerase (NEB).

2.ii.ix.  Dephosphorylating binary vectors

If vectors are cut with a single restriction enzyme, linearized vector backbones can re-ligate
without incorporating insert DNA. In order to prevent re-ligation, 5’ phosphate groups were
removed by alkaline phosphatase treatment. Following restriction digestion, the linearized

vector DNA was purified by ethanol precipitation and resuspended in 50 pl of 1 x calf
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intestinal alkaline phosphatase (CIAP), buffer (50 mM Tri-HCL pH 9.3, 1 mM MgCl,, 100 uM
ZnCly, 1mM spermadine). 0.01 units of CIAP enzyme per pmol of ends to be
dephosphorylated was added, and the reaction was incubated at 37 °C for 30 min. A further
0.01 units of CIAP/ pmol of ends was added and incubated for 30 min. The reaction was
stopped by the addition of 5 pl of 0.5 M EGTA and incubating at 65 °C for 20 min. To
calculate the pmol of 5 ends of linear double stranded DNA, the amount pg of DNA is

divided by the length of DNA in Kb and multiplied by 3.04.

2.ii.x.  Ligation Reactions

The concentrations of vector and insert DNA were quantified using a Nanodrop
(Nanodrop1000 Thermo) to measure optical absorbance (ODyg) of small (1 to 2 pl) volumes
of DNA. For larger vectors (> 3 Kb) and small insert DNA fragments (< 1 Kb) the molar ratio
of vector to insert DNA was 1:3. For smaller vectors (< 3 Kb) and larger insert DNA
fragments (> 6 Kb) the molar ratio of vector to insert DNA was 2:1. In cases where vector
and insert DNA were of similar sizes the molar ratio used was 1:2. Ligations were performed
in 5 to 20 pl reactions (made up to with distilled water) depending on the size and therefore
concentration of total DNA. With larger insert DNA fragments, the insert DNA was first
incubated at 30 °C and then made up to 20 pl ligation reactions and incubated at room
temperature for 10 min. With smaller insert DNA, ligations were made up to 10 pl ligation
reaction incubated at 16 °C overnight. Reactions consisted of 2 ul of 10 x ligation buffer, 1

unit of T4 DNA ligase and 6- 16 pl H,O.

2.ii.xi.  Polymerase Chain Reaction (PCR)

PCRs were carried out for (i) Amplifying from genomic DNA, (ii) Genotyping T-DNA insertion
lines, (iii) Genotyping background colonies and (iv) Labeling DNA probes with Digoxigenin
(Roche). The following recipe was used in typical PCR reactions made up on ice; 1 pl DNA
(50 ng), 2 ul 10 x polymerase buffer, 1 ul forward oligonucleotide primer, 1 pl reverse
oligonucleotide primer, 0.4 pl dNTP mix (10 mM), 0.2 ul Taq polymerase (5 u/ pl) and 14.4
pl HoO. Oligonucleotide primers were designed using Primer3 (fokker.wi.mit.edu/cgi-

bin/frimer3/primer3_www.cgi) and Perlprimer was used to design primers spanning exon-
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intron junctions in mMRNA sequence for quantitative PCR, downloaded from

perlprimer.sourceforge.net.

(i) To amplify from A. thaliana genomic DNA the PCR and cycling conditions were:

1. Initial denaturation 98°C for 30 sec

2. Denaturation 98°C for 10 sec

3. Annealing 60 °C for 30 sec (45 °C - 65 °C)

4. Extension 72 °C for 4 min 30 sec (15 — 30 sec / Kb)

Repeated 2 — 4 x 19 cycles

5. Final extension 72 °C for 10 min

6.4 °C
The reaction conditions for amplifying genomic DNA were: 100 ng DNA, 1 pl of both forward
and reverse oligonucleotide primers, 0.5 pl dNTP mix, 4 ul of 5 x Phusion HF buffer (NEB)
and 0.3 pl Phusion high-fidelity DNA polymerase (NEB). Reactions were made up to 20 pl

with H,O. Reactions were performed following manufacturer’s instructions.

(i) The cycling conditions used for PCR based genotyping for T-DNA lines were:
1. Initial denaturation 95°C for 5 min
2. Denaturation 95°C for 20 sec
3. Annealing 57 °C for 20 sec
4. Extension 72 °C for 80 sec
Repeated 2 — 4 x 34 cycles
5. Final extension 72 °C for 10 min

6.4 °C

(iii) To quickly establish successful E. coli transformation, PCR was carried out to genotype
background colonies. Single colonies (grown overnight on LB agar with the appropriate
antibiotic) were picked and inoculated into 15 pl H,O and then onto an agar plate. The

inoculated tube was boiled for 5 min, followed by vortexing and centrifugation for 7 sec at
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5200 x g. 2- 3 ul of the boiled colony preparation was used for template in the following PCR
reaction; 2.5 pl 10 x buffer, 0.5 dNTPs (mix), 1 pl of both forward and reverse oligonucleotide
primers and 0.5 pl Taq polymerase, made up to 15 pl H,O. Cycling conditions were:

1. Initial denaturation 94°C for 2 min

2. Denaturation 94°C for 30 sec

3. Annealing 60 °C for 30 sec

4. Extension 72 °C for 90 sec

Repeated 2 — 4 x 34 cycles

5. Final extension 72 °C for 10 min

6.4 °C

(iv) DNA probes for Southern blots were labeled with Digoxigenin (Roche). 50 pg of template
plasmid DNA was amplified in a 50 pl reaction made up of 5 ul PCR buffer (with MgCly), 5 ul
PCR Digoxigenin (Roche) probe synthesis mix, 5 pl of both forward and reverse
oligonucleotides, 0.75 ul enzyme mix and H,O. Cycling conditions were:

1. Initial denaturation 95°C for 2 min

2. Denaturation 95°C for 30 sec

3. Annealing 60 °C for 30 sec

4. Extension 72 °C for 40 sec

Repeated 2 — 4 x 10 cycles

5. Denaturation 95°C for 30 sec

6. Annealing 60 °C for 30 sec

7. Extension 72 °C for 40 sec (+ 20 sec for fragments > 3 Kb)

Repeated 5 — 7 x 20 cycles

8. Final extension 72 °C for 10 min

9.4 °C
Both Digoxigenin PCR and non-Digoxigenin PCRs were loaded onto an agarose gel, to

determine if the Digoxigenin had been incorporated, as this fragment migrated more slowly
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compared to the non-incorporated product. All oligonucleotide primers used in this thesis are

listed in table 2.1.

2.ii.xii.  Site-directed mutagenesis by PCR

To introduce new polymorphisms into known DNA sequences, two complementary
oligonucleotides were designed containing the desired mutation flanked by unmodified
nucleotide sequence. These primers were designed using PrimerX available from
www.bioinformatics.org/primerx/cgi-bin/DNA_1.cgi. Site-directed mutagenesis reactions
were performed using Pfu Turbo polymerase (Stratagene). Reactions consisted of 5 pl 10 x
Pfu Turbo buffer (Stratagene), 10 ng double stranded DNA template, 1.25 pl of each
oligonucleotide (at 100 ng / pl), 1 pl of 10 mM dNTP mix and 1 pl of Pfu Turbo polymerase
(Stratagene). Reactions were made up to 50 pl dH,O. The PCR cycling conditions used for
site-directed mutagenesis were:

1. Initial denaturation 95°C for 30 sec

2. Denaturation 95°C for 30 sec

3. Annealing 65 °C for 1 min

4. Extension 68 °C for 15 min

Repeated 2 — 4 x 34 cycles

5. Final extension 68 °C for 5 min

6.4 °C
After the program finished, 1 ul of Dpn | restriction enzyme was added directly to the reaction
followed by 3 hr incubation at 37 °C. Dpn | recognizes 6-methyladenosine with the
recognition sequence GATC (Gm6ATCDb). Therefore, the original template that does not
contain the mutation is digested by Dpnl because the original sequence was derived from
dam® bacteria that have Gm6ATC, whereas the newly synthesized product has un-

methylated GATC. Competent E. coli were then transformed with the digested PCR product
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Oligonucleotide

Forward

Reverse

CLF_gen TCCACCAATATTCTGTGAATGA AGAATTTGAAAATGAGACGGCTAC
Col-Otgtg GAAGGTAAAACTGGCACTGGCACTT [CCTGCACCATCTGATGAAGTGCCA
CATCAGATGGTGCAGG GTGCCAGTTTTACCTTC
AG_PST1 TCTGGCAAAATAATGTAAAATG ACAGAGTGAAAAAGAGAGGGAGA
LhG4 ATGGCGAATGGGAAATTGTA CCGAAAAGTGCCACCTGAC
AP1_H3K4 JTCATGGACCCGACATTAGTACG CTTGTTCTCTATCCTCTTCAATT
AP1_H3K27 |GGGATCAAAACCCTAGTTCAAA CCCATAAGGGAAAACTCTTCG
AP1_RT-PCR |ACATGTTACCTGTTTAGAAAGC GGCTAAGATTGAGCTTTTGGA
AG5’ CACAAAAGAAAAGGGAATAGAGCTG|TAAGGACACCCCCAAATTGA
AG3’ TATTACCCGAATCCGATCCA CTTAATCGGTGCAATGCAAA
Actin CGTTTCGCTTTCCTTAGTGTTAGCT [TCCAAATTTCCTGAGGTGCTTGTA
GAL4 TTTCACTGGAGTTGTCCCAAT AACACATGAGCGAAACCCTA
pOperator  JGCCAAGTCGGCCTCTAATAC AGGCGTCTCGCATATCTCAT
LFY H3K4 |TTGCTCGAGTGGTCATTTT CCCTCTAAACCACCAAGTCG
LFY H3K27 [TTGCTCGAGTGGTCATTTTT CCCTCTAAACCACCAAGTCG
pOPCLF_gen |GCATATGTCGAGGAATTCGAG TTGCGAAGATCGATCCACTA
svp-41 GACCCACTAGTTATCAGCTCAG AAGTTATGCCTCTCTAGGTT
svp-41_WT |GACCCACTAGTTATCAGCTCAG AAGTTATGCCTCTCTAGGAC
PHSCRE_vect JATGGGCTTTTGCAAAGAAGA AATCGCGAACATCTTCAGGT
pCB1_vect JTCTGTGGAGCCCGTTCTTAC CTATTACGGTGGCCAACAGC
pBnUASPTn |GTGACAGCCCTCCGAAGC TGCTCAACACATGAGCGAAA
CLFcDNA CCTCCAACATTTCAGATTTCG CAATGTGTTCTTCCGTGTGG

Table 2.1 Oligonucleotide sequences
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2.ii.xiii. Sequencing DNA

Sequences were generated by the University of Edinburgh Sequencing service. Samples to
be sequenced were in 5 pl reactions consisting of 5 uM primer and 300 ng of DNA.
Chromatogram files were opened and analyzed with Chromas. This program is freely

available to download from www.technelysium.com.au/chromas14x.html.

2.ii.xiv. Preparing Agrobacterium tumefaciens competent cells

The A. tumefaciens strain GV3101 conferring Rifampicin (100 pg/ ml) carries pMP90 Ti-
plasmid. To prepare competent A. tumefaciens 2 ml of Bacto Yeast extract (YEP) liquid
media was inoculated with a single A. tumefaciens colony and incubated at 28 °C, shaking
for 16 hrs. This was then used to inoculate a 50 ml YEP culture which was grown at 28 °C
shaking until the culture was at the optimum absorbance (0.5 OD,g0). The culture was then
centrifuged at 3500 x g for 5 min, the supernatant was discarded and the pellet washed in 10
ml 0.15 M NaCl and resuspended in 1 ml of ice cold 20 mM CacCl,. Cells were dispensed into

200 pl aliquots, frozen in liquid nitrogen and stored at -80 °C.

2.ii.xv. Transforming A. tumefaciens with Plasmid DNA

Competent A. tumefaciens cells were thawed gently on ice (2- 3 hrs). 1 ug of DNA was
added to 200 pl of cells and incubated on ice for 30 min. The cells were cold shocked for 1
min in liquid nitrogen and thawed for 1 min at 37 °C in a water bath. 1 ml of YEP medium
was added and the cells were then incubated for 2 — 4 hrs at 28 °C shaking. The culture was
plated out on YEP agar (plus the appropriate antibiotics, concentrations identical to those

used for E. coli) and incubated for 3 days at 28 °C.

2.ii.xvi. Plasmid DNA extraction from A. tumefaciens

To ensure the transformation had been successful, plasmid DNA was extracted from A.
tumefaciens. 5 ml YEP liquid medium were inoculated with single colonies of A. ftumefaciens
(with antibiotic selection marker) and grown overnight at 28 °C, shaking. 1.5 ml of culture

was centrifuged at 12000 x g for 3 min and the supernatant discarded. The bacterial pellet
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was resuspended in 100 pl of resuspension buffer (5 M Tris.HCI pH 8.0, 10 mM EDTA pH
8.0, 100 pg/ ml RNAase, 10 % lysosome) and incubated at room temperature for 30 min.
200 pl of lysis buffer (0.2 M NaOH, 1 % SDS) was added, and the tube was inverted several
times and incubated on ice for 5 min. 150 pl ice-cold neutralization buffer was added (3 M
potassium acetate, 11.5 % glacial acetic acid), vortexed for 10 sec and incubated on ice for a
further 5 min. Bacterial chromosomal DNA and denatured proteins were precipitated by
alkaline lysis. The supernatant was transferred into a fresh tube with 350 ul isopropanol for
precipitation, washed in 70 % ethanol and dissolved in 10 ul TE. Due to the low yield and
impurity of the DNA extracted from A. tumefaciens, the plasmid DNA could not be analyzed
directly. 3 pl of plasmid DNA was then reintroduced into E. coli by transformation (as

plasmid DNA.

2.ii.xvii. Chromatin Immunoprecipitation (ChIP)

To characterize histone modifications at particular loci, ChIP was carried out using the
protocol from Prof. R. Martienssen Lab (CSHL, USA) modified by Dr. R. Bastow et al (John
Innes Centre, UK). Seedlings were harvested and placed onto miracloth, tied, submerged
into ice-cold H,O and rinsed 3 times. The samples were then compressed; removing as
much H,O as possible and 1 % formaldehyde was added to just cover the samples. The
samples were lightly weighted down and placed in a vacuum for 15 min at 25 PSI to
crosslink. Glycine was added to a final concentration of 0.125 M (2.5 ml of 2 M glycine in 37
ml HO). Seedlings were then rinsed 3 times with 40 ml H,O. 1- 2 g of material was ground

in liquid nitrogen to a fine powder and stored on liquid nitrogen, or at -80 °C.

2.ii.xviii. Antibodies
The antibody used to characterize H3K4me3 enrichment in this ChIP was ordered from

Upstate. The antibody used to characterize H3K27me3 enrichment in ChIP was ordered

from Abcam.
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2.ii.xiX. Preparing Beads

The 25 pl of Dynabeads (Roche) per sample were washed 3 times in ChIP dilution buffer
(1.1 % Triton X-100, 1.2 mM EDTA, 16.7 M Tris-HCI pH 8, 167 mM NaCl 0.1 mM PEFA
Block (Roche) and phenylmethylsulfonyl (PMSF), 1 ml water + 1 complete mini protease
inhibitor cocktail tablet (Roche)). 1- 2 ug per bead of antibody was added to the beads, to a
total volume of 100 pl and were incubated rotating at 4 °C for 3 hrs (including no antibody

controls).

2.ii.xX. Preparing Chromatin

30 ml of extraction buffer 1 (0.4 M sucrose, 10 mM Tris-HCI pH 8, 10 mM MgCl, 5 mM BME
(2-mercaptoethanol), 0.1 mM of protease inhibitor PEFA block (Roche) and
phenylmethylsulfonyl (PMSF), 2 complete protease inhibitor cocktail tablets (Roche), 100 ml
+1 mM EDTA/ 100 ml) was added to the samples in a 50 ml falcon tube and left on ice for 5
min. The solution was filtered through miracloth twice and centrifuged for 20 min at 12 000 x
g at 4 °C. The pellet was resuspended in 1 ml of extraction buffer 2 (0.25 M Sucrose, 10 mM
Tris-HCI pH 8, 10 mM MgCl,, 1 % Triton X-100 5 mM BME, 0.1 mM PEFA block PMSF 1 ml
water + 1 complete mini protease inhibitor cocktail tablet (Roche), 1 mM EDTA), transferred
to a 1.5 ml eppendorf and centrifuged at 12000 g for 10 min at 4 °C. The pellet was gently
added to 300 pl of extraction buffer 3 (1.7 M sucrose, 10 mM Tris-HCI pH 8, 0.15 % triton X-
100, 2 mM MgCl,, 5 mM BME, 0.1 mM PEFA Block PMSF, 1 ml water + 1 complete mini
protease inhibitor cocktail tablet (Roche), 1 mM EDTA) and spun for 1 hr at 16000 g at 4 °C.
The supernatant was removed and resuspended in 200 pl of nuclei lysis buffer (50 mM Tris-
HCI ph 8, 10 mM EDTA, 1 % SDS, 1 ml water + 1 complete mini protease inhibitor cocktail
tablet (Roche), 0.1 mM PEFA Block PMSF) by pipetting and vortexing. 2 pl were kept back
for a pre-sonication sample. The solution (ensuring that there were no air bubbles) was
sonicated for 10 sec 4 times and then put on ice for 1 min in between sonication treatment.
The solution was centrifuged for 5 min at 4 °C to pellet debris. The supernatant was
transferred to a new eppendorf tube. 10 ul from each sample was taken for total DNA control

and stored at -20 °C. 1 pl of sonicated chromatin was run on a gel along side 1 pl of pre-
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sonicated sample to check the efficiency of sonication. The sonicated samples compared to
the unsonicated samples, showing smears the sheered DNA fragments were 100 bp to 1000

bp (Figure 2.1).

The supernatant was transferred to a 10 ml falcon and made up to 3 ml with ChlIP dilution
buffer (1.1 % triton X-100, 1.2 mM EDTA, 16.7 M Tris-HCI pH 8, 167 mM NaCl 0.1 mM
PEFA Block PMSF, 1 ml water + 1 complete mini protease inhibitor cocktail tablet (Roche),
to dilute the 1 % SDS to 0.1 % SDS. The antibody coated beads were washed 3 times in
ChIP dilution buffer. 750 pul of sonicated chromatin (for 4 samples) or 1 ml (for 3 samples)

was added to the antibody coated beads and incubated rotating at 4 °C overnight.

