“Flowers are restful to look at.
They have neither emotions nor conflicts.”
Sigmund Freud (1856-1939)
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The following nomenclature is used in this thesis:
Gene names are written in upper case italics, e.g TFL2
Protein names are written in upper case, e.g. TFL2
Mutant names are written in lower case italics, e.g. tfl2

Introduction

Following germination, plants are unable to move and must therefore adapt
rapidly to their changing environment. Environmental cues such as light,
temperature and water availability are integrated either directly or through
hormonal signals, resulting in changes in gene expression. Regulation of
gene expression on the transcriptional level affects the amount of RNA that
is produced. This can either be regulated by transcription factors, that can act
as activators or repressors or by epigenetic regulators that moderate the
chromatin structure and thereby the availability of DNA.

Epigenetics and gene regulation
The genetic information stored in all eukaryotes is packaged into chromatin.
The nucleosome, the basic structural unit of chromatin, consists of DNA
wrapped around histone octamers, containing two copies of each of the four
core histone proteins, H2A, H2B, H3, and H4. Chromatin can be structurally
and functionally divided into euchromatin and heterochromatin. Heterochromatin is gene poor, highly condensed and transcriptionally silent while
euchromatin is gene rich, less condensed and more easily accessible to the
transcriptional machinery [1].
Epigenetics referrers to changes of genome function on the chromatin
level without the modification of DNA sequences. These changes can be
heritable and often lead to phenotypic alterations. There are three main epigenetic regulatory mechanisms: DNA methylation, chromatin remodeling by
ATPases and histone modifications followed by chromatin remodeling [2].

Nucleosome assembly
The nucleosome is not a fixed structure; histones are removed and repositioned onto the DNA constantly. For instance in euchromatic and heterochromatic regions the nucleosome is disassembled to facilitate the DNA
replication process. After replication, gene transcription or DNA repair, the
nucleosome is reassembled; histone chaperones such as NUCLEOSOME
ASSEMBLY PROTEIN1 (NAP1) or CHROMATIN ASSEMBLY FACTOR1 (CAF-1) are involved in the deposition of histone H2A/H2B and H3/H4
respectively onto the DNA [3,4].
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The Arabidopsis CAF-1 complex consists of three subunits encoded by
FASCIATA1 (FAS1), FASCIATA2 (FAS2) and MULTICOPY SUPPRESSOR
OF IRA1 (MSI1) [5], MSI1-like proteins are also found in histone deacetylase and histone methyltransferase complexes independently of the CAF-1
complex [6,7]. Arabidopsis mutants of CAF-1 subunits show developmental
defects such as fasciated meristems, altered leaf phyllotaxy and disrupted
floral organ structures [8]. Loss of function of the two larger subunits of
CAF-1, FAS1 and FAS2 results in reduced heterochromatin content and the
misexpression of genes specifically expressed during late S-phase and DNA
repair. Proper CAF-1 function is therefore needed for maintaining the correct
pattern of heterochromatin silencing as well as for the regulation of DNA
repair and cell cycling [9]. Plants lacking proper function of the smallest
subunit of the CAF-1 complex, MSI1, display altered expression of the floral
homeotic genes, although this is independent of the CAF-1 complex since
FAS1 and FAS2 are not required for the proper expression of these genes
[10].
A correct function of CAF-1 is also needed for the proper introduction
and maintenance of epigenetic histone marks although it is not clear if CAF1 directly affects these processes [11].

The histone code
Modifications of the histone N-terminal tails alters the nature of the histoneDNA interaction and subsequently the location of protein binding sites [12].
Core histone modifications in plants are divided mainly into four subtypes,
ubiquitination of lysine residues, methylation of lysine or arginine, acetylation of lysine and phosphorylation of serine or threonine residues. Acetylation and phosphorylation activate transcription while methylation and ubiquitination affect transcription both by activation and repression. In addition
histones are also subjected to the following, less studied, modifications: glycosylation, ADP-ribosylation, carbonylation and sumoylation [13].
Euchromatin is enriched in acetylated histones H3 and H4 and H3K4me,
while H3K9me is a mark of heterochromatin together with hypoacetylation
of histones [14]. Furthermore, in animals heterochromatin is associated with
HETEROCHROMATIN PROTEIN1 (HP1), which recognizes the H3K9me
mark and aids in the spread and maintenance of the heterochromatin state
[15].
The acetyl and methyl groups are deposited and removed by histone acetyltransferases (HAT), histone deacetylases (HDA), histone methyltransferases (HMT) and histone demethylases (HDM). HATs are divided into two
subclasses in plants, HAT-A and HAT-B, the latter ones are cytoplasmic and
acetylate H4 (and possibly H3) before nuclear import. HAT-A are on the
other hand nuclear localized and affect gene expression [16].