Beads were washed 2 times in the following sequence:
1. Low salt wash buffer; 150 mM NaCl, 0.1 % SDS, 1 % TritonX-100, 2 mM
EDTA, 20 mM Tris-HCL (Ph 8.1) for 5 min twice.
2. High salt wash buffer; 500 mM NaCl, 0.1 % SDS, 1 % TritonX-100, 2 mM
EDTA, 20 mM Tris-HCL (pH 8.1) for 5 min twice.
3. LiCl wash buffer; 0.25 LiCl, 1 % NP40, 1 % sodium deoxycholate, 1 mM
EDTA, 10 mM Tris-HCL (pH 8.1) for 5 min twice

4. TE buffer; 10 m/m Tris-HCL (pH 8.1), 1 mM EDTA once.

Immune complexes were eluted by adding 250 pl elution buffer (1 % SDS, 0.1 M NaHCO,)
to the pelleted beads and mixed briefly by vortex followed by incubation at 65 °C for 15 min
with gentle agitation. The supernatant was added to the magnetized beads and transferred
to a new eppendorf and elution of the beads was repeated. Eventually, both eluates were
combined. 20 pl of 5 M NaCl was added to eluate and reverse crosslinked at 65 °C for at
least 6 hrs overnight. The total DNA controls were made up to 500 pl with Elution Buffer and

20 pl of 5M NaCl and placed with the samples at 65 °C overnight.
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Figure 2.1 DNA is sheared into smaller fragments (< 500 bp) following

sonication treatment
ChIP samples were sonicated for 10 seconds sonication followed by 1
minute on ice between sonication, repeated 4 times. Sheared DNA
fragments were separated by agarose gel electrophoresis before sonication
(-) and after sonication (+) treatment. Following sonication treatment, DNA

is sheared to smaller fragments between 100 bp 10 1000 bp.
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10 pl of 0.5M EDTA, 20 pl Tris-HCI 1M (pH 6.5) and 2 pl of 10 mg/ ml proteinase K were
added to the samples followed by 1 hr incubation at 45 °C to reverse cross-link DNA to
histones and other chromatin components. DNA was recovered by phenol chloroform
extraction. An equal volume of phenol/chloroform (550 ul) was added and vortexed, followed
by a 5 min centrifugation. The aqueous phase was transferred to a new eppendorf, 2
volumes of ethanol and 2 pl of glycogen were added, and left at -20 °C for 2 hrs. The
samples were centrifuged at 4 °C fro 30 min and pellets were washed with 70 % ethanol and

left to air dry. Pellets were resuspended in 50 pl of H,O.

The input and IPs were diluted 1/ 100, 1/ 400, 1/ 1200 and 1/ 6400 in H,O and 5 pl per
dilution was used in 25 ul PCR reactions. ChIP DNA was stored at -80 °C and dilutions for
PCR reactions were stored at -20 °C. The PCR cycling conditions used for ChIP were:

1. Initial denaturation 95°C for 2 min

2. Denaturation 95°C for 1 min

3. Annealing 60 °C for 1 min

4. Extension 72 °C for 20 sec

Repeated 2 — 4 x 34 cycles

5. Final extension 72 °C for 5 min

6.4 °C
2.iii. RNA and Gene expression analysis
2.iii.i.  Histochemical staining of plants carrying GUS reporter genes

B-glucuronidase activity in transgenic plants carrying GUS reporter genes was analyzed by
histochemical analysis. Plant tissue was incubated in 100 m/M NaPO, pH7.2, 2.5 mM 5-
bromo-4-chloro-3-indolyl-B-D-glucuronide (X-Gluc, Direct), 0.5 mM KsFe(CN)s, 0.5 mM
K4;Fe(CN)g, 10 mM Na,EDTA, 1 % Triton X-100 and H,O. Plant tissue was vacuume-infilirated
followed by incubation at 37 °C overnight. After staining, chlorophyll was cleared from

samples by dehydration in an ethanol series.

47



For precise tissue and cell-specific localization of B-glucuronidase activity, plant tissue was
mildly fixed in 0.05 M NaHPO, pH 7.2, 0.3 % formaldehyde, 0.5 mM K3Fe(CN)g, 0.5 mM
K4sFe(CN)g, 1 mM EDTA, 1 % Triton X-100 and H,O for 60 min (a light vacuum was applied).
Samples were rinsed 3 times in 0.05 M NaHPO, pH 7.2, 0.5 mM K;Fe(CN)s, 0.5 mM
K4;Fe(CN)s, 1 mM EDTA and H,O. Following the final rinse, the solution was removed by
aspiration and the samples were stained with 0.05 M NaHPO, pH 7.2, 0.5 mM K3Fe(CN)g,
0.5 mM K4Fe(CN)g, 1 mM EDTA, 1 % Triton X-100, 2 mM X-Gluc and H,O. The plant tissue
was just submerged and incubated at various times at 37 °C (generally 10 hrs to overnight).
Tissue was then immediately fixed in 5 % formaldehyde in PBS overnight. The samples were
rinsed 3 times with PBS and chlorophyll was removed by ethanol series. Samples were
mounted in 20 % ethanol and 20 % glycerol and photographs were taken either using a

Nikon dissecting microscope and a Nikon differential interference contrast (DIC) microscope.

2.ii.ii.  RNA analysis

To extract RNA from plants in order to quantify gene activity, 50 mg of plant tissue was
collected and immediately frozen in liquid nitrogen. The material was ground and 1 ml Trizol
(Invitrogen) was added. The samples were then centrifuged for 2 min at 12000 x g and the
supernatant removed to a fresh tube. 250 pl of chloroform were added and samples were
vortexed for 15 sec followed by a centrifugation at 12000 x g for 15 min at 4 °C. The
aqueous phase was removed to a fresh tube, 250 pl of isopropanol, 500 ul of 0.8 M Sodium
citrate and 1.2 M NaCl were added, and the samples were incubated for 10 min on ice.
Samples were centrifuged at 12000 x g for 10 min at 4 °C. The RNA pellets were ethanol
precipitated and resuspended in 50 pl of RNAase free water (left over night at 4 °C). The
RNA was DNase treated as per manufacturer instructions (Promega). The RNA was
quantified by Nanodrop at ODg (Nanodrop1000 Thermo) and used for cDNA synthesis at a

concentration of 40 pg/ pl.

For cDNA synthesis, 0.5 pg of RNA was reverse transcribed using ImProm-Il Reverse

Transcription Kit (Promega). 1 pl of random primers and H,O to 7 ul was heated to 85 °C for

2 min and then cooled to 4 °C. The following was then added to the reaction; 4 ul of ImProm-

48



Il 5 x RT buffer, 4.8 ul MgCl,, 1 ul dNTPs, 0.5 pl RNase Out (Invitrogen), 1 pl ImProm-Il RT
and 1.7 ul H,O. The RT conditions were:

1.25 °C 5 min

2.42 °C 45 min

3.70 °C 15 min

4.4 C

Semi-quantitative PCR was performed to quantify gene expression. The following PCR
reaction mixture was made up; 5 pl cDNA, 1.25 pl of both forward and reverse
oligonucleotides primers, 0.5 pl dNTPs, 2.5 pl MgCl,, 2.5 ul 5x Crimson Tagq reaction buffer
(NEB), 0.3 pl Crimson Tag DNA polymerase (NEB) and 11.7 pl H,O. The semi-quantitative
PCR conditions were:

1. Initial denaturation 95°C for 30 sec

2. Denaturation 95°C for 20 sec

3. Annealing 58 °C for 30 sec

4. Extension 68 °C for 10 sec

Repeated 2 — 4 x 19 cycles

5. Final extension 72 °C for 5 min

6.4 °C
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3. Investigating the role of CURLY LEAF in
regulating flowering time in natural populations

of Arabidopsis thaliana

3.i. Introduction

A role for CLF in flowering is revealed by the early flowering phenotype of c/f- mutants, yet
difficult to address due to the compensatory effects of SWN and the down stream
consequences of floral homeotic gene mis-expression. Microarray analysis reveals that
many flowering time genes are up-regulated in c/f- mutants (Thorpe and Goodrich
unpublished). Flowering time pathways have been widely investigated, but it is not clear how
CLF fits into the pathways. There are many accessions of A. thaliana that occur over wide
range of latitudes and environmental conditions across the globe that vary in flowering time.

This Chapter describes how | have screened some of the accessions which very in flowering

time for correlation between time to flower and natural variation in CLF.

Polymorphisms in CLF between accessions of A. thaliana may be indicative of changes in
CLF function which have been selected for in different environments. Polymorphisms that
are driven by directional selection typically reach a higher frequency within the population
much faster than those under genetic drift. This results in a larger region of identity around
the polymorphism than expected given the frequency within the population, as there is less
time for recombination further breaking up of the ancestral haplotype. Genome-wide
association mapping or linkage disequilibrium mapping can be used to identify alleles that
may have been under strong directional selection in A. thaliana (Nordborg et al. 2002). By
using pairwise haplotype scoring (PHS), a system based on the estimation of the shared
length around a polymorphism from a pairwise comparison between individual haplotypes,
Toomajian et al (Toomajian et al. 2006) identified alleles likely to have been under directional

selection. A peak was discovered on chromosome 2 at 9.9 Mb, where amongst other genes,
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CLF is located (Table 3.1). Furthermore, an in-frame threonine-glycine (ThrGly) insertion in
CLF showed characteristics of selection, with a high PHS score of 2.26 (Toomajian et al.
2006). This result appears to be similar to that reported in alleles of FRI, in which directional
selection on loss of function fri- early flowering alleles has occurred over a wide range of
geographical locations (Toomajian et al. 2006). The ThrGly insertion in CLF was found in 27
out of the 96 accessions of A. thaliana sampled (Table 3.1). The polymorphism occurs over
a wide range of geographical locations, although it appears to be centred in North-West
Europe. It is common in the UK, France and USA, but not present in Northern Sweden,

Central Asia or the Iberian Peninsula.

The aim of this chapter is to investigate the role of CLF in regulating flowering time in natural
populations of A. thaliana. It is important to establish the functional significance of the ThrGly
insertion in CLF and whether this polymorphism, in particular, effects flowering time. By
complementing clif- plants with different alleles of CLF we can address whether CLF plays a

role in regulating flowering time.

3.ii. The threonine glycine insertion is in a non-conserved region of CLF

There are distinctive regions that are highly conserved amongst Pc-G proteins; the SET
domain, the cysteine rich CXC domain (POST-SET) and the conserved five cysteines (C5)
(PRE-SET) (Figure 3.1 A). The ThrGly insertion occurs outside of these conserved regions
Figure 3.1), yet this region may be significant. In order to investigate if the region of the
insertion was highly conserved amongst other plant CLF-like genes, we aligned the A.
thaliana CLF to Petunia and Antirrhinum CLF-like genes. If there was sequence homology in
this region, it would provide evidence that the ThrGly insertion was functionally significant.
Unfortunately, we discovered that the ThrGly insertion is in a non-conserved region of CLF
with little or no sequence homology found within this region (Figure 3.1 C). Although the
ThrGly insertion is in a region that is not well conserved within eudicots, it was discovered to
be highly significant in association with a flowering time effect. At first it seems unlikely that

the ThrGly insertion in CLF would regulate flowering time.
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Chr Position* Allele | Freq Sample Left end | Right end | PHS Location Gene ID  Description

1 J607837-74 | 39+hp i} 96 1042028 | 5923561 476 3'UTR Atlg10840 TIF3HT; eukaryolic translation initiation factar 3 subunit 3
1 138259316 T B 96 | 3228453 23821158 578 Repetitive element | AN o36770  avpsy-like retratransposaon family

1 21080288 A 74 895 20738912 21141319 D64 Swn At oa6280  Cwil-like family protein

1 21669059 T B1 a4 MA634945 MBEH588 | 06 Ein Ato58350 A8 expressed protein

1 281490539 & 71 96 27959121 28408814 074 Syn At1gTa080 BZR1; hrassinosteroid signalling positive regulator

2z A086023 G f 93 A1T1TE1 | T433513 463 Repetitive element | A2g12490 copia-like retrotransposan family

2 5260540 A a B2 | 3393477 7352835 441 A2g12770 non-LTR retrotransposon family

2 7073004 G 3 94 | 1T22TT | 11860986  B.AT Pzeudogene A2g16310 pseudogene, RER1-related protein

2 | 9258627041 2hp B 94 | BES4153 0 11585138  3.99 Intran A2g21620 RDZ: universal stress protein (USSP family pratein

2 9361318 T 10 91 | BEA8EET | 10050365  4.87 Mansyn At221950 SKP1 interacting parner & (SkIPE)

i 9819642 55 3 75 9550714 11840986  5.4845 J'UTR At2g23050 phototropic-responsive MPHS family protein

2 9964707 ACTGOC 27 96 9550714 10400703 2.26 Inframe insertion At2g23380 CLF; curly leaf protein; leaf morphogenesis

2| 10134400 & 19 96 | 9550714 | 11178939 284 Monsyn At2g23790 expressed protein

2 | 10566E12 5 14 96 9428891 | 11840986 3594 Maonsyn At2g24762 expressed protein

2| 11457234 & 12 96 10900127 12187491 3118 Monsyn At2g26850 F-hox family protein; similar to SKP1 interacting partner 2
2 | 11456894-T © 4 bp BT 95 11028504 114574599 091 Intran At2g26850 F-hox family protein; similar to SKP1 interacting partner 2
2 | 115648345 A 20 96 10566416 12014448  3.23 Svn A2g27070 ARR13; two-component responsive regulator family protein
3| 11350440 A 3 G2 | TH90422 14673136  5.86 Intergenic At3g29515 non-LTR retrotransposon family: pseudogens

4 269962 16 fp g 95 142440 | T4AMAT 56T Frameshift deletion At4g00650 FRI FRIGIDA protein

4 428792 T B 94 | 2687158 | 2241604 483 Intran At4g00930 transcription factor jumonji (mic) domain-containing protein
4 F41613 G 12 96 541028 | 1322536 496 Intergenic Atdg01500 DMA-hinding protein, putative:similar to ARV -like family
4 1085208 T Fik] 95 | TATEIE | 1055626 1.29 Syn At4g02400 L3 ribonucleoprotein (Utp) family protein

4 1144098 E 110 44 T4TRIG | 1322536 | 322 Intran AtAn02600 seven transmembrane MLO family protein

4 24413545 A 11 95 1054093 0 4078001 543 Intergenic At4g04800 methionine sulfoxide reductase domain-containing protein
4 9a78374 & 3 a0 | 9376848 13358833 517 Intran At4g17020 transcription factor-related

4 14738 G 4 94 12978424 17152239 4493 Intran Ap30120 HMAZ: ATPase E1-E2 type family protein

4 | 18727447 & 31 96 15368323 16025877 1.84 Syn At4g32610 mitochondrial glycoprotein family protein

4 2244619 G 20 95 1841010 | 3289479 234 Mansyn ASg07200 YAP169; gibberellin 20-oxidase

a 2296407 A 44 g0 | 2244524 0 2798420 1.28 Maonsyn Atog0T290 RMA recognition motif (RRM-containing protein

] 2799314 7 hp £ 96 2691883 2900468 079 Intran Atn0a630 DOT domain-containing protein

a 9723136 G 11 a0 | 9722714 | 8926079 296 Intran AAn27540 GTP-hinding protein-related

5 | 10909786 & ] 71 7004132 15763566  5.23 Pzeudogene AtAg28882 pseudodens, similar to putative helicase

dentified candidate alleles

ion mapping i

Table 3.1 Whole genome-wide associat

under directional selection

Alleles with high pairwise haplotype scores (PHS) were identified by Toomajian et al

CURLY LEAF

ion in

(Toomajian et al 2006). An in-frame threonine-glycine (ThrGly) insert

was found in 27 out of 96 A. thaliana accessions sampled. This data suggests that CLF

may be under directional selection. Data provided by our collaborator Magnus Nordborg‘.
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VGRRRIYYDQTGGEALICSDSEEEAIDDEEEKRDFLEPEDYIIRMTLEQLGLSDSV
LAELASFLSRSTSEIKARHGVLMKEKEVSESGDNQAESSLLNKDMEGALDSFDN

LFCRRCLVFDCRLHGCSQDLIFPAEKPAPWCPPVDENLTCGANCYKTLLKSGRF
PGYGTIEGKTG*TSSDGAGTKTTPTKFSSKLNGRKPKTFPSESASSNEKCALETS
DSENGLQQDTNSDKVSSSPKVKGSGRRVGRKRNKNRVAERVPRKTQKRQKKT

EASDSDSIASGSCSPSDAKHKDNEDATSSSQKHVKSGNSGKSRKNGTPAEVSN

—

CLF FOCRLHGCEODLIFPAEKPAPTTCPPYDENLTCGANCYETLLESGRFPGYGTIEGKTGTISD G- - AGTETIF TEF 33ELNGRER
AntCLF]1 FDCELHGCS 0D LMFPREKOSSWAC LDVEENPCGR D CHRL VLI AETEN LS TEQADLEEEDSP ——-——— ARTVTASDMHEMEES
AntCLFZ FDCRLHGCS ODLMFPPERQLSWSGLOVEEKEP CGPNCHELATF EEEALS LS G AGHONOERE-——-——————- QG- GLIVEEES

PhCLF1 FDCRLHGCSODL IFPAEKQLPMHC S ADMEPCGPNC S LAKKFESNATY IS PQC ASHEEFNVLPSDVASHTOLPGREHVSRRS
PhCLF2 FICRLHEGCSODL IL TAEKOSATHE PR ADKER C GPNCYRLATEKESKATLTPPOL ATHGENPVOPSEVANS TOVAGREHVSRRS
PhCLF3 FDCRLHGCS oML IDASEKQP VS S SEDBGHPC S DRC Y LKV G-~ — -~ ===

Figure 3.1 The threonine-glycine polymorphism in CLF is found outside functional
domains and is poorly conserved in Antirrhinum and Petunia
(A) The primary structure of CLF showing the conserved domains found in Pc-G proteins,
and location of the in-frame threonine-glycine insertion (marked by arrow) which is found
outside the conserved Cs, CXC and SET domains. (B) The position of the in-frame ThrGly
insertion within the full length CLF sequence (marked by *). (C) The alignment of the
Petunia and Antirrhinum CLF-like genes to CLF revealed that the threonine-glycine
insertion is located in a non-conserved region of CLF (for the full alignment, refer to the

Appendix).
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We decided to test this by complementing c/f- null mutants using alleles of CLF with and
without the polymorphism. As there are several polymorphisms in CLF between accessions,
it is important to address whether it is specifically the ThrGly insertion which affects flowering

time.

The five A. thaliana accessions that contained the ThrGly insertion in CLF were compared to
five accessions that do not, in order to investigate whether differences in flowering time were
observed under our growth conditions. 24 plants per A. thaliana accession were grown in SD
and LD, flowering time was measured by the number of days to 1 cm bolt. Figure 3.2 shows
the SD to LD flowering time ratio from the flowering time results. With 4 weeks vernalization
treatment, the accessions with the polymorphism in CLF show a reduced SD to LD flowering
time ratio (in gray). This implies that plants with the polymorphism in CLF are less sensitive
to day length changes. Light and day length are an important developmental stimuli that
regulate key developmental decisions, including flowering (Krizek & Fletcher 2005). Plants
that are less susceptible to photoperiod may therefore have a selective advantage in varying

environmental conditions.

The flowering time phenotype associated with a non-synonymous change in CLF raises the
following question; could natural variation in CLF regulate flowering time? It would be
surprising if polymorphisms within CLF were beneficial under natural conditions because
CLF regulates several target genes, including the floral homeotic gene AG and APS.
Moreover, clf- mutants are generally dwarfed, sub-viable plants with low fertility. It is
possible, however, that the effects of a specific polymorphism could be less pleiotropic,
disrupting a specific function or interaction, so that most target genes are left unaffected. If
the ThrGly insertion had been inserted in one of the well conserved functional domains, it is
probable that CLF function would have been more severely affected. In this situation, the
ThrGly insertion is in a non-conserved region of CLF, away from the histone
methyltransferase domain, and one can envisage that it could change the protein

conformation slightly leading to slight changes to a specific interaction.
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A. thaliana Accession SD:LD flowering time ratio
Columbia-0 2.57
Estonia-0 2.60
RMX-A180 2.25
Var-2-1 2.60
Bayreuth-0 2.44
Edinburgh-0 1.54
Omo-2-3 1.70
Wietze-0 1.68
Kindalville-0 1.63
Gowttingen-0 1.82

Figure 3.2 SD to LD flowering time ratios of A. thaliana accessions
Flowering time was measured by the number of days between germination and the
production of a 1 cm bolt. 24 plants per A. thaliana accession were vernalized for 4
weeks and grown in either LD (16 hrs light/ 8 hrs dark) or SD (8 hrs light/ 16 hrs dark)
at 22 °C. The SD to LD flowering time ratios show that accessions that carry the
ThrGly polymorphism in CLF (gray) have a reduced SD to LD flowering time ratio

compared to those without (white).
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There are several known examples of alleles that have specific effects, leaving other known
targets unaffected. Prof. Richard Amasino identified a cif allele, c/f-59, that has a mutation in
the CXC region of CLF (pers. comm.). clf-59 is a very specific dominant gain of function
allele that alters the interaction of CLF with FLC. The clf-59 allele does not affect AP3 or AG
expression, and consequently does not have the characteristic leaf curling phenotype
associated with clf- mutants. fca- c/f-59 mutants are early flowering (fca- mutants are late
flowering). Similarly, a novel gain of function allele of CRY2, which encodes the blue-light
photoreceptor cryptochrome-2, was discovered by quantitative trait loci (QTL) analysis. A
single amino-acid substitution results in the reduction of light-induced down regulation of
CRY2 under SD, leading to early flowering (El-Assal et al. 2001). Allelic variation in
PHYTOCHROME C (PHYC), was reported to be mediating natural variation in flowering time
(Balasubramanian et al. 2006). PHYC alleles are highly polymorphic with varying levels of
activity in different accessions of A. thaliana. These examples support the preliminary
findings that polymorphisms in CLF may act as part of a mechanism regulating flowering

time in the wild.

3.iii. The Columbia-0 and Edinburgh-0 CLF alleles complement null c/f-28

mutants

To address whether CLF regulates flowering time in natural populations of A. thaliana, CLF
alleles were amplified and cloned from two A. thaliana accessions with and without the
ThrGly insertion. The Columbia-0 A. thaliana accession does not contain the ThrGly
polymorphism in CLF, whereas the Edinburgh-0 accession contains the ThrGly insertion.
The CLF alleles were compared in a null isogenic background lacking CLF+ activity, clf-28.
Apart from the ThrGly polymorphism there are several other differences between the
Columbia-0 and Edinburgh-0 CLF sequences. In order to address whether the ThrGly
insertion alone is responsible for the reduced SD to LD flowering time phenotype, the
Columbia-0 CLF allele was mutagenized to incorporate the ThrGly insertion and used to
complement the null allele clf-28. clf-28 contains a T-DNA insertion in the fourth exon of CLF

within Columbia-0 background (refer to Materials and Methods).
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The 7.5 Kb genomic fragment that spans the CLF locus, is sufficient to complement cif
mutants (Schubert et al. 2006), and therefore contains all the necessary regulatory
sequences for CLF function, was amplified from Edinburgh-0 and Columbia-0. The
amplification products were sequenced, confirming that the PCR amplification did not
introduce any mutations. The genomic fragments were then cloned into the pSC-B1 plasmid
and cloned into the binary vector pCAMBIA1390 (Figure 3.3) to create the clones
PCAMBIA::CLF_Col-0, pCAMBIA::CLF_Edi-0 and pCAMBIA::CLF_Col-tgtg. clf-28 mutants
have low fertility with poor floral dip transformation efficiency, so large numbers of seed need
to be screened to find primary transformants (T1). Therefore, the transgenes were
introduced into c/f-28/CLF+ heterozygotes (that have a wildtype phenotype) by floral dip
transformation. Primary transformants were selected on hygromycin, the selectable marker
carried by pCAMBIA1390 binary vector. The T2 progeny of selfed primary transformants
were grown on sterile media containing hygromycin to identity single locus insertion lines
segregating at 3:1 for resistance. Figure 3.4 A shows cl/f-28 plant complemented by
PCAMBIA::CLF_Col-0 and Figure 3.4 B shows the sibling of c/f~28 homozygous plants (100
% kanamycin resistant). Figure 3.4 C shows the complementation of c/f-28 homozygous
plants by pCAMBIA::CLF_Edi-0 and Figure 3.4 D shows the sibling c/f-28 homozygous plant.
The complementation of clf-28 by our transgenic constructs confirmed that CLF+ function

was restored by the transgenic CLF.

3.iv. pCAMBIA::CLF_Col-0, pCAMBIA::CLF_Edi-0 and pCAMBIA::CLF_Col-
tgtg do not affect flowering time

For each construct, we identified 4 independent transgenic lines that were homozygous for
CLF transgene and homozygous for clf-28. These lines were vernalized for 4 weeks and
then grown in either SD or LD. We determined flowering times of the parental lines,
Edinburgh-0 and Columbia-0, and the transgenic lines in each condition. Under LD the
Edinburgh-0 accession, which contains the ThrGly insertion, flowered on average 12 + 2

days later than
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Figure 3.3 Construct design of pCAMBIA::CLF
The 7.5 Kb genomic fragment including the CLF gene was amplified from
Columbia-0 and Edinburgh-0 by PCR, subcloned into pSC-B and cloned into the
binary vector pCAMBIA1390, conferring hygromycin resistance. The resulting two
clones were named pCAMBIA::.CLF _Col-0 and pCAMBIA:.CLF_Edi-0.
PCAMBIA::CLF_Col-tgtg was created by mutagenising CLF amplified from
Columbia-0 and cloning into pCAMBIA1390. The 3 clones were individually
transformed into A. fumefaciens and were introduced into A. thaliana by floral dip

transformation.
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Clf-28/clf-28 pCAMBIA-CLF Edi-0/pCAMBIA:CLF Edi-0 clf-28 siblina

Figure 3.4 Complementation of c/f-28 by transgenic CLF
56 day old sibling plants grown in SD showing 3:1 segregation for clf- phenotype.
Independent transgenic lines that confer 100% kanamycin resistance, homozygous for
clf-28, and 75% hygromycin resistant for the CLF transgene. (A) Complementation of
clf-28 by pCAMBIA::CLF_Col-0. (B) Sibling clf-28 homozygote that does not contain
the CLF transgene. (C) Complementation of clf-28 by pCAMBIA:CLF Edi-0. (D)°>°

Sibling c/f-28 homozygote that does not contain the transgene. Scale bar 1 cm.



Columbia-0 (Figure 3.5). The flowering times of the 4 independent transgenic lines for both
PCAMBIA::CLF_Col-0 and pCAMBIA::CLF_Edi-0 (Figures 3.5 and 3.6) did not differ from the
flowering time of the parent line Columbia-0. No flowering time phenotype was observed of
the 3 independent transgenic lines carrying pCAMBIA::CLF_Col-tgtg. Figure 3.6 shows the
flowering time of the transgenic plants in SD. Edinburgh-0 flowered on average 10 + 1.5

days earlier than the parental Columbia-0 flowering time (Figure 3.6).

Edinburgh-0 showed a reduced SD to LD flowering time ratio whilst Columbia-0 did not
(Figure 3.7). The transgenic lines carrying the ThrGly insertion did not show reduced SD to
LD flowering time ratios under the standard growth conditions observed in this experiment
(Figure 3.7). This indicates that the ThrGly insertion is not responsible for the flowering time
phenotype observed. The flowering times of pCAMBIA::CLF_Col-tgtg transgenic plants
illustrated that the ThrGly polymorphism does not affect this part of CLF function in a
Columbia-0 background. The flowering times of pCAMBIA::CLF_Edi-0 under LD and SD in a
Columbia-0 background is the same as pCAMBIA::CLF_Col-0 indicating that Columbia-0 is

not sensitive to slight changes in CLF.

3.v. Conclusion

Accessions of A. thaliana that contained the ThrGly polymorphism in CLF showed a reduced
SD to LD flowering time ratio, indicating that the accessions are less sensitive to changes in
day length. The role of CLF in regulating this variation in flowering time in natural populations
of A. thaliana was investigated by comparing CLF alleles in a null isogenic background, cif-
28. The Columbia-0 accession was chosen as representative of CLF alleles which do not
contain the ThrGly polymorphism. The Edinburgh-0 accession was chosen as representative
of CLF alleles which contain the ThrGly polymorphism. The two alleles were transformed into
a null clf-28 background and flowering times of independent transgenic lines were scored in
both SD and LD. The flowering time ratios were calculated and expressed as the ratio of the
number of days to flower in SD to LD. pCAMBIA::CLF_Edi-0 in a Columbia-0 background

flowered under SD and LD the same as pCAMBIA::CLF_Col-0.
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Figure 3.5 Flowering time of selected lines under LD
Flowering time in LD was scored for 4 independent transgenic lines of
pPCAMBIA::CLF_Col-0, and pCAMBIA::CLF_Edi-0, and 3 independent lines of
pPCAMBIA::CLF_Col-Otgtg. Flowering times of parental lines, Columbia-0 and
Edinburgh-0 were scored along side. Flowering time was measured by the number of
days between germination and the production of a 1 cm bolt. Measurements were
taken from 20 plants per line after 4 weeks vernalization treatment. Growth conditions
were 16 hrs light/ 8 hrs dark at 22 °C. + Standard error of the mean (SEM) bars were
calculated by dividing the standard deviation (SD) by the square root of the number (n)

of plants 20.
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Figure 3.6 Flowering time of selected lines under SD
Flowering time in SD was scored for 4 independent transgenic lines of pCAMBIA::CLF_Col-0,
and pCAMBIA::CLF_Edi-0, and 3 independent lines of pCAMBIA::CLF_Col-0tgtg. Flowering
times of parental lines, Columbia-0 and Edinburgh-0 were scored along side. Flowering time
was measured by the number of days between germination and the production of a 1 cm
bolt. Measurements were taken from 20 plants per line after 4 weeks vernalization treatment.
Growth conditions were 8 hrs light/ 16 hrs dark at 22 °C. + Standard error of the mean (SEM)
bars were calculated by dividing the standard deviation (SD) by the square root of the

number (n) of plants 20.
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Columbia-0

A. thaliana Accession SD:LD flowering time ratio

Edinburgh-0 1.47
PCAMBIA::CLF_Col-0 (1) 2.59
PCAMBIA::CLF_Col-0 (2) 2.26
pCAMBIA::CLF_Col-0 (3) 2.25
pCAMBIA::CLF_Col-0 (4) 247
pCAMBIA::CLF_Edi-0 (1) 2.24
pCAMBIA::CLF_Edi-0 (2) 2.60
pCAMBIA::CLF_Edi-0 (3) 2.33
pCAMBIA::CLF_Edi-0 (4) 242

2.46

Figure 3.7 SD to LD flowering time ratios of selected lines

The SD to LD flowering time ratios of independent transgenic lines carrying
PCAMBIA::CLF _Col-0, pPCAMBIA::CLF_Edi-0 and pCAMBIA::CLF_Col-0Otgtg. The
Columbia-0 and Edinburgh-0 parental lines show the originally observed flowering

time ratio phenotypes. The SD to LD flowering time ratios of the CLF transgenic

lines did not differ to the Columbia-0 parental line.
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This indicates that Columbia-0 is not sensitive to slight changes in CLF. pCAMBIA::.CLF_Col-
tgtg flowered in a similar number of days as the parental Columbia-0 line confirming that the
ThrGly polymorphism did not affect CLF function in a Columbia-0 background. These results
show that the ThrGly insertion itself is not responsible for the reduced SD to LD flowering
time ratio observed. Under standard growth conditions it may be concluded that the ThrGly
polymorphism in CLF does not play a role in regulating flowering time in natural populations
of A. thaliana. The reduced SD to LD flowering time ratio observed in accessions of A.
thaliana with CLF alleles that contain the ThrGly polymorphism may be caused through the
interactions of other closely linked genes. The ThrGly polymorphism in CLF could hinder or
alter CLF activity, which could then be complemented by SWN. It is reasonable to assume
that natural variation in CLF highlights potential roles for SWN in the regulation of floral
transition. The reduced SD to LD flowering time ratio could be accentuating the effects of

variation in functional Pc-G protein activity.
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4, Challenging Pc-G mediated silencing of

AGAMOUS

4.i. Introduction

Floral homeotic genes are silenced by Pc-G proteins during vegetative development and
expression is restricted to specialized cell types upon floral transition. The curled leaf
phenotype is one of the main characteristics of c/f- mutants, and is caused by the ectopic
expression of the floral homeotic gene, AG (Goodrich et al. 1997). By using a GUS::reporter
construct for AG, we can see that AG expression is confined to whorls 3 and 4 of flowers,
where it confers carpel and stamen identity (Figure 4.1). CLF regulation of AG expression
(Goodrich et al. 1997) is associated with covalent histone modifications that are mitotically
heritable. ChIP analysis reveals that AG is enriched for H3K27me3 (a repressive mark
associated with Pc-G silencing) (Schubert et al. 2006). In plants, H3K27me3 marks are
associated with specific genes, precisely covering single loci but seldom extending into
neighbouring genes (Zhang et al. 2007). H3K27me3 marks at the AG locus are necessary

for maintaining AG silencing (Schubert et al. 2006).

The mechanisms through which CLF maintains the established expression pattern of AG
during vegetative development and the first and second stages of floral meristem
development are unknown. It is not clear how histone modifications are propagated through
mitosis and maintained during cell division. If Pc-G mediated silencing were to be labile early
in leaf development, associated with cell proliferation, target gene repression may be less
stable in young developing leaves. In older leaves, the mitotically heritable state of AG
repression may become more fixed in cells that are no longer proliferating. AG is not
expressed during vegetative development and is confined to stamens and carpels of flowers

indicating that Pc-G mediated silencing has to be reset in particular cell types.
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Figure 4.1 AGAMOUS expression in wildtype and in c/f- mutants

(A) The wildtype A. thaliana. (B) clf- mutants are dwarfed plants with curled leaves. (C)
An AG promoter::GUS reporter construct was introduced into wildtype and clf- mutants
and B-glucuronidase activity was analyzed. AG is not expressed in leaves of wildtype
plants. (D) Ectopic expression of AG occurs in leaves of c/f- mutants. (E) AG expression
is restricted to carpels and stamens in wildtype plants. (F) However, in c/f- mutants, the
ectopic expression of AG occurs throughout the whole plant. Scale bar 1 cm. From

Goodrich et al. 1997 and Chanvivattana et al., (2002).
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Whether Pc-G mediated silencing is maintained and reset is a passive mechanism or an
active removal of histone modifications, is still unknown. CLF mediated repression of AG in
leaves might result in irreversible changes in chromatin structure that in turn render AG
inaccessible to transcription factors. However, there has been little analysis to address
whether Pc-G mediated silencing is reversible. This chapter describes how | have targeted
the LhG4 trans-factor to AG to test whether Pc-G mediating silencing can be reversed during

early and late leaf development.

4.ii. Targeting the LhG4 trans-activator to AG to challenge Pc-G mediated
silencing

The aims of this chapter are to challenge Pc-G mediated silencing and to ascertain the
stability of Pc-G mediated silencing during plant development by introducing AG into the
LhG4/ pOp bipartite transactivation system (Moore et al. 1998) (Figure 4.2). Driver lines
express the LhG4 chimeric transcription factor which is comprised of a modified LacDB DNA
binding domain (a mutant that has increased affinity to the Lac Operator (Lac Op))
translationally fused to the transcriptional-activation domain-ll from GAL4 trans-factor of
Saccharomyces cerevisiae. There are a range of driver lines that express the LhG4 trans-
factor under a variety of tissue-specific promoters. The LhG4 driver lines induce the

expression of constructs carrying Lac Op binding sites upstream of a reporter gene.

In order to test whether Pc-G mediated silencing of pOp:AG-I::GUS is reversible and stable
in older leaves, the late leaf LhG4 promoter, p650::LhG4, was selected as a driver.
Overcoming Pc-G silencing may differ during development, so to discover whether Pc-G
silencing of pOp:AG-1::GUS is reversible early in development, the early leaf LhG4 promoter,
PAINTEGUMENTA::LhG4 (pANT::LhG4) was also selected. Using the pANT::LhG4 promoter

line, the stability of transient activation of pOp:AG-1::GUS would also be tested.

4.iii. pOp:AG-I::GUS faithfully mimics endogenous AG expression

The pAG-I::GUS reporter transgene contains the necessary cis-acting sequences

recognised by CLF (Sieburth & Meyerowitz 1997) and therefore, necessary for repression.
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Figure 4.2 Challenging AG silencing using the LhG4/ pOp transactivation
system
The LhG4/ pOp transactivation system is a two component system. The driver line is
comprised of a tissue specific promoter that is upstream of a Lac/ DNA binding
domain that is translationally fused to the transcriptional-activation domain-Il from
GAL4 Saccharomyces cerevisiae. Lac Op sites were cloned upstream of the pAG-
1::GUS construct (provided by Sieburth et al 1997). GAL4 is expressed under the
tissue specific promoter and once crossed to plants containing pOp:AG-I::GUS
reporter construct, AG and GUS are expressed under the control of the promoter of

the driver.
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PAG-I1::GUS has been previously shown to faithfully mimic the expression pattern of native
AG gene and is regulated by CLF (Schubert et al. 2006). The pOp:AG-I::GUS reporter
transgene contains 5 x Lac Op sequences that were inserted into a Pstl site upstream of
PAG-1::GUS (Figure 4.2). To confirm that pOp:AG-1::GUS mimics endogenous AG
expression, pOp:AG-1::GUS was introduced into wildtype plants (Landsberg erecta) by floral
dip transformation. B-glucuronidase activity was analyzed in the progeny of primary
transformants, that had been selected for pOp:AG-I::GUS that confers BASTA® (PPT)
herbicide resistance. Figure 4.3 A shows that pOp:AG-I::GUS is not expressed in young
leaves in Landsberg erecta (wildtype) background. Figure 4.3 C is magnified from Figure 4.3
A (marked by *) showing pOp:AG-I::GUS is not expressed in the vasculature of young and
older leaves. Figure 4.3 E shows B-glucuronidase activity in whorls 3 and 4 of flowers. These
results confirm that pOp:AG-I::GUS expression in wildtype plants is restricted to carpels and

stamens in flowers.

To ensure pOp:AG-1::GUS was repressed by CLF as endogenous AG (Schubert et al. 2006),
pOp:AG-1::GUS was introduced into clf-2/+ heterozygotes by floral dip transformation, as cif-
2 homozygotes have low fertility with poor transformation efficiency. In the progeny of the
transformed lines, clf-2 primary transformants (T1) were identified by phenotype. B-
glucuronidase activity was analyzed in 14 day old c/f-2 mutants carrying the pOp:AG-I::GUS
reporter transgene. Figure 4.3 B shows [(-glucuronidase activity in c/f-2 showing ectopic
expression of pOp:AG-I::GUS in leaves and throughout the whole plant. Figure 4.3 D is
magnified from Figure 4.3 B (marked by *) showing ectopic expression of pOp:AG-/::GUS in
young leaves, expressed in the vasculature of leaves. Figure 4.3 F shows B-glucuronidase
activity of 10 day old cif-2 seedlings. Taken together, these observations lead us to the
conclusion that pOp:AG-I::GUS faithfully mimics the endogenous expression pattern of AG.

The insertion of the 5 x Lac Op sites has not disrupted AG regulation.
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Figure 4.3 pOp:AG-I::GUS faithfully mimics endogenous AG expression
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Figure 4.3 pOp:AG-I::GUS faithfully mimics endogenous AG expression
(A) pOp:AG-I::GUS was introduced into wildtype plants (Landsberg erecta) by
floral dip transformation and primary transformants were selected for resistance
to BASTA® (PTT) herbicide. B-glucuronidase activity was analyzed in 7 day old
T2 pOp:AG-1::GUS plants, confirming that pOp:AG-1::GUS is not expressed in
young leaves. (B) pOp:AG-1::GUS was introduced into clf-2/+ (Landsberg erecta
background) plants and primary transformants were selected for resistance to
BASTA® (PPT) herbicide. B-glucuronidase activity was analyzed in 7 day old T2
clf-2 plants showing ectopic expression of pOp:AG-/::GUS occurred in young
leaves. (C) Magnified from Figure A revealing no B-glucuronidase activity in the
vasculature of leaves and (D) is magnified from Figure B revealing that (-
glucuronidase activity occurs in the vasculature of leaves in cl/f-2 plants. (E) B-
glucuronidase activity was analyzed in 28 day old pOp:AG-I::GUS plant showing
that pOp:AG-I::GUS expression is restricted to the carpels and stamens of
flowers. (F) B-glucuronidase activity was observed throughout the whole of c/f-2

plants. Scale bar 1 cm.

71



4.iv. Activation pOp:AG-I::GUS in leaves under the late leaf promoter

p650::LhG4

The p650::LhG4 driver line is comprised of a late leaf promoter of the At1g13650 gene
driving the LhG4 trans-factor. p650::LhG4 is activated when leaves are 1 mm long, at the
distal end first and then throughout the leaf (Y. Eshed pers. comm.). To confirm that
p650::.LhG4 was not expressed in young leaves, homozygous p650::LhG4 plants were
crossed to plants carrying the reporter construct, pOp::GUS, that has Lac Op sites cloned
upstream of the GUS reporter gene. B-glucuronidase activity was analyzed in F3 plants that
were homozygous for both p650::LhG4 and pOp::GUS. Figure 4.4 A shows 3-glucuronidase
activity in a 7 day old p650::LhG4 pOp::GUS plant revealing p650::LhG4 expression around
the edges of the cotyledons and first leaves. Figure 4.4 C shows B-glucuronidase activity in a
30 day old plant with expression in the older rosette leaves, cauline leaves, but little
expression in the main vasculature, petioles and inflorescence meristem. Figure 4.4 F shows
GUS expression in minor vasculature and the ground tissue of the leaves. Expression is
leaving from the distal end of the main vein and the petioles. Figure 4.4 | shows p650::LhG4
is expressed in the distal regions of the sepals, but not in other floral organs. Taken together
these results confirm that p650::LhG4 is not expressed in young leaves and is expressed

very widely in older rosette leaves and sepals.

p650::LhG4 homozygotes were crossed to T3 CLF+ plants homozygous for pOp:AG-1::GUS.
Strikingly, CLF mediated silencing of AG is reversed. Figure 4.4 D shows activation of
pOp:AG-1::GUS under the p650::LhG4 driver line in the vasculature of rosette leaves, cauline
leaves, petioles and flowers (Figure 4.4 J). Figure 4.4 B shows pOp:AG-I::GUS under the
late leaf driver line p650::LhG4 is not activated in 7 day old plants. Figure 4.4 F p650::LhG4
pOp::GUS is uniformly expressed in leaves but not expressed in the major vasculature or
petiole, whereas pOp:AG-I::GUS is activated mostly in the vasculature and petioles (Figure

4.4 G). p650::LhG4 driving pOp:AG- I::GUS results in expression that is localised mainly in
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Figure 4.4 Expression of the p650::LhG4 driver line in wildtype plants and

overcoming Pc-G mediated silencing of AG in leaves
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Figure 4.4 Expression of the p650::LhG4 driver line in wildtype plants and
overcoming Pc-G mediated silencing of AG in leaves
(A) 7 day old p650::LhG4 pOp::GUS F2 plants showing that p650::LhG4 is not
expressed in very young leaves or leaf primordia, but expressed at the distal end
of the expanding leaf. (B) 7 day old pOp:AG-I::GUS p650::LhG4 F2 plants showing
that pOp:AG-1::GUS expression does not occur in young leaves. (C) p650::LhG4
pOp::GUS is stably expressed in older leaves with little difference between cauline
and rosette leaves. (D) 21 day old pOp:AG-I::GUS p650::LhG4 F2 plants showing
activation of pOp:AG-I::GUS in the vasculature of rosette leaves, cauline leaves,
petioles and flowers. (E) pOp:AG-I::GUS plants showing no expression of
pOp:AG-1::GUS in leaves. (F) p650::LhG4 pOp::GUS p650::LhG4 is expressed
throughout the lamina of older rosette leaves, in vasculature of the leaf, including
minor and major veins of young rosette leaves but not in the proximal mid rib. (G)
GUS expression in pOp:AG-I::GUS p650::LhG4 planrs occurs mostly in the
vasculature and main leaf veins. (H) pOp:AG-I::GUS plants showing GUS
expression is restricted to stamens and carpels of flowers. (I) p650::LhG4
pOp::GUS F2 plants showing the LhG4 trans-factor p650::LhG4 is expressed in
the sepals of flowers. (J) B-glucuronidase activity was analyzed in 28 day old
pOp:AG-1::GUS p650::LhG4 F2 plants showing GUS expression in cauline leaves.

Scale bar 1 cm.
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the vasculature of young rosette leaves, petioles and inflorescence meristem of 28 day old
plants (Figure 4.4). Taken together, these results show that the activation of pOp:AG-I::GUS
by p650::LhG4 occurs exclusively in the vasculature, rather then the entire expression
domain of p650::LhG4, with little or no activation in the mesophyll or interveinal areas. Pc-G
mediated silencing does not appear to be overcome in the majority of the p650 expression
domain, illustrating that Pc-G mediated silencing is not reversible in all cell types in older

leaves.

4.v. Activation of pOp:AG-I::GUS in young leaves under the early leaf

promoter pAINTEGUMENTA::LhG4

The pAINTEGUMENTA::LhG4 (pANT::LhG4) driver line is comprised of the promoter of
AINTEGUMENTA (ANT). ANT is transiently expressed in the primordia of lateral organs
(leaves, sepals and petals etc.) but not in older organs (Mizukami & Fischer 2000). To
confirm pANT::LhG4 expression, plants homozygous for the pANT::LhG4 driver line were
crossed to lines carrying the pOp::GUS reporter transgene. Figure 4.5 A shows -
glucuronidase activity in 10 day old pANT::LhG4 pOp::GUS plants showing the expression
domain of the pANT::LhG4 driver line in the region of the SAM and leaf primordia. Figure 4.5
C shows B-glucuronidase activity in a 14 day old plant, showing that pANT::.LhG4 is not
expressed in leaves. These results confirm that pANT::LhG4 is expressed in leaf primordia
but not in older leaves. pANT::.LhG4 homozygotes were crossed to Landsberg erecta T3
plants homozygous for pOp:AG-1::GUS. F2 progeny were grown and B-glucuronidase activity
was analyzed. Figure 4.5 B shows B-glucuronidase activity in 10 day old pOp:AG-I::GUS
PANT::LhG4 plant revealing that activation of pOp:AG-I::GUS occurs under the early leaf
promoter pANT::LhG4, linked to the region of pANT::LhG4 expression. Figure 4.5 D shows
B-glucuronidase activity in 14 day old pOp:AG-I::GUS pANT::LhG4 plants revealing that
pOp:AG-1::GUS is activated in leaf primordia, the domain of pANT::.LhG4, but not in older

leaves.
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Figure 4.5 Expression of the pANT::LhG4 driver line in the region of young leaf
primordia and transient activation of pOp:AG-I::GUS by pANT::LhG4
(A) B-glucuronidase activity was analyzed in pANT.:.LhG4 pOp::GUS 10 day old F2
plants. The expression domain of the pANT::LhG4 driver line is restricted to the SAM
region. (B) PB-glucuronidase activity was analyzed in 10 day old pOp:AG-I::GUS
PANT::LhG4 plants showing activation of pOp:AG-I::GUS in the pANT::LhG4 domain, but
not in older leaves. (C) B-glucuronidase activity was analyzed in 14 day old pANT::LhG4
pOp::GUS plants showing pANT::LhG4 is not expressed in older leaves. (D) B-
glucuronidase activity was analyzed in a 14 day old pOp:AG-/::GUS pANT::LhG4 plants
showing that transient activation of pOp:AG-/::GUS is not stable in older leaves, but

remains active in lateral organs under pANT::LhG4. Scale bar 1 cm.
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Activation of pOp:AG-1::GUS in leaf primordia driven by pANT::LhG4 is not mitotically stable
once expression of pANT::.LhG4 has ceased. This indicates that activation of a Pc-G target,

AG, can occur early in leaf development, but it is not stable during leaf development.

4.vi. Conclusion

To investigate Pc-G mediated silencing of AG, a target gene of CLF, AG was introduced into
the LhG4/ pOp transactivation system. pOp:AG-I::GUS expression was confirmed in
stamens and carpels and repressed in leaves by CLF, faithfully mimicking endogenous AG
expression. The late leaf driver line, p650::LhG4 was used to test whether Pc-G mediated
silencing could be overcome in older leaves. Surprisingly, activation of pOp:AG-I::GUS
occurred in older leaves under the LhG4 late leaf promoter, p650::LhG4. However, pOp:AG-
I::GUS was not activated in the full expression domain of p650::LhG4, but outside the
activator domain. This implies that Pc-G mediated silencing of target genes differs in

different cell types in leaves.

Under the early leaf promoter, pANT::LhG4, pOp:AG-1::GUS was transiently activated in the
leaf primordia. pOp:AG-I::GUS was activated in leaf primordia, in the entire expression
domain of pANT::LhG4, however, activation was not stable in older leaves. The significance
of this result is that Pc-G silencing appears to be overcome everywhere in the pANT::LhG4
expression domain. This result also illustrates that transient activation of pOp:AG-I::GUS is
not mitotically stable in the absence of LhG4 trans-factor. This reveals that Pc-G mediated
silencing is reversible in young developing leaves. Transient activation is not epigenetically
stable and Pc-G silencing can be re-established once the LhG4 trans-factor is no longer

present.
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5. Does activation of Pc-G target APETALA1 require

the removal of H3K27me3?

5.i. Introduction

A key feature of epigenetic silencing is that although stable and heritable, modifications are
reversible; however, how Pc-G mediated silencing of target genes is reset remains unclear.
Floral homeotic genes are regulated by Pc-G proteins, silenced during vegetative
development and are expressed in particular cell types following floral induction. The
transition from vegetative to reproductive development is regulated by exogenous signals
and endogenous pathways. In response to long days (LD), CONSTANS (CO) the nuclear
zinc-finger protein activates the floral pathway integrator FLOWERING LOCUS T (FT) that
encodes a RAF-kinase-inhibitor-like protein (Samach et al. 2000). FT travels from the leaves
to the shoot apical meristem and interacts with the bZIP transcription factor, FD, promoting
AP1 expression. AP1 promotes the switch from inflorescence to floral meristem by initiating
the development of new tissues, floral organs and specific cell types (Bowman et al. 1993).
The vegetative meristem is then converted to an inflorescence meristem (Abe et al. 2005;
Wigge et al. 2005) (Figure 1.8). Plants that express FD under the 355 RNA promoter of the
cauliflower mosaic virus (35S::FD) show that FT can interact with FD in LD throughout the

entire plant (not just the SAM) (Wigge et al. 2005).

The repressive histone modification associated with Pc-G silencing, H3K27me3, is abundant
throughout the genome (Zhang et al. 2007). Studies suggest that H3K27me3 is dispersed
over promoter sequences and spreads over target loci (Schubert et al. 2006; Sheldon et al.
2008; Zhang et al. 2007). It is not known how Pc-G directed H3K27me3 marks are lost,
whether passively, through loss or replacement at mitosis, or actively through the activity of a
demethylase. The transactivation of AG under the LhG4/ pOp transactivation system
(discussed in Chapter 4) occurred despite the presence of CLF+. However, we could not tell

whether the Pc-G directed H3K27me3 remains at the AG locus as we did not have sufficient
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material to perform ChlP. The artificial nature of the LhG4/ pOp transactivation system also
limited our analysis. The placement of the transgene within the genome would firstly have to
characterized, in order to assess how alike the chromatin structure is to endogenous AG and

how transcription factors that activate AG differ to the GAL4 of the transactivation system.

Like AG, AP1 is a target of CLF and enriched with H3K27me3, the repressive mark
associated with Pc-G gene mediated silencing (Zhang et al. 2007). In the presence of Pc-G
proteins, activation of target genes can occur and so this raises the following question: does
activation of a Pc-G silenced target require the removal of H3K27me3? By using the 35S::FD
background, activity can be characterized under natural circumstances of endogenous AP1
(and associated histone modifications). The aim of this chapter is to elucidate the histone
dynamics of the floral homeotic gene AP1 in 35S::FD to address whether activation of a Pc-
G target requires the removal of H3K27me3. This chapter describes how we characterized
the effects of photoperiod on flowering in 35S::FD plants and the activation of AP17 in leaves,

relating these phenotypic changes to changes in histone modifications by ChIP analysis.

5.ii. Photoperiod enhances the 35S::FD phenotype

Under short days (SD) 35S::FD show no gross morphological phenotype. Figure 5.1 A
shows 35S::FD plants grown in SD, appearing wildtype (Figure 5.1 B). When 35S::FD plants
are grown in LD, they are dwarfed, with inwardly curling leaves and are early flowering
(Figure 5.1 D). Changes in photoperiod affect the 35S::FD phenotype (rapidly). Figure 5.1 E
shows a 10 day old 35S::FD plant 3 days following shift from SD to LD, leaf curling has
occurred compared to 35S::FD sibling grown only in SD (Figure 5.1 F). These results imply
that under LD, FD can interact with FT throughout the whole plant, not just in the SAM. The
35S::FD system was chosen for the current study due to the rapid activation of Pc-G target,

AP1, in leaves following shift from SD to LD.

5.iii.  Rapid activation of AP1::GUS upon day length shift in 35S::FD

The expression of the floral meristem identity gene AP1 is regulated by FT and FD (Abe et

al. 2005). The AP1::GUS reporter was introduced into the 35S::FD background. 35S::FD
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Figure 5.1 35S::FD plants grown under SD and LD

(A) 35S5::FD grown in SD has a wildtype phenotype, with no distinguishable differences
to (B) wildtype to 25 day old wildtype plants grown in SD. (C) Wildtype plants grown in
LD. (D) 35S::FD grown in LD are dwarfed with curled leaves and early flowering. (E)
35S::FD phenotype is rapidly induced upon shift from SD to LD. (F) 35S::FD sibling

grown only in SD. Scale bar 1 cm. 80



plants with the AP71::GUS reporter construct, have a wildtype phenotype when grown in SD
(Figure 5.2 A and B). Upon shift to LD, AP7::GUS is activated in leaves of 35S::FD
AP1::GUS plants (Figure 5.2 D). In 30 day old 35S::FD AP1::GUS plants expression of
AP1::GUS is uniform over the leaf and does not differ in young and older rosette leaves
(Figure 5.3 A). Activation of AP1::GUS in 35S5::FD AP1::GUS plants occurs in uncurled
rosette leaves and cauline leaves (Figure 5.3 A). B-glucuronidase activity was analyzed in
35S::FD AP1::GUS plants 5 days following shift from SD to LD. Activation of AP1::GUS was
observed upon shift to LD in young and older leaves and flowers. These results reveal that in

LD, AP1::GUS is activated and expressed in both young and old leaves.

5.iv.  Chromatin immunoprecipitation at the AP17 locus in 35S::FD plants

To determine whether the activation of AP requires the removal of H3K27me3, ChIP was
performed on 35S::FD plants that had been grown in SD only and SD shifted to LD. As AP1
is a target of CLF and is enriched for the repressive mark, H3K27me3 (Zhang et al. 2007),
the rapid activation of AP7 upon shift from SD to LD in 35S::FD plants could be associated
with changes in histone modifications. ChIP was performed using antibodies against
H3K27me3, the histone modification associated with Pc-G mediated silencing and
H3K4me3, associated with trxG proteins and gene activation. In this ChIP experiment, DNA
was amplified two primer pairs in duplex PCR reactions (as described in Schubert et al
2006). One primer pair was specific for AP7 and the other for actin that is not expected to be
enriched. The relative amounts of the two PCR products amplified from the IP DNA were
compared to the relative amounts amplified from the input. This corrects for the differences
in the efficiency of the two primers or for differing amounts of chromatin. Figure 5.4 shows
the result of the ChIP analysis on 35S::FD plants at the endogenous AP17 locus. For 35S::FD
plants grown in SD, there is enrichment for H3K27me3 at the AP7 locus consistent with
repressed AP1 expression in leaves. However, when the plants were shifted from SD to LD
we can see that the amount of enrichment for H3K27me3, surprisingly does not change. The
results of the ChlIP revealed that there were no differences in enrichment for H3K27me3 and

H3K4me3 at the AP7 locus in 35S::FD grown in SD only and SD shifted to LD (Figure 5.4).
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Figure 5.2 AP1 is activated following shift from SD to LD in 35S::FD plants
(A) 10 day old 35S::FD plants carrying the AP1::GUS reporter construct grown under
SD have a wildtype phenotype. (B) 10 day old wildtype (Landsberg erecta) plants grown
under SD. (C) Under SD, AP1::GUS is not expressed in 35S::FD plants. (D) Activation

of AP1::GUS in 35S::FD plants following 5 days shift from SD to LD. Scale bar 1 cm.

82



Figure 5.3 GUS expression in 35S::FD plants carrying the AP1::GUS reporter
upon shift from SD to LD
(A) 30 day old 35S::FD plants carrying the AP1.:GUS reporter construct following 5
days shift from SD to LD showing activation of AP7::GUS in older rosette leaves,
cauline leaves and throughout the whole plant including flowers. (B) 25 day old
35S::FD AP1::GUS plants grown in SD (i) and following 7 days after shift to LD (ii)

showing that GUS expression is uniform in older leaves. Scale bar 1 cm.
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Input H3K4me® H3K27me®

AP15’

Actin

AP1 3’

Actin

AP1

Figure 5.4 Histone modifications at the AP17 locus before and after shift

from SD to LD

35S::FD plants were grown in SD for 7 days post germination then either shifted
to LD or left in SD. 10 day old plants from each growth condition were bulked
and harvested. ChlIP analysis was carried out with antibodies against H3K27me3
and against H3K4me3. Duplex PCR was carried out using primers designed to
amplify around 100 bp at the 5’ and 3’ ends of AP7 locus (shown on diagram).
Primers for Actin and primers for AP1 were used in the same PCR reaction and
the relative efficiency of the two primers sets is established using the input. If

there is enrichment of H3K27me3 and H3K4me3 at AP1, the relative amounts of

the two products should be increased relative to the ratio in the input.
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The same ChIP samples were also analyzed using primers for the AG locus as experimental
controls using a known target gene that is repressed in leaves. These experiments show

enrichment for H3K27me3 and no enrichment for H3K4me3 (Figure 5.5).

5.v. Activation of AP1 in leaves in a 35S::FD background

ChIP analysis was carried out on 35S::FD to determine the histone modifications at the
endogenous AP1 locus, but not at the AP1::GUS reporter transgene. Activation of AP1::GUS
was confirmed by analyzing B-glucuronidase activity in 35S::FD AP1::GUS plants. To
confirm that endogenous AP7 expression is up-regulated following shift from SD to LD, RT-
PCR was preformed. Expression of endogenous AP71 was analyzed in 35S::FD plants grown
in SD and shifted to LD. Figure 5.6 shows that there is faint AP1 expression in 35S::FD
grown in SD. This might reflect low level of AP71 in the 35S::FD background. Yet, AP1
expression was strongly up-regulated in 35S::FD plants following shift from SD to LD. These
results confirmed what was observed using the AP71::GUS reporter construct in 35S::FD,

AP1 is activated and expressed upon shift to LD.

5.vi. Conclusion

In LD, FT is expressed and interacts with FD, promoting AP1 expression that converts the
SAM to an inflorescence meristem. In SD, 35S::FD appears wildtype, as FT is not
expressed; however, upon shift to LD, activation of AP7 occurs in leaves, due to the
interactions FT and FD. The 35S::FD phenotype is rapidly induced upon day length shift.
Activation of AP7 in leaves in LD was independently confirmed by analyzing B-glucuronidase
activity of the AP1.:GUS reporter and RT-PCR of endogenous AP1 expression. To establish
whether activation of a Pc-G target requires the removal of H3K27me3, ChIP was performed
at the AP1 locus. ChIP analysis was performed on 35S::FD either grown in SD only or
shifted from SD to LD. Surprisingly; activation of AP7 did not require the removal of
H3K27me3, nor the gain of H3K4me3. These results illustrate that H3K27me3 is not
sufficient to silence AP1. The activation of endogenous AP7 by its own transcription factors,
FD and FT in leaves, indicates that the AP7 promoter sequence is accessible to transcription

factors despite the presence of Pc-G proteins as well as the repressive mark, H3K27me3.
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Input H3K4me® H3K27me®

AG5’

Actin

AG3

Actin

SD LD SD LD SD LD

Figure 5.5 Histone modifications at the AG locus before and after shift
from SD to LD
35S::FD plants were grown in SD for 7 days post germination, and then
either kept in SD or shifted to LD. 10 day old plants from each growth
condition were bulked and harvested. ChIP analysis was carried out with
antibodies against H3K27me3 and H3K4me3. Duplex PCR was carried out
using primers designed to amplify around 100 bp at the 5’ and 3’ ends of AG

locus (shown on diagram) and actin.
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35S::FD

SD  Shiftto LD

AP1

Tubulin

Figure 5.6 Expression of AP1 native gene before and after shift
from SD to LD
35S::FD plants were grown in SD for 7 days post germination and either
kept in SD or shifted to LD for 3 days. RNA was extracted from bulked
10 day old seedlings, cDNA was synthesized and semi-quantitative PCR
was performed. AP1 expression was compared to the amplification of

Tubulin.
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6. Using targeted expression to dissect the roles of

CLF and SWN during plant development

6.i. Introduction

The roles of CLF and SWN in late leaf and flower development remain unknown due to the
compensatory effects of partially redundant Pc-G genes. The severity of c/f- swn- mutants
limits the analysis of loss of Pc-G function phenotypes, as although clf- swn- mutants
germinate, post-germination development arrests, beginning with the loss of root identity and
root-to-callus transformation occurs (Figure 6.1 A, arrow). The callus-like tissue produced
can grow indefinitely on sterile tissue-culture, however, no true plant-like organs and

differentiated cell types are distinguishable (Figure 6.1).

Microarray analysis, ChIP and ChIP on chip experiments reveal that CLF and SWN target
many genes (Thorpe and Goodrich unpublished, Zhang et al. 2007, Clarenz and Goodrich
unpublished). Further understanding of the biological relevance of these candidate target
genes and identifying new targets is difficult due to the downstream effects of target gene
mis-expression. Promoter::GUS reporter constructs provide evidence to suggest that the
loss of CLF and SWN leads to ectopic expression of floral homeotic genes; AG, AP1, Pl and
FUSCA3 (FUS3) (Figures 4.1 and 6.1). The expression of floral targets that are normally
repressed during vegetative development and expressed upon floral induction indicates that
one of the developmental roles of Pc-G is to repress floral development. Furthermore, ChIP
analysis revealed targets of CLF included genes involved in leaf polarity, branching and
stomatal development, suggesting many novel roles for Pc-G proteins, however, the roles of

CLF and SWN in leaves cannot be seen as clf- swn- mutants do not have leaves.

The aim of this chapter is to create two approaches to gain insight into the developmental

roles of Pc-G proteins in plants, particularly in late leaf and flower development. This chapter
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Figure 6.1 Ectopic expression of several target genes in c/f- swn- mutants

AP1::GUS, PI::GUS and FUS3::GUS reporter transgenes were introduced into a cif-
swn- background. These genes are not expressed in wildtype seedlings (data not
shown). (A) clf- swn- mutants germinate, however, post-germination development
arrests and root-to-callus transformation occurs, marked by arrow. (B) Ectopic
expression of floral homeotic gene APT in the root of clf- swn-. (C) Ectopic expression
of floral homeotic gene PI in the leaf-like organs of young c/f- swn-. (D) Ectopic
expression of the seed storage gene FUS3 throughout the whole of clf- swn-. Scale bar

1 cm. From Clarenz and Goodrich, unpublished.
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describes the cloning and characterization of two approaches developed to target CLF
expression to dissect the roles of CLF and SWN during plant late leaf and flower
development. The first approach described in this chapter is to provide spatial and temporal
control of CLF by introducing CLF into the LhG4/ pOp bipartite transactivation system. The
second approach described is to provide clonal analysis of CLF by introducing CLF into the

CRE lox recombination system.

6.ii. Approach I: Transactivating CLF to complement c/f-2 and clf-2 swn-7

Approach | provides spatial and temporal control of CLF+ activity in clf- SWN+ and clf- swn-
backgrounds. In order to establish whether providing CLF+ activity could complement clf-2
and clf-2 swn-7, CLF was introduced into the LhG4/ pOp bipartite transactivation system
(Moore et al. 1998) (Figure 6.2 A). LhG4 driver lines of the promoters
PSHOOTMERISTEMLESS (pSTM::LhG4) and pKNOTTED-like from Arabidopsis thaliana 2
(PKNATZ2::LhG4) were used to transactivate CLF early in development. The p650::LhG4
driver line will be used to transactivate CLF in late leaf development in clf-2 and cif-2 swn-7

mutants.

To transactivate CLF using the LhG4/ pOp transactivation system, Lac Op sites were cloned
upstream of CLF cDNA inserted as a Kpnl and BamH1 fragment (Figure 6.2 B). pOp::CLF
was cloned as a Nofl fragment inserted into the binary vector pMLBART that confers
BASTA® (phosphinothricin-tripeptide (PTT)) herbicide resistance in plants (Figure 6.2 C).
Due to the low fertility of clf-2 homozygotes, pMLBART:;pOp::CLF was introduced into c/f-2/+
heterozygotes by floral dip transformation. As clf-2 swn-7 mutations are lethal on soil,
PMLBART::;pOp::CLF was introduced into c/f-2/+ swn-7 by floral dip transformation. Primary
transformants were selected on BASTA® (PTT) herbicide resistance and independent seed
lines were harvested. T2 seed was selected on hygromycin and BASTA® (PTT) herbicide
and clf-2 homozygotes were selected by phenotype on soil. pMLBART::pOp::CLF did not
complement clf-2 and clf-2 swn-7 phenotypes. T3 seed was selected on BASTA® (PTT)

herbicide to identify T2 plants that were homozygous for pMLBART::pOp::CLF. To provide
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Figure 6.2 The LhG4/ pOp transactivation system and pOp:CLF and
PMLBART:pOp:CLF transgene maps
(A) The LhG4 transactivation system is a two component system. The driver line is
comprised of a tissue specific promoter fused to the Lac/ DNA binding domain that is
transcriptionally fused to the GAL4 transcription-activation domain-Il from Saccharomyces
cerevisiae. Plants carrying this transgene are crossed to plants containing pOp::CLF. (B)
The pOp::CLF transgene contains Lac Op sites cloned upstream of CLF cDNA inserted as
a Kpnl and BamH1 fragment. (C) pOp::CLF was cloned as a Notfl fragment inserted into the
binary vector pMLBART that confers BASTA® (PTT) herbicide resistance in the transgenic

plants.
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CLF+ transiently early in plant development, the pSTM::LhG4 driver line was chosen to
transactivate CLF. The pKNATZ2:LhG4 driver line was chosen to transactivate CLF to
provide CLF+ activity in the peripheral zone of the shoot apical meristem, and inflorescence
stems. In order to test whether providing CLF+ continuously during late leaf development
would complement c/f-2 and clf-2 swn-7 mutants, the p650::LhG4 driver line was chosen to

transactivate CLF.

PSTM::LhG4, pKNAT2::.LhG4 and p650::LhG4 homozygous lines were crossed to c/f-2 and
clf-2/+ swn-7. F1 progeny were selected on hygromycin and BASTA® (PPT) herbicide and
seeds were collected. F2 progeny were selected on hygromycin and BASTA® (PTT)
herbicide, clf-2 phenotypes were seen on soil. F3 progeny of the independent F2 lines were
selected on BASTA® (PTT) herbicide to identify lines that were homozygous for the LhG4
driver line. These plants were then crossed to cl/f-2/+ plants homozygous for
PMLBART::;pOp::CLF. The F1 progeny of this cross were selected on hygromycin and

BASTA® (PTT) herbicide.

To confirm the expression of the LhG4 driver lines, pSTM::LhG4, pKNAT2::LhG4 and
p650::LhG4 were crossed to pOp::GUS. Figure 6.3 A shows B-glucuronidase activity in a
pPSTM::LhG4 pOp::GUS seedling, confirming pSTM is expressed in the shoot apical
meristem (SAM) and is not expressed in leaves. Figure 6.3 B shows -glucuronidase activity
in a pKNAT2::LhG4 pOp::GUS 14 day old plant, confirming pKNAT2 is expressed in the
SAM. For the confirmation of the late leaf promoter p650.::LhG4, refer to Chapter 4, Figure 4.

4 for the p650::LhG4 driver line expression.

6.iii.  Approach II: Introducing CLF into the CRE lox recombination system

Approach Il was chosen in order to generate mosaic plants. Mosaic analysis has been little
applied to address epigenetic questions in plants. As plant cell fate appears to be less rigidly
determined compared to animal cell fate, it is relevant to address whether plant Pc-G

proteins have similar mitotic stability and autonomy of action as animal Pc-G proteins.
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Figure 6.3 pSTM::LhG4 and pKNAT2::LhG4 expression in the SAM
pSTM::LhG4 and PKNATZ2::.LhG4 driver lines were crossed to the reporter
transgene pOp::GUS. (A) F2 seedlings show pSTM::LhG4 is expressed in the
SAM and not in the leaves. (B) 25 day old F2 plant showing pKNATZ2::LhG4 is

expressed in the SAM and not expressed in leaves.
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Approach Il differs to approach | as CLF+ activity is precisely controlled by heat-shock. The
stochastic nature of CRE recombinase provides the opportunity to dissect CLF action in
organs and cell types that have lost CLF+ activity, c/f- cells will be surrounded by CLF+ cells
in the same tissue and organs. The expression of GFPgr allows us to use florescence

microscopy to identify cells in which CRE lox recombination events have occurred by.

In order to create marked clonal sectors that are c/f- in a CLF+ background, CLF was
introduced into the CRE lox recombination system. The 7.5 Kb genomic fragment that spans
the CLF locus is sufficient to complement clf- mutants (Schubert et al. 2006) and therefore,
has all the necessary regulatory sequences for CLF function, was amplified by PCR using
high fidelity Phusion® DNA polymerase, was cloned into pGEMTeasy® and cloned as a Nofl
insert into the binary vector pCB1. The pCB1 binary vector contains the recombination
cassette consisting of a CRT7 conferring resistance to kanamycin resistance flanked by two
bacteriophage lox repeats (Figure 6.4). This separates and prohibits the 35S constitutive

promoter from inducing GAL4VP16 transcription and transactivating GFPgg (Figure 6.4 A).

6.iv. pCB1::CLF complements c/f-28 and clf-28 swn-7 mutants

Due to the low fertility c/f-28 homozygotes and the lethality of c/f-28 swn-7 homozygotes on
soil, pCB1::CLF was introduced into cl/f-28/+ and clf-28/+ swn-7 plants by floral dip
transformation. Primary transformants were selected on BASTA® (PTT) herbicide to select
pCB1::.CLF transgene and independent plants were harvested. T2 seed of independent
transgenic lines were selected on kanamycin for c/-28. pCB1::CLF complemented the c/f-28
phenotype (Figure 6.5) therefore clf-28 homozygotes cannot be identified by phenotype. T3
lines showing 100 % kanamycin resistance, therefore homozygous for clf-28, were scored

for clf-28 phenotype to identify lines carrying a single locus insertion of pCB1::CLF.

6.v. Creating clf- deletion sectors by heat-shock induction

In order to create clf- sectors, pG7HSCREII in a Columbia-0 background was crossed to clf-
28 and clf-28/+ swn-7. The pG7HSCREII transgene contains the CRE recombinase driven

under the Arabidopsis HSP18.2 heat-shock promoter. Upon heat-shock, CRE recombinase
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Figure 6.4 pCB1::CLF construct and the CRE lox recombination system used to
create clf- cells
(A) The 7.5 Kb full length genomic CLF was cloned into pCBT7 inserted at a Notl site.
pCB1::CLF contains the recombination cassette consisting of the CRT1 resistance gene
flanked by two bacteriophage /ox repeats. This stops the 35S constitutive promoter from
inducing GAL4VP16. (B) Upon heat-shock the CRE recombinase mediates stochastic
lox recombination and two products are created. A circular piece of DNA with the
excision product, CRT? and CLF. The 35S promoter drives GAL4VP16 and activates

GFPgg Cells that lose CLF+ activity are marked by GFPgg.



Figure 6.5 pCB1::CLF complements c/f-28 mutants

The progeny of primary transformants (that had been selected on BASTA® (PPT)
herbicide resistance), were selected on kanamycin. T2 lines that conferred 100%
kanamycin resistance (homozygous for cl/f-28) were transferred to soil, grown in LD
at 24 °C and scored for the wildtype phenotype, showing complementation by
pCB1::CLF. (A) Complementation of homozygous c/f-28 by pCB1::CLF and (B)
sibling homozygous cl/f-28 that does not contain the pCB71::CLF transgene. Scale

bar 1 cm.
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mediates stochastic lox recombination excising CLF from pCB1::CLF resulting in the loss of
CLF+ activity (Figure 6.4 B). The 35S constitutive promoter then drives GAL4VP16
expression that in turn activates expression of endoplasmic reticulum (gg)-localised green
fluorescent protein (GFPggr). Cells that have lost CLF+ activity are marked by GFPgr and

easily identified by fluorescence microscopy.

6.vi. Conclusion

Novel roles for CLF and SWN in leaf and flower development are difficult to address due to
the severity of clf- swn- mutants. Two approaches were created to further the current
understanding of the roles of CLF and SWN in leaf and flower development. CLF was
introduced into the LhG4/ pOp transactivation system in order to transactivate CLF early and
late in plant development in a Pc-G null background. The CRE lox recombination system
was designed to generate GFPgr marked sectors that lose CLF+ activity in clf-28 and clf-28
swn-7 mutant backgrounds. It is hoped that clonal analysis in leaves and flowers will provide
insight into the development roles of CLF and SWN. Due to time limitations, these systems

were not further characterized in this thesis.
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7. Discussion

7.i. Main aims of this thesis

The main aims of this thesis were to;

) Investigate the role of CLF in regulating flowering time in natural populations of A. thaliana.
II) Determine whether Pc-G mediated silencing is reversible, testing i) if Pc-G mediated
silencing could be overcome during late leaf development and ii) whether transient activation
of AG in leaf primordia is epigenetically stable.

[ll) Address whether the activation of a Pc-G target, AP7, required the removal of
H3K27me3, testing whether H3K27me3 mediated by Pc-G complexes is sufficient to silence.
IV) To develop two approaches to dissect the roles of CLF and SWN in leaf and flower

development by targeted expression.

7.ii. A polymorphism in CLF does not regulate flowering time in natural

populations of A. thaliana

Through genome-wide association mapping, a polymorphism in CLF was identified with a
high pairwise haplotype score (a system that based on the estimation of the shared length
around a polymorphism compared between individual haplotypes) suggesting it could be
under natural selection. A. thaliana accessions that contain the ThrGly polymorphism in CLF
showed a reduced SD to LD flowering time ratio, indicating that they are less sensitive to
photoperiod. We were able to confirm that the Edinburgh-0 accession, that contains the
ThrGly insertion, has a reduced SD to LD flowering time ratio (expressed as a ratio between
the number of days to flowering under SD to LD) under standard growth conditions (Figure
3.2). CLF alleles were cloned from Columbia-0 and Edinburgh-0 and compared in an
isogenic background, which was homozygous for c/f-28, a null allele of CLF. Our data did not
support the hypothesis that the flowering time phenotype was caused by the ThrGly

polymorphism in CLF.
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There is considerable natural variation in flowering time in A. thaliana, mostly due to allelic
variation in FRI (Johanson et al. 2000). As previously mentioned in the Introduction, FRI/
regulates flowering by promoting FLC expression. FRI+ alleles are late flowering (due to FLC
expression), whereas, fri- alleles are early flowering and have been reported to be under
selection (Johanson et al. 2000). The Columbia-0 accession is fri- and as such the different
alleles of CLF were compared in a fri- background. It is of interest to note that the accessions
carrying the ThrGly insertion are in a FRI+ background. In FRI+ backgrounds, it is plausible
to consider that the need for epigenetic silencing of floral target genes could differ to that in a
fri- background due to the need of vernalization. Shindo et al reported variation in the
vernalization response showing that accessions required different periods of cold to ensure
FLC silencing (Shindo et al. 2006). FRI+ accessions require long vernalization, including
Edinburgh-0. Although, clf-28 is in Columbia-0, a fri- accession, it shows a vernalization
effect, flowering earlier with 4 weeks vernalization treatment (J. Goodrich, unpublished data).
It would be of interest to repeat this investigation in a FRI+ background either, by inserting a
FRI+ allele into clf-28 or using a clf- homozygous null in a FRI+ background when such

becomes available.

7.iii. Pc-G mediated silencing of AG is reversible

The floral homeotic gene AG is regulated by CLF, being repressed in leaves and expressed
in stamens and carpels of flowers (Goodrich et al. 1997). In c/f- mutants, silencing of AG is
lost and AG becomes activated in leaves and organs (Figure 4.1 D and F). The mechanisms
involved in maintaining and resetting Pc-G mediated silencing are not fully understood.
pOp:AG-1::GUS is repressed in leaves by CLF, mimicking endogenous AG expression.
Under the late leaf driver line, pOp:AG-1::GUS is activated in rosette leaves, petioles, flowers
and expressed strongly in the vasculature, particularly the main veins in rosette leaves
(Figure 4.4). Yet, the late leaf driver line p650::LhG4 is expressed uniformly in older rosette
leaves (Figure 4.4). As pOp:AG-I::GUS was not activated in the full expression domain of
p650::LhG4, this suggests that Pc-G mediated silencing in different cell types is either

independent of other cell types or regulation of target gene expression differs in cell types. In
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clf- mutants ectopic expression of AG is mainly in the major veins in older leaves (Goodrich
et al. 1997). We suspect that this could reflect where the floral promoter, FT. FT is strongly
expressed in the vasculature and together with the p650::LhG4 driver line, this may activate
pOp:AG-1::GUS. The LhG4 transactivation system could provide the opportunity for proteins
to access AG, which could block CLF activity. If CLF is no longer present, the mechanism
that prevents transcription factors gaining access to AG would be lost, thereby allowing gene
activation. It would be necessary to grow pOp:AG-1::GUS p650::LhG4 lines in SD, where FT
is not expressed, to confirm whether FT is necessary for p650::LhG4 to reverse Pc-G
silencing of pOp:AG-1::GUS. To establish if CLF is lost from AG when transactivated under

the LhG4 trans-factor, ChlP analysis could be performed.

Activation of pOp:AG-1::GUS under the early leaf promoter pANT::.LhG4 reveals that Pc-G
silencing is reversible in plants, however, transient activation is not mitotically stable in the
absence of the LhG4 trans-activator (Figure 4.5). pANT::LhG4 is not expressed in older
leaves (Figure 4.5). B-glucuronidase activity was analyzed in pOp:AG-I::GUS pANT::.LhG4
plants, surprisingly showing that activation occurs throughout the pANT::LhG4 expression
domain (Figure 4.5). This indicates that Pc-G mediated silencing is overcome and reversible
early in development, but transient activation of a Pc-G target is not mitotically stable in the
absence of the inducer. These results suggest that the LhG4/ pOp transactivation system
can overcome Pc-G mediated silencing of AG during early leaf development, yet, Pc-G
silencing is re-established in the absence of the inducer in older leaves. To propose that CLF
re-establishes silencing of pOp:AG-I::GUS in leaves when activated in leaf primordia, the
system must be compared in a cl/f- background. However, as pOp:AG-I::GUS is activated in
clf-2 mutants, it would be difficult to distinguish the B-glucuronidase activity of pOp:AG-
I::GUS activated by pANT::.LhG4 and activation of pOp:AG-/::GUS due to the loss of CLF+
activity. Transient activation of pOp:AG-/::GUS could be further investigated using the
Dexamethasone inducible LhGR/ pOp transactivation system. This would allow transient
activation to be controlled at any stage of plant development through the application and

removal of steroid. LhGR lines have been crossed to pOp:AG-I1::GUS to test whether
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transient activation of pOp:AG-I::GUS can lead to stable activation following withdrawal of
the steroid. However, the limitations of this system include the uneven uptake of steroid and

the persistence of the steroid would lead to variation in the results.

The stable activation of Pc-G target AG illustrates Pc-G silencing is reversible. Is this
activation of AG associated with changes in mitotically heritable histone modifications?
Chromatin remodelling has been defined as ‘any event that alters the nuclease sensitivity of
a region of chromatin’ (Aalfs & Kingston 2000). Compacted chromatin might result in
blocking transcription factors to DNA, associated with the ‘closed’ chromatin conformation.
This model appears over simplistic and there has been very little evidence to support it. A
previous study by McCall et al suggests Pc-G mediated silencing does not exclusively block
all DNA-binding proteins (McCall & Bender 1996). In Drosophila Pc-G mediated silencing
inhibited GAL4-dependent transcription, however it did not inhibit the bacteriophage T7 RNA
polymerase (T7RNAP) that was used to probe DNA accessibility in the Bithorax complex
(McCall & Bender 1996). Pc-G mediated silencing could be specific and inhibit promoter and

transcription factor interactions, or block trxG proteins gaining access to target genes.

Previous work by Schubert ef al (Schubert et al. 2006) using a Dexamethasone inducible
CLF transgene (pCLF::CLF-GR) demonstrated that the removal of CLF late in development
resulted in the stable activation of AG. This illustrates that activators of AG are present in
leaves but CLF normally prevents them from activating AG there. Therefore, activators that
are normally present in leaves are unable to gain access to AG in leaves, yet the LhG4
trans-factor is. To deduce whether Pc-G repression is easily overcome by the high levels of
expression of the artificial LhG4 trans-factor, we can envisage the 5 x Lac Op sequences are
bombarded by GAL4 molecules and varying amounts are able to actually gain access to the
Lac Op sites and transactivate AG (Figure 7.1). Pc-G mediated silencing is associated with
covalent histone modifications believed to remodel chromatin, rendering transcription sites
inaccessible to transcription factors (Ringrose & Paro 2004). Yet, the activation of pOp:AG-

1::GUS by LhG4 trans-factor indicates that Lac Op sites are accessible to GAL4 molecules.
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Figure 7.1 Model for overcoming Pc-G mediated silencing
(A) PRC2 mediated chromatin remodelling leads to chromatin conformations in which
transcription factors are not able to gain access, but smaller proteins, for example GAL4
can. (B) Pc-G mediated silencing renders target genes inaccessible, but high
concentration of protein (for every 10 molecules, 1 can gain access) overcoming
silencing. (C) GAL4 gain access either when PRC2 complex is reset during mitosis, or by
blocking the accessibility of PRC2 to re-establish the repressive mark, thereby allowing
transcription factors to gain access. (D) Target gene silencing is maintained in a silent
state by Pc-G directed H3K27me3 marks. (E) Transcription factors gain access to Pc-G
marked sequences when the epigenetic code is being reset, for example during S-
phase. The binding of transcription factors during this time prevents the Pc-G marks

being re-established, resulting in loss of silencing.

103



Accessibility of GAL4 to Lac Op sites would need to be quantified in order to establish the
ease in which GAL4 molecules bind to the Lac Op sites. The genomic location of the
transgene pOp:AG-/::GUS within the genome could also be confirmed, to compare the
higher order structure of the sequence to that of endogenous AG, presumably,
heterochromatin. For this, ChIP analysis could be performed using antibodies against

histone H3, with primers specific for the transgenic AG and endogenous AG.

Transient activation of pOp:AG-I::GUS in leaf primordia was not mitotically stable in the
absence of pANT::LhG4 inducer. We hypothesize that H3K27me3 is not removed when a
Pc-G target is activated (based on the results of Chapter 5) and that Pc-G silencing is
overcome, but upon the removal of LhG4 trans-factor, silencing is reset, assisted by the
presence of H3K27me3. Alternatively, H3K4me3 is recruited to AG and either competes with
or removes H3K27me3 (Schatlowski et al. 2008), then in contrast to popular belief the active
state may not be mitotically heritable. To address whether activation of a Pc-G target results
in the loss of H3K27me3 and/ or gain of H3K4me3, the histone dynamics at pOp:AG-1::GUS
could be characterized by ChIP analysis in both wildtype and c/f- mutant backgrounds.
Further questions to consider are; once Pc-G silencing is re-established following transient
activation, are histone modifications reset to the same as in a continually maintained Pc-G
target? The current view of Pc-G and trxG silencing associated with histone modifications

being epigenetically maintained may no longer be accurate.

7.iv.  Activation of Pc-G target, AP1, does not require the removal of

H3K27me3

In LD, the floral promoter FT is expressed and interacts with FD, regulating the expression of
floral meristem gene, AP1. The enhancement of the 35S::FD phenotype upon shift from SD
to LD illustrates that FT can interact with FD, not only in the inflorescence meristem, but
when FD is expressed throughout the whole plant. Target genes that are normally confined
to the floral meristem become activated in leaves in 35S::FD background when shifted to LD.

AP1 is maintained in a silent state throughout vegetative development by Pc-G directed
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H3K27me3. How FT and FD activate the floral meristem gene AP7 is unknown. The
activation of endogenous AP7 under its own transcription factors FT and FD provided the
opportunity to address whether activation of a Pc-G target required the removal of

H3K27me3.

AP1 is a target of CLF and is enriched for H3K27me3 (Zhang et al. 2007) and becomes
activated in 35S::FD plants in LD (Figure 5.2 and 5.6). The activation of AP7 occurs in the
presence of CLF, in agreement with the conclusions drawn from the activation of AG
discussed in Chapter 4. ChIP analysis at the endogenous AP7 locus, was performed in
35S::FD upon shift from SD to LD, revealed that H3K27me3 was not lost upon shift to LD,
nor accompanied by the gain of H3K4me3. The activation of AP1 appears to be independent
of its histone modifications, revealing that the activation of a Pc-G target does not require the
removal of H3K27me3. This suggests that this could be a general mechanism in which
histone modifications are independent to gene transcription if transcription factors are
present. This highlights the flaws and simple nature of the proposed model for covalent
histone modifications epigenetically maintaining gene expression states by modifying
chromatin to form ‘open’ and ‘closed’ conformations. The accessibility of transcription sites of

a Pc-G silenced target gene may not be as restricted as previously thought. (Figure 7.1)

It would be necessary to repeat the ChlIP on 35S::FD following shift to LD over a longer time
course, to test whether histone modifications are passively removed over many cell
divisions. If specific regions of H3K27me3 are lost, transcription factors that are present can
gain access to the transcriptional start site, yet H3K27me3 is still present at the AP7 locus.
This hypothesis may explain how activation of a Pc-G target can occur. Also, we could use
antibodies against heterochromatin and histone H3 in order to test whether the chromatin
state alters, allowing accessibility to transcription factors. Profiling histone enrichment
spanning the entire gene would also be important to further understand the relationship

between relative enrichment of histone modifications and gene transcription.
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The activation of a Pc-G target under endogenous transcription factors does not require the
removal of H3K27me3. This implies H3K27me3 is not sufficient for silencing. We predict that
because AP17 is stably activated but retains H3K27me3, this may facilitate silencing of AP1
when 35S::FD plants are returned to SD. In order to confirm this, 35S::FD plants would need
to be shifted back to SD and AP7 expression quantified. Analyzing B-glucuronidase activity
in 35S::FD AP1::GUS plants following shift to SD after LD, would not correlate with
expression of AP1, due to the persistence of the GUS protein. To test whether AP1 is stably
silenced following the shift back to SD, RT-PCR of AP over a time course would need to be
performed in order to confirm resetting AP17 silencing. However, it would be difficult to
ascertain whether this is due to the presence of H3K27me3 or the absence of FD/ FT
interactions. The results of Chapter 5, as well as Chapter 4 illustrate that Pc-G mediated
silencing is reversible, indicating Pc-G silencing is not as stably inherited as once believed,

at least in these circumstances.

The activation of endogenous AP7 by its own transcription factors, FD and FT in leaves,
indicates that the AP7 promoter sequence is accessible despite the presence of Pc-G
proteins as well as the repressive mark, H3K27me3. One hypothesis that could explain
these results could be associated with the accessibility of the promoter during the cell cycle.
Taken together, the fact that Pc-G proteins are lost during the cell cycle and histones are
randomly distributed following cell division (Schubert et al. 2006), it is possible transcription
factors gain access prior to Pc-G silencing being re-established following cell division. Given
that activation of Pc-G targets does not require the removal of H3K27me3 indication that the

histone mark itself may not be sufficient to silence.

Pc-G mediated silencing in plants could be similar to that in animals, whereby H3K27me3
recruits other chromatin modifiers to target genes, promoting stable target gene silencing.
Although, plant PRC1 complexes have not yet been identified, it is possible that other
proteins could fulfill the function. In this view, H3K27me3 is still necessary to promote

silencing by establishing target gene recognition.
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7.v. Using targeted expression to dissect the roles of CLF and SWN during

leaf and flower development

The two approaches have been designed to enable the dissection of the roles of CLF and
SWN late in leaf and flower development. By introducing CLF into the LhG4 transactivation
system and CRE lox recombination system provides the opportunity to identify new targets
and novel developmental roles for CLF and SWN. These systems provide the opportunity to
address whether Pc-G mediated silencing has similar mitotic stability and autonomy of action
in plants as in animals. This has not been carried out due to time restraints. However, the
systems created and discussed in Chapter 6 will provide the Goodrich group with the
necessary tools to characterise new phenotypes and associated with the loss or gain of

CLF+ activity.

The CRE lox recombination system has previously been demonstrated to be effective
analysis of roots (Heidstra et al. 2004). It is easier to identify sectors in uncovered
transparent cell types like in roots, unlike leaves and flowers. The advantages of using the
CRE lox recombination system is the generation of marked sectors that lose CLF activity at
different developmental stages. The clf- sectors created will be marked by GFPgr allowing
visualization of cells that have lost CLF+ activity. Also, when pCB1.::CLF is excised, all CLF+
activity is lost, whereas RNAi and steroid-inducible systems can be permeable and one
cannot be sure that all CLF+ activity has been removed. It will be necessary to distinguish
plants that have a single locus insertion of pCB1::CLF as well as a single copy at the single
locus insertion site. Due to stochastic recombination excision events, it is unlikely more than
one copy of pCB1::CLF would be excised at the same time. Thus, the compensatory effects
of pCB1::CLF would complement cells if one copy remained. Plants showing 3:1 segregation
for pCB1::CLF will be analyzed by Southern blot to establish the number of transgene
insertions. The lines that have been established to have single locus insertions of pCB1::CLF
will be crossed to the heat-shock inducible line. As recombination events are stochastic and
mitotically independent, it is hoped that by heat-shocking young seedlings, large clonal clif-

sectors will be created.
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Creating clf- cells that are surrounded by CLF+ cells will provide insight into whether CLF+
action is cell intrinsic. If CLF+ activity is cell intrinsic, silencing of AG in a CLF+ petal sector
will not be affected by the activation of AG in neighbouring clif- cells. The next step would be
to characterise the effects on candidate target genes. Promoter::GUS reporter constructs
could be introduced into the lines either by genetic crossing of reporter lines or introducing
transgenes by floral dip transformation. B-glucuronidase activity would be analyzed in the
transgenic plants, showing whether the promoter::GUS reporter transgene is activated within
and around the clf- sectors created. To monitor the effects on target gene expression,
reporter::histone2B:YFP (YFPy9g) constructs could also be created that would allow sectors
to be analyzed for GFPgg (loss of CLF+ activity) and YFPy5 (target gene) expression. The
florescent makers can be distinguished by confocal microscopy by intracellular location
(cytoplasmic or nuclear) as well as having different spectral properties. To identify post-
mitotic stages of leaf development, CYCLIN::GUS reporter lines could be introduced into the

transgenic lines by genetic crossing.

7.vi. What is the mechanism of Pc-G mediated silencing and how reversible
is it?
Alike in Drosophila, Pc-G mediated silencing in plants could provide the establishment of the
initial repressive mark; H3K27me3. This histone modification could act as a guide to recruit
other chromatin modifiers that promote stable long term silencing. The results described in
Chapter 4 provide evidence to contradict the stability of Pc-G silencing in plants. The results
described in Chapters 4 and 5 provide evidence against the Pc-G silencing in plants and
suggest that transcription factors are able to access Pc-G marked sequences. It is possible
that access is limited to periods when the epigenetic code is being reset, for example during
S-phase. The binding of transcription factors during this time could prevent the Pc-G marks

being re-established resulting in loss of silencing (Figure 7.2).
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Figure 7.2 Model for reversing Pc-G mediated silencing
(A) The PRC2 complex is recruited and directly binds to target gene DNA,
directing H3K27me3, promoting chromatin remodelling. This blocks
accessibility to transcription factors. (B) H3K27me3 mark could act as a guide
that recruits other chromatin modifiers to promote stable long term silencing in
plants, similar to that in animals. (C) GAL4 molecules can gain access to Pc-
G marked sequences when the epigenetic code is being reset, for example
during S-phase. This then blocks PRC2 from re-establishing the repressive
mark, which hinders the recognition of other chromatin modifiers to target
sequences. (D) The binding of GAL4 during this time could prevent the Pc-G
marks from being re-established resulting in loss of silencing. Transcription

factors are then able to gain access leading to gene activation,
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Although stable activation of a Pc-G silenced gene has been shown in Chapter 4, we have
not shown whether CLF and H3K27me3 have been lost, or shown the gain of trxG and
H3K4me3. It is not clear whether activation of Pc-G silenced genes occurs by a reversal of
the process by which the genes were initially silenced or by a change that allows expression

despite the 'marks of silencing' still being present.

The results described in Chapter 5 show that activation of a Pc-G target gene does not
require the removal of H3K27me3. This result not only suggests that this repressive histone
modification may not indicate silenced gene transcription states, but that a specific
mechanism to remove the mark (for example a H3K27me3 demethylase) may not be
required to allow gene transcription. A detailed analysis comparing histone modifications and
gene transcription of reactivated genes would be required to determine if this result is

general or specific to this system.

The accessibility of transcription factors to Pc-G modified chromatin in the presence of
H3K27me3 provides evidence that Pc-G silencing may not be as stable as in Drosophila.
However, this may in part be associated with the activity of other chromatin modifiers
that interpret H3K27me3 differently. Pc-G silencing in plants could provide dynamic control
of gene transcription, allowing gene activation or gene silencing to be reassessed following

environmental cue or internal signal.
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9. Appendix

9.i. Alignment of CLF to Petunia and Antirrhinum-like CLF

GenBank association numbers CAA71599 (CLF), AB098523 (PhCLF1), AB098524
(PhCLF2) and AB098525 (PhCLF3). AntCLF1 and AntCLF2 sequences were taken from the
Antirrhinum majus genetic and genomic database (www.antirrhinum.net).

1 50

CLF (1) MASEASPSSSEERSEPPKDSPAEERGP---BEKEVSEVIESLKKKEARDR
AntCLF1 (1) -MSEPKES--TSRSBROVAGROEERR-——-SKOKESEVINSF SKKFASDS
AntCLF2 (1) -MSAPKESPEESGSBHTVAGQOGER-—-—- SAREVIEVIPSrRKKEVENRR
PhCLF1 (1) --SEBNESDSOLOP-LNNHLPDVQPEGTTVEPDEVLEVIPSIKERVAFER
PhCLF2 (1) -MBASNESLSVPRSOITDELMFPEPEEATVEEDEVLSV IELLKKEVASAR
PhCLF3 (1) MESSESKSSEESPISTKSHEEHERDS-——-S8-SETYGINQOLKRKEOADR

51 100

CLF (48) CISERRREDENKKNLFAETOSFMRSSMERG----GSCKDGSDULVKRORD
AntCLF1 (44) BSYIEKRMVENIERGLDVARNEYRLSLPRRNFKIIEGDDRSEDILSKROKD
AntCLF2 (45) BEYTIORRMNENSERWLDVIKDLYKLSVERKSFKITDADRSVDLLEKROKD

PhCLF1 (48) BHYIRKKRVEGNTOKLEDETKDLYNLATERKSLEWFGADRTIVDLLAKROKD
PhCLF2 (50) BDYMERRAEKNAQKLPDVTKDLEKSSTERRNLVIHGAD-SVDILSKROOD

PhCLF3 (46) VLSWRDERHEENKRNLEKHVSELYLEBTSRSDTVKNSES--GKMLSLRVAN

101 150

CLF (94) BPGMKSGIDESN----NNRYVEDGPASSEMVOGSSNPVK I SERPIKN-DE
AntCLF1  (94) BEDMENDEASxSEBTESSSSREDEYASSAVITGHSE 1VRNAY L BENEPEY
AntCLF2  (95) BTDMANGECTSNEDNESsSEoBDEYASSATIIGSSTAVKNAVRETRIPEY
PRCLEL  (98) AEDMONGIDTSHGDDPSNSSEBDGYATSAILLGSSIAVKNAVREIKLZEV
PhCLF2  (99) AEDMHNGIDSSNGDNDSNSSEDDGYASSAILLGSSIAVKNAVRRITLZEH
PhCLF3 (94) PECKVGEBELQGSE-—--—- DRPYBNBEEVHSS—————————- TTAREPVE
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151 200

CLF (140) KRESPYTTWHFLDRNQRMIEDQSVVGRRRIYYDQTGEEALICSDSEE---
AntCLF1 (144) ORDBPYTEWIFLDRNQRMPEDQSVNWGRERIYYDONGEEALICSDSEEGMT
AntCLF2 (145) KREPPYTEWIFLDRNORMIEDQSVEGRRRIYYDGSGEGEALICSDSEE———
PhCLF1 (148) KREPPYTEWIFLDRNORMIEDQSVVGRRRIYYDONGEETLICSDSBE-—-
PhCLF2 (149) RREPPYTEWHFLDRNORMIEDQSVVGRRRIYYDONGEGEALICSDSEE———

PhCLF3 (128) EREPPYTIWIFLDRNQRMAEDQSVVGRRRIYYDKHGSEBLICSDSEE-——

201 250

CLE (187) ————————————————-] EABPDEEEKRBr LEPEDYIBRMTEE OHGLSBSV
AntCLF1 (194) IEEVGLSDTTLDVLARYQREDDEBSKRVFEBESED¥IL-————————————
AntCLF2 (192) ————————————————— EANEDEBSKREFGESEDYILRMTINEAGLSHTT
PhCLF1 (195) ————————————————— EVEDEEEEXKRVFEEPEDYNLRMTIEENGLSNTV
PhCLF2 (196) ————————————————- EGEEDEEEKKREFVESEDEMLRMAIKOMGLSDTV
PhCLF3 (175) ———————————————— P1AEPEEGKREF SEGEDKIEWMA SQEF GLSEEV
251 300

CLF (220) EAELASELSRSESEIKARHGVIMKEK--——--——- EflSESGDNQAESSLENK
AntCLF1 (231) ——————- LCRKESETIKERYEDLVKSGERNIY-—-LENHETDEGFVNP HENO

AntCLF2 (225) LDLLAQELSRKSEDIKERYEDLERNGNALC---HUSNENTEESVNPELDK
PhCLF1 (228) LDLLEKCLSRKrSBVKARYEDLVKEDNAGT---SKNO-YMESSEDLELAK
PhCLF2 (229) LDLLAQCLSRKPSEEKARYEDEVKEENACV---SKNE-SIEGEVDFELDK
PhCLF3 (208) LDELAH¥NGGTESEILERCNVLSEKH@DTDGKSLKDSGESGESRGTIBLDK

301 350

CLF (263) DMEGAEDSFDNEFCRRCEVEDCRLHGCSODLEEPAEKPEPCPPVDENLT
AntCLF1 (271) DEDEAEDSFDNWECRRCFVEDCHELHGCSODLUEPSEKOSEWS CLDVERNE
AntCLF2 (272) DEDAAMDSFDNLFCRRCEVEDCRLHGCSQDLWMEPPEKQLEWSGLDVEKEP
PhCLF1 (274) DEDEAEDSFDNEFCRRCEVEDCRLHGCSODLEEPAEKQLPWHCSNABMEP
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PhCLF2 (275) DEDAAEDSFDNEFCRRCEVEDCRLHGCSODLEILTAEKOSEWHSPDADKEP

PhCLF3 (258) SHESEASDSFDNEFCRRCEVEDCRLHGCSOMLEDABEKGPYSSDSEDBGKE

351 400

CLF (313) CGANCYRTLEKSGRFPGYGTIEBKTGTSSDG--BGTKTEPTKFSSKLNGR

AntCLF1l (321) CEPDCHREVENAEEKNKESYEQEDLEEKDSP-————- ASTVTESDMHKME
AntCLF2 (322) CGPNCHRLAErEEKARSASNGABMOMOKRE-—————————— 0B-GLSVER
PhCLF1 (324) CGPNCY¥SLAKKFEENATN ISPOCASHEEKNVLPEDVASNTQLPGREHVSR
PhCLF2 (325) CGPNCYRLAFKKESKATHErPOLAIHGENPVQPEEVANSTQOVEAGRKHVSR

PhCLF3 (308) CSD@CYLKVKG————————————————————m—— o ————————

401 450

CLF (361) KPKEFPBESASSNEKCALEESDSENGLO@DTNSDRVESSPKVKESG-RRV
AntCLF1 (365) KSKSCQGE--—-—--—---——- SBSsSVIRPMNDWT1.SLKGPEARAKCE——————
AntCLF2 (360) KSKSCOSE--——---—-—- SESSSEIRSUNDETS SLKCSBARKFE-——-——

PhCLF1 (374) RSKSSQGEGAPSNARAVSESSDSEIRPENDUTSNKCESSPTKSKSDSKDG
PhCLF2 (375) RSKSrQOEEsSHSSNARNISESSDSEIRPEKDETSVEWEVSESKTKSDCNGD

PhCLF3 (319) ——————————————————— BcDP SKHSTVDEPQGPGEGDBEEHT ——————

451 500

CLF (410) GRERNKNRWAERVPRKTOKROKKTEASPHSDSEASESCSPSDAKH-———- K
AntCLF1 (399) SDKRSSKRUABNVIVAKOKROKKTARSHSDPEAGERFSLVNIGN---8S0
AntCLF2 (394) SDKRSSKRIAESVLVAOKKROKKTVASESDPWAGCSVSLKDINIRNGSRR
PhCLF1 (424) SNKRNSKRIAEHVLVASKNKOKKMTALEBDSVWASGESLGSKGINLHSISRK
PhCLF2 (425) ENKRNNKRIAEPVE2AAIKKROKKMTPMEPDS---GNOASKDINECSNSHE
PhCLF3 (344) -DGRMEHGASBSECTTMERSDLVEDDOODSSCK-——————————————- R

501 550
CLF  (455) DNEDAESES0oKHVKSGNEGKSRENGEPAEVSNNSNKDBVEVEOSNEVASE
AntCLF1 (446) EEEDESE--SLKVKYESPGRPRSKECPVLESEKSEPGVEARASASNEKVSN
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ANtCLF2 (444) ENEDSSS--SOKLKSTSSEKSRRRCEE:rESDKEOGEEA  GASNES:CH
PRCLF1  (474) ENGDVSS>-SOKACCHSERESRER:EPYTHSENSO6K A1 000L 1EHTS:
PhCLF2  (472) BVEDVSSH- SORAPR:NCRESKRRDCAYLS SENSEOGHESSC0Y«ENTSD

PhCLF3 (377) RKLSVPEHVSVGAEDGSESNEISIIENDYVSHSPAPDPIGYNHSISLHKT

551 600

CLF (505) LDEPGSPESLERKEEEMGETVSRGREATNRLWRPHEKSLEDKGUEIFGMNS
AntCLF1l (494) -LTHEESNBLEKEEFEDENKYPQELIDNKGWRPEEKALEEKGEQOIF GRNS
AntCLF2 (492) QpPVDEIGHIERKEEEVDENMHKOENVDNKSWRPrEKALEBKGEETF GRNS
PhCLF1 (523) KPEENCBGMSRKNEEVGENNCKOEEDGIKSWRPEEKALEEKGHEENMFGRSS
PhCLF2 (521) KCGHESEPFLRKNEFVDENNCKOKEDGDKSWRPLEKALEEKGEEMEGRSS

PhCLF3 (427) GDEARSEGEDTKMEIVKOASE---EXKNLOEWKPEEKELESKGHMELEFGRNS

601 650

CLF  (555) CEEIARNLESGFKECWEVEQYMTCSENKASFFGEGDGEN--PBGSSKFDING
AntCLF1l (543) CHFARNLMSGEKSCSEVEGYMHREEIRKEEFSOETDGEN-ErcBCSKVESN-
AntCLF2 (542) CEIARNLMNGEKSCVEVERYMHHSEKKMESEENDGRD-PAPSHLKADEN-
PhCLF1 (573) CLIARNLMNGLKECWEVEQYMNNSGNKEESGEGDCMNGHrECGSNGDER-
PhCLF2 (571) CMIARNLMNGEKECGEVEQYMNNS-EDMLSRVEYCUNEMLEGSSREDAN-

PhCLF3 (474) CHEARNLEPGEKECMEVSSYMDGG————- BrBEORGS SEARLFEEDNEGNEDM

651 700

CLF  (603) NMUNNOVRRRSRELRRRGEVRRLKYTWKSABRYHSIRKRIFERKDOPCROE
AntCLF1l (591) ETVGGEBARRRSENLRREGRVRRLKYTGKSAGYOSFRKRISERKDOPCTOY
AntCLF2 (590) ETHEGGEARRRSRELRREGRVRRLKYIWKSAGYOSFRKRIBERKDOPCROY
PhCLF1 (622) ENMGNEPRRRSKELRRRGRVRRLKYTIWKSAGYHAIRKRISERKDOPCROE
PhCLF2 (619) GIVGNEARRGSKELRRRGRVRRLKYBWKSAGYHAFRKRISERKDOPCROY
PhCLF3 (519) BYMEPDMPTESRELRRRGRTRELKYBSKSAGHPSMWRRIBBGKNQSCION

701 750
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CLF  (653) NPCNCKIACGKECPCEENGTCCEKYCGCPRSCKNRFRGCHCAKSQCRSRQ
AntCLF1l (641) NPCEGCOBLCGKECPCEVNGTCCEKYCGCPRSCKNRFRGCHCAKSQCRSRQ
AntCLF2 (640) NPCGCOBACGKECPCIEVNGTCCEKYCGCPENCKNRFRGCHCAKSQCRSRQ

PhCLF1 (672) NPCBCOGPCGKECPCEVNETCCEKYCGCPRSCKNRFRGCHCAKSQCRSRQ
PhCLF2 (669) NPCNCQEPCGKECPCEVNETCCEKYCGCEN-CKNRFRGCHCAKSQCRSRQ

PhCLF3 (569) NPCEBC@PTCGKBCPCEONETCCEKYCGCSKECKNRFRGCHCAKSQCRSRQ

751 800

CLF (703) CPCFAADRECDPDVCRNCWHIGGDGSEGVPSORGDNYECRNMKLLLKOQO
AntCLF1 (691) CPCFAADRECDPDVCRNCWISEGDGSLGVPSORGDNYECRNMKLLLRQQQ
AntCLF2 (690) CPCFAADRECDPDVCRNCWISEGDGSLGVPSORGDNYECRNMKLLLKOQO
PhCLF1 (722) CPCFAAGRECDPDVCRNCWEISEGDGHIGHEPPORGDSHECENMELLLKOQO
PhCLF2 (718) CPCFAADRECDPDVCRNCWISCGDGELGTPSORGDNYECRNMKLLLEKQQQ

PhCLF3 (619) CPCFAAGRECDPDVCRNCWHSEGDGESGEPPROGH-GOCGNMRELLLEOQO

801 850

CLF  (753) RVLLEISDVSGWGAFLKNSVSKHEYLGEYTGELISHEEADKRGKIYDREN
AntCLF1 (741) RVLLERSGVSGWGAFLKNSVEGKHEYLGEYTGEMISHHEADKRGKIYDREN
AntCLF2 (740) RELLERSDESGWGAFLKNSVNKHEYLGEYTGEEDISHREADKRGKIYDREN
PhCLF1 (772) BRVLLERSDVSGWGAFLKNSVEGKHEYLGEYTGELISHREADKRGKIYDREN
PhCLF2 (768) RVLLERSDVSGWGAFLKNSVEKHEYLGEYTGEEISHHEADKRGKIYDRED

PhCLF3 (668) RELLEESHVEBGWGAFLKNPVNKNBYLGEYTGEEISHREADKRGKIYDRAN

851 900

CLF (803) CSFLFNLNDQOEVLDA¥RKGDKLKFANHSPEPNCYAKVIMVAGDHRVGIFE
AntCLF1 (791) [BSFLFNLNDQOEVLDA¥RKGDKLKFANHSPENPNCYAKVIEVAGDHRVGIFE
AntCLF2 (790) BSFLFNLNDOEVLDA¥RKGDKLKFANHSPDPNCYAKVEMAAGDHRVGIFE
PhCLF1 (822) BSFLFNLNDQEVLDABRKGDKLKFANHSPVPNCYAKVEMVAGDHRVGIFE
PhCLF2 (818) SSFLFNLNDOEVLDA¥RKGDKLKFANHSPAPNCYAKVIMVAGDHRVGIFE

PhCLF3 (718) ESFLFDLNDQEVLDA¥RKGDKLKFANHSSNPNCYAKVEBVAGDHRVGIFE
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CLF

AntCLF1

AntCLF2

PhCLF1

PhCLF2

PhCLF3

(853)

(841)

(840)

(872)

(868)

(768)

901 950
RERILAGEELFYDYRYEPDRAPEWARKPEAPGSKRDENVTPSVGRPRKLA
KERINAGEELFYDYHYOPERAPAWARKP GGASGAKREDAAPSNGRAKKHA
KERICAGEELFYDYRYEPDRAPAWARKPE-ASCGAKREEGAPSNGRAKKH-
NERICAGEELFYDYRYEPDSAPAWARKPE-ASGPRRDDAAPS SGRARKHT
KERICAGEELFYDYRYEADKAPAWARKPE-ASGTRRDDAAPSSGRAKKHT
REHIEASQELFYDYRYGEDOAP IWARKPE---ETRREDEP VPP GRPRKHO
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The Polycomb-group proteins (Pc-G) are transcriptional repressors that control many key developmental
transitions in plants. Recent whole genome profiling of the histone methylation marks that are character-
istic of the Pc-G have suggested many novel targets of Pc-G regulation. However, the number and nature
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1. Introduction

The Polycomb-group (Pc-G) genes are a large and miscellaneous
group of genes that were originally identified genetically, through
their role in regulating homeotic gene expression in Drosophila, and

Abbreviations: AG, AGAMOUS; BPC, BASIC PENTACYSTEINE; CLF, CURLY
LEAF; CYP71, CYCLOPHILIN71; EMF1, EMBRYONIC FLOWER1; EMF2, EMBRYONIC
FLOWER2; FIE, FERTILIZATION INDEPENDENT ENDOSPERM; FIS2, FERTILIZA-
TION INDEPENDENT SEED2; FLC, FLOWERING LOCUS C; ICU2, INCURVATA2;
MEA, MEDEA; MSI1, MULTICOPY SUPPRESSOR OF IRA1; PHE, PHERES; PRC1,
Polycomb Repressive Complex 1; PRC2, Polycomb Repressive Complex 2;
STM, SHOOTMERISTEMLESS; SWN, SWINGER; TFL2, TERMINAL FLOWER?2; VEL,
VERNALIZATION5/VIN3-LIKE; VIN3, VERNALIZATION INSENSITIVE3; VRN1, VER-
NALIZATION1; VRN2, VERNALIZATION2.
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were subsequently found to regulate development in other animals
and plants. They mediate transcriptional silencing of numerous
target genes, and this repression has been considered to be epi-
genetic, firstly because in some cases it has been shown to be
propagated through numerous rounds of mitotic cell division in
the absence of the original silencing signal, and secondly because it
is also reversible, for example between generations [1-3]. A major
breakthrough came in 2002 when several groups showed that four
of the Pc-G proteins associate in a complex - often termed Poly-
comb Repressive Complex 2 (PRC2) - that methylates histone H3
in animals [4-7]. Subsequently, it has emerged that this modi-
fication - specifically, trimethylation of lysine 27 on histone H3
(H3K27me3) - is a universal mark for Pc-G activity in plants and
animals. Although it remains unclear whether this mark is a cause
or a consequence of Pc-G mediated silencing [8], it has provided
a vital molecular lever for analysing Pc-G action. Here, we discuss
recent progress in understanding which genes carry this mark in
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plants, how it is deposited and interpreted, and how it may be
removed.

2. Writing and reading the H3K27me3 mark

In Drosophila, the recruitment of Pc-G complexes to their targets
is mediated by cis-acting sequences termed Polycomb Response
Elements (PRE’s, see [8,9] for review). No such elements have yet
been identified in any other species including plants, although
there has been some progress in defining cis-acting regions of
the Pc-G targets AGAMOUS (AG) and FLOWERING LOCUS C (FLC)
that are required for repression by Pc-G [10,11]. Analysis of two
other H3K27me3 targets SEEDSTICK and INNER NO OUTER [12,13]
identified the plant-specific GA/TC-binding protein BASIC PENTA-
CYSTEINE1 (BPC1) as an important regulator. GA-repeats can be
found in regulatory sequences of many other Pc-G targets such as
AG, FLC and SHOOTMERISTEMLESS (STM), however a link to Pc-G
silencing has not been revealed yet, as loss of BPC proteins only
leads to mild phenotypes [12].

In animals, the PRC2 contains four core subunits: ENHANCER
OF ZESTE [E(Z)], EXTRA SEX COMBS (ESC), SUPRESSOR OF ZESTE
12 (Su(z)12) and p55. Several PRC2 variants have been described
which differ in associated proteins and their activity or specificity
in histone methylation [14,15]. Although PRC2 complexes have
yet to be purified from plant extracts, the four core components
are conserved and there is strong genetic and biochemical evi-
dence to suggest that they associate to form at least three similar
complexes in Arabidopsis: the FIS (FERTILIZATION INDEPENDENT
SEED) complex which controls seed development, the VRN (VER-
NALIZATION) complex which mediates the vernalization response
and the EMF (EMBRYONIC FLOWERING) complex which represses
precocious flowering and flower development (Fig. 1, see [16,17]
for review). Whereas the Arabidopsis homologues of ESC and p55
[FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) and MULTICOPY
SUPPRESSOR OF IRA1 (MSI1), respectively] are likely a common
component of all three complexes, the three different homologues
of E(Z) [CURLY LEAF (CLF), SWINGER (SWN) and MEDEA (MEA)]
and of SU(Z)12 [EMBRYONIC FLOWER2 (EMF2), VRN2 and FIS2]
show differences in expression and target gene specificity that
suggest that they are specific for the different complexes which
have partially discrete functions [18,19]. Wood et al. [20] suggest
that the VERNALIZATION INSENSITIVE3 (VIN3) protein may repre-
sent an additional, novel component of the VRN complex as VIN3
was found to co-immunoprecipitate with VRN2 and several of the
other PRC2 core subunits. It is unlikely however that VIN3 is an
integral PRC2 component as it is only expressed during cold (ver-
nalization) treatments and therefore might mediate recruitment of
a vernalization-specific complex during cold treatments. VIN3 is a
member of a small gene family, termed the VEL genes, one of whose
members - VERNALIZATION5 (VRN5) - is expressed more broadly
and shows a more pleiotropic mutant phenotype raising the possi-
bility that the other VEL proteins are components of the EMF and
FIS PRC2-like complexes [21,22].

Different histone modifications do not all act independently, but
rather can antagonize or promote one another [23]. Two genes have
now been identified that may facilitate H3K27me3 methylation in
plants by catalysing other modifications. The PROTEIN ARGININE
METHYLTRANSFERASE 5 (AtPRMT5) gene is required for silencing
of the floral repressor FLC and encodes a histone arginine methyl-
transferase that catalyzes symmetric di-methylation of arginine 3
on histone H4 (H4R3sme2) both in vivo and in vitro [24-26]. Inter-
estingly, in atprmt5 mutants FLC does not acquire H3K27me3 during
vernalization, indicating a crosstalk between histone arginine and
lysine methylation. CYCLOPHILIN71 (CYP71) is a likely component

of Pc-G silencing as loss of function mutants show mis-expression
of Pc-G target genes and subtle reductions in H3K27me3 [27]. The
CYP71 protein binds histone H3 and is predicted to have proline
isomerase activity. A link to histone methylation is suggested by a
study in yeast showing that isomerization of proline 38 of histone
H3 towards the cis-form inhibits lysine 36 methylation, most likely
by changing the local conformation of the histone tail [28]. One pos-
sibility therefore is that CYP71 facilitates H3K27me3 by regulating
the isomerization of the nearby proline residue (H3P30). Both the
cyp71 and atprmt5 phenotypes are mild relative to those of Pc-G
mutants, suggesting that they are beneficial but not obligatory for
H3K27me3 or that they act redundantly with other proteins.

In flies and mammals, a distinct Pc-G protein complex (PRC1)
can bind H3K27me3 via the chromodomain protein POLYCOMB (PC)
and is thought to confer stable, long-term silencing [9]. However,
the PRC1 components are not conserved in plants, suggesting that
an alternative plant-specific mechanism for interpretation of the
H3K27me3 mark may have evolved. Consistent with this, several
recent studies indicate that the Arabidopsis chromodomain pro-
tein LIKE HETEROCHROMATIN PROTEIN1 (LHP1) [also known as
TERMINAL FLOWER?2 (TFL2)] might fulfil an equivalent role to the
PC protein. Firstly, tfl2/lhp1 mutants show overlapping phenotypes
with several Pc-G mutants [29-31]. Secondly, TFL2/LHP1 binds
H3K27me3 in vitro (but also H3K9me2 and H3K9me3) and genome-
wide profiling shows that it co-localizes with H3K27me3. Lastly,
H3K27me3 levels are maintained in the tfl2/lhp1 mutant indicat-
ing that TFL2/LHP1 acts downstream of methylation. Collectively,
this is compelling evidence that TFL2/LHP1 reads the H3K27me3
mark [32,33], see also the review by Turck et al. in this issue]. How-
ever, the tfl2/lhp1 mutant phenotype is very mild relative to severe
Pc-G mutants, so other proteins must also play a role. These need
not be chromodomain proteins, as other unrelated domains such
as the plant homeodomain (PHD) have also been shown to bind
methylated histones [34].

The plant-specific EMBRYONIC FLOWER1 (EMF1) protein was
recently suggested to be a functional analogue of the Drosophila
PRC1 component POSTERIOR SEX COMBS (PSC) as both proteins
can inhibit transcription in vitro [35,36]. EMF1 is required for floral
repression during vegetative development and emf1 plants display
a similar phenotype as the PRC2 mutant emf2 [37]. EMF1 binds
directly to several Pc-G target genes and at least for AG, binding
depends on EMF2. However, biochemical analyses indicate an inter-
action with the PRC2 member MSI1 and H3K27me3 at Pc-G target
genes is strongly reduced in emfl mutants, thus it is not entirely
clear at which step of Pc-G silencing EMF1 acts [35]. EMF1 also
binds DNA in a non-sequence specific manner, similar to VERNAL-
[ZATION1 (VRN1) which is required for the vernalization response
[35,38]. Like EMF1, VRN1 is plant-specific and might act in a PRC1-
like fashion: whereas H3K27me2/3 at FLC is not gained during
vernalization in the PRC2 mutant vrn2, the modification is largely
maintained in vrn1 mutants indicating that VRN1 acts downstream
of PRC2 [39-41].

3. Whole genome profiling suggests numerous novel Pc-G
targets

In Drosophila and mammals, whole genome analyses of the
H3K27me3 distribution revealed that the modification is not
restricted to single genes but may cover numerous adjacent genes
and extend over hundreds of kilobases [42-46]. The distribution of
PRC2 components correlates well with that of H3K27me3, although
in Drosphila they are more restricted to PRE elements whereas
in mammals they are more broadly dispersed. Intriguingly, PRC2-
mediated repression can be reversible as during differentiation of
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Fig. 1. Mechanisms and complexes of Pc-G silencing in Arabidopsis. Three PRC-like complexes have been proposed based on genetic and biochemical evidence: the VER-
NALIZATION (VRN), the EMBRYONIC FLOWER (EMF) and the FERTILIZATION INDEPENDENT SEED (FIS) complexes. (A) The PRC complexes are recruited to their target genes
by unknown mechanism, which could involve BPC proteins through binding of GAGA-DNA-repeats. VIN3 and possibly homologous VEL proteins are required for histone
deacetylation and might recruit PRC2 by protein interactions. (B) The H3K27me3 mark is set by the PRC2 complex catalyzed by the SET domain proteins CLF/SWN or MEA.
The H3K27me3 mark spreads over the target loci by unknown mechanisms and proteins. CYP71 might be involved histone H3 isomerization. (C) TFL2, a potential PRC1-like
component, binds to H3K27me3 and might mediate long term silencing. ICU2, a DNA polymerase subunit interacts with TFL2 and might be involved in epigenetic inheritance.
EMF1 and VRN1 act downstream of PRC2. EMF1 interacts with the PRC2 component MSI1 in vitro.

ES cell lines, H3K27me3 and PRC2 components are removed from
some target genes, as they are activated in specific cell lineages
[42,46]. In plants, chromatin immunoprecipitation (ChIP) studies
of several known plant Pc-G target genes showed that they car-
ried H3K27me3 that was widely dispersed over the promoter and
transcribed regions. Furthermore, Pc-G proteins were also bound to
these targets and the methylation was lost in Pc-G mutants, consis-
tent with the mark being deposited by Pc-G proteins [39-41,47].
Two groups have now extended these studies by probing tiling
arrays with DNA obtained from ChIP (“ChIP on chip”), thereby pro-
filing the distribution of H3K27me3 across the entire Arabidopsis
genome [48] or chromosome four [32]. Perhaps the most striking
feature of these studies is the large number of genes - roughly 4400,
corresponding to 15% of Arabidopsis genes - that carry extensive
H3K27me3. It is not yet certain whether all of these are Pc-G tar-
gets as mutants with severely depleted Pc-G activity retain some

H3K27me3 [49], raising the possibility that other (non Pc-G) pro-
teins can catalyze this modification in plants. Further profiling is
therefore needed to show that plant PRC2 components are also
located at the H3K27me3 targets, and that the methylation is lostin
mutants which lack PRC2 activity. Nonetheless, it is likely that a sig-
nificant proportion will correspond to Pc-G targets. Bioinformatic
analysis of the H3K27me3 targets shows that they are enriched
for transcription factors and signalling components such as the
CLAVATA3/ENDOSPERM SURROUNDING REGION-LIKE (CLE) genes,
and tend to be expressed in tissue specific fashion and at low levels
relative to the genome average. As well as including all previously
known Pc-G targets, many novel genes are revealed as potential
Pc-G targets, for example those controlling leaf polarity (YABBY
and KANADI genes), epidermal development (PDF2 and ATML1) and
stomatal development (FAMA, MUTE, SPEECHLESS) amongst oth-
ers. Although some of these targets fit the classical model of Pc-G
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mediated silencing in that they are silenced in particular domains
early in development and remain off throughout, others show more
dynamic expression patterns suggesting that Pc-G silencing may be
more labile and reversible than often assumed. A limitation to the
current studies is that they were obtained using whole seedlings,
i.e., chromatin from a mixture of many different cell types and
developmental stages. It will therefore be important to profile spe-
cific cell types, or a developmental series, in order to see how
H3K27me3 and other modifications are affected during changes
in cell fate and target gene expression.

4. Propagating the mark

The whole genome profiling studies confirm that H3K27me3
is widely dispersed over the transcribed and promoter regions
of target genes in plants, but - in contrast to animals where
it extends over large intergenic regions - it is relatively gene
specific [32,41,48]. In both kingdoms, this argues against DNA
sequence-specific recruitment of H3K27me3 but predicts spread-
ing or looping by unknown mechanisms from a specific DNA
element, such as the PRE in flies. Two studies support spread-
ing of H3K27me3 in plants: Finnegan and Dennis [50] carefully
analysed H3K27me3 at FLC during vernalization and revealed that
H3K27me3 is found in a small region of FLC during cold treat-
ment and then spreads over the entire gene after transfer to
warm temperature. The spreading may be important for the sta-
bility of silencing, as when old leaves were vernalized spreading
does not occur and silencing was not maintained. Schubert et
al. [41] used reporter transgenes for the Pc-G target gene AG
and demonstrated recruitment of H3K27me3 to the transgene
and spreading over transgenic, non-plant sequences. As profil-
ing studies show that H3K27me3 generally co-localizes with the
transcribed region, one possibility is that spreading depends on
RNA Polymerase II. Although participation of the transcriptional
machinery in silencing may be rather counter-intuitive, there is
a precedent in fission yeast where transcriptional silencing via
RNA-interference dependent heterochromatin formation involves
RNA polymerase II [51,52]. Alternatively, H3K27me3 might spread
during DNA replication as chromatin is assembled behind the repli-
cation fork. Consistent with this, spreading is impaired in old leaves,
where cell division and DNA replication is no longer occurring [50].
A potential link between DNA replication and Pc-G silencing comes
from the somewhat surprising finding that a DNA polymerase is
implicated in Pc-G action. INCURVATAZ2 (ICU2) encodes the putative
catalytic subunit of DNA polymerase «, and whilst severe mutants
are lethal, the weak icu2-1 allele gives a similar mutant pheno-
type to the Pc-G mutants curly leaf and tfl2/lhp1 and shows ectopic
expression of several Pc-G target genes [53,54]. The ICU2 protein
interacts in vitro with TFL2/LHP1 and it is possible that the icu2-1
mutation disrupts the interaction with this or another Pc-G com-
ponent that is important for recruiting Pc-G during or after DNA
replication to ensure mitotic stability of silencing and therefore epi-
genetic inheritance [54]. As H3K27me3 is mostly confined to single
genes in Arabidopsis, spreading during replication would require
insulators that prevent spreading of H3K27me3 into neighboring
genes.

What might the biological relevance of dispersed H3K27me3
be? Random assortment of parental nucleosomes between daugh-
ter chromatids following DNA replication could result in stochastic
loss of the modification on any one daughter. This is less likely to
happen if H3K27me3 is present on numerous nucleosomes at one
locus and thus would help to ensure stable inheritance of the mod-
ification and thus epigenetic fidelity. This is supported by a recent
modeling study, which suggested that bistable epigenetic inheri-

tance is facilitated by spread of H3K27me3 between non-adjacent
nucleosomes, as might occur by DNA looping for example [55].

5. Silencing genes—the mark is not sufficient

Although the levels of H3K27me3 and H3K4me3 generally cor-
relate well with target gene activity states, it is unclear whether
they are causal. Studies using AGAMOUS reporter transgenes
showed that when certain regulatory sequences were deleted the
transgene still acquired high levels of H3K27me3 despite the fact
that it was strongly mis-expressed in leaves, suggesting that the
mere presence of H3K27me3 is not sufficient to inhibit transcrip-
tion [10,41]. This is also supported by studies in vrn1 and tfl2/lhp1
mutants: although target genes were not silenced in the mutants
they still carried H3K27me3 [32,39,40].

A detailed comparison of H3K27me3, Pc-G protein binding and
expression of the Drosophila Pc-G target gene Ultrabithorax (Ubx)
surprisingly showed that in the active state binding of Pc-G pro-
teins was only slightly reduced [56]. In addition, H3K27me3 was
only lost from the Ubx promoter and the 5’ coding region but not
from an upstream control region. Thus, this study reveals a complex
regulation mechanism that deviates from the simple “Pc-G present
- Gene off” dogma [56]. Similar experiments will be required to
determine how the presence and distribution of H3K27me3 and
Pc-G proteins at plant Pc-G targets correlates with their activity.

6. Kicking against the PRCs—the antagonists of Pc-G
silencing

The Trithorax-group genes (Trx-G) function as antagonists of Pc-
G mediated silencing and maintain the activity of Pc-G targets in
cell lineages where they were activated early in development. They
were initially identified from genetic screens in Drosophila for fac-
tors that are required to maintain the activity of homeotic genes
and comprise a functionally hetereogenous group of proteins (see
[9,57] for review). One of the main activities of the Trx-G genes is
correlated with H3K4 methylation, particularly H3K4me3, a mark
associated with gene expression. Profiling studies using murine cell
lines have shown that H3K4me3 and H3K27me3 are not mutu-
ally exclusive. In undifferentiated Embryonic Stem (ES) cell lines,
many of the Pc-G/Trx-G target genes that are involved in cell fate
specification are “bivalently” marked - i.e carry both these marks
- and are transcriptionally silent. Bivalency is thought to mark
genes poised for stable activation or repression later in develop-
ment, as in differentiated cell lines the bivalent state is resolved so
that the same targets carry one or other mark according to their
activity state in a given cell line [42,58]. In Arabidopsis, there are
five TRITHORAX homologues, of which ARABIDOPSIS HOMOLOG
OF TRITHORAX (ATX1) is best characterized. ATX1 is required for
the activity of several Pc-G targets including AG and FLC and is cor-
related with H3K4me3 at these targets [59,60]. Intriguingly, Saleh
et al. [60] found that AG was enriched for both H3K4me3 and
H3K27me3, yet stably silenced during vegetative development, and
Pienetal.[59] also found evidence for both marks at FLC, the relative
levels changing as FLC expression itself changes during floral tran-
sition. In another study of FLC, it was shown that different lengths
of vernalization treatment result in different relative amounts of
H3K4me3 and H3K27me3 that correlate the level of FLC activity
[50].1tis not yet clear whether simultaneous detection of H3K4me3
and H3K27me3 in these analyses is equivalent to “bivalency” as a
mixture of cell types and differentiation states were characterized.
However, these studies do show that Pc-G/Trx-G regulation need
not be all or nothing and can change during somatic development.
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7. Resetting Pc-G silencing—removing the mark?

A defining characteristic of epigenetic changes is that they can
be reversed. In animals, this often occurs during gametogenesis
or early embryogenesis and presumably is needed to reprogram
gene expression states and confer pluripotency. In plants, the
vernalization-induced silencing of FLC is also reset between gener-
ations so that each new generation requires vernalization afresh,
but it was not known exactly where or when this occurred. A
recent study indicates that the silenced FLC gene is re-activated
both around the time of male gametogenesis and also early in
embryogenesis [61]. However, it is also likely that resetting of Pc-
G target genes occurs at many other stages in plant development.
Although some targets such as MEDEA, PHERES1 and FUSCA3 are sta-
bly silenced after germination [47,62] and therefore fit well with the
commonly held view that Pc-G maintain repression states through-
out somatic development, other genes such as AG and further floral
homeotic genes are silent during vegetative development, yet need
to be activated in floral organs. In addition, rapid activation of
several Pc-G target genes is observed when plants are switched
from short day to long day conditions. This includes the Pc-G tar-
get gene FLOWERING LOCUS T which is relatively rapidly activated
upon transfer to inductive conditions [63]. Thus, the floral transition
and more generally switches in meristem identity could represent
major resetting events of Pc-G silencing in plant development.

Genome-wide analyses of Pc-G target genes during Drosophila
development revealed that Pc-G proteins are not constitutively
bound to all target genes [43,44]. In vertebrates, binding appears
to be even more dynamic as many Pc-G target genes in embryonic
stem cells are activated during differentiation and lose Pc-G bind-
ing [42,45]. Thus, Pc-G silencing appears to be much more dynamic
than previously thought and does not only serve to ensure sta-
ble and long-term memory of repressed states but may be a more
general mechanism to lock expression states at a certain stage of
development.

What could the mechanisms be that activate silenced Pc-G tar-
gets? Although H3K27me3 is not sufficient for silencing of Pc-G
targets [39-41,56], it may be inhibitory for transcription and acti-
vation of genes likely involves H3K27me3 removal. In dividing cells,
resetting might occur passively through dilution, for example if
PRC2 components are downregulated or otherwise not recruited to
their targets after mitosis. At least CLF is not present on metaphase
chromosomes, thus, prevention of recruitment of PRC2 after mito-
sis could result in loss of silencing [41]. However, the rapid changes
that can occur for example with floral induction argue that active
resetting may occur in the absence of cell division. Active removal
of H3K27me3 (and other methylated histone residues) might occur
by two mechanisms: exchange of the entire histone H3 with the
replication-independent replacement histone H3.3 and removal of
specific methylation sites by histone demethylases (HDMs) [64].
Exchange of histones would likely be a general resetting and acti-
vating step as all modifications are lost. Following the dynamics
of the histone variants in plant development could reveal whether
they play a role in major resetting events like the floral transition
or during generation of the gametophytes and has been initiated
for a male specific H3.3 [65].

In contrast, histone demethylases allow removal of specific
methylgroups from histones. Lysine-specific demethylase 1 type
(LSD1) histone demethylases can remove methyl groups from
mono- or dimethylated residues whereas Jumonji-type (JmjC) his-
tone demethylases can also target diverse trimethylated lysine
residues (reviewed in [66]). Most interestingly, among the JmjC-
domain containing HDMs, antagonists of Trx-G and Pc-G proteins
have been identified in animals. Proteins from the JARID class
of JmjC HDMs can remove methyl groups from the Trx-G mark

H3K4me2/3, co-purify with Pc-G proteins and bind to a subset of
Pc-G target genes [67,68]. JM]D3 class proteins are H3K27me2/3
antagonists, associate with Trx-G components and are required for
activation of some Pc-G target genes [69,70]. Thus, a coordinated
process of histone methylation and demethylation might ensure
proper gene-regulation of Pc-G/Trx-G target genes.

In Arabidopsis, the JARID class of JmjC HDMs is conserved
whereas no homologues of H3K27 demethylases are present (D.
Schubert, unpublished). Several putative Arabidopsis HDMs are
involved in the regulation of flowering time and regulate the
Pc-G target FLC [71-74]. Interestingly, many putative HDMs are
expressed strongly in meristems during floral induction [75] which
could indicate a contribution of this class of proteins during
this fundamental developmental process. Although no obvious
H3K27me3 demethylases are encoded in the Arabidopsis genome
the apparently dynamic regulation of H3K27me3 would predict
presence of this class of enzymes. These might be identified in
genetic screen for resetting mutants. The JmjC class proteins are
a type of 2-oxoglutarate-iron-dependent dioxygenase that act via
hydroxylation of the methyl-group on lysines [76]. As there are
a large number of similar enzymes predicted in plants that lack
a JmjC domain, it is possible that one of these could provide the
demethylase activity.

8. Conclusions and summary

Whole genome profiling of plant Pc-G components should help
refine the numerous direct targets of Pc-G repression that are sug-
gested by whole genome profiling of H3K27me3. Pc-G silencing
appears to be much more dynamic than previously thought and for
many targets it is likely that silencing is not permanent but rather
can be reversed during flowering or other developmental transi-
tions. The mechanism of Pc-G silencing and the extent to which
histone methylation is a cause or consequence of changes in gene
activity remain unclear. To address these issues, it will be neces-
sary to profile how Pc-G binding and other marks alter during cell
fate transitions. In addition, rigorous biochemical purification and
characterization of plant Pc-G complexes may help to clarify how
H3K27me3 is read and interpreted.
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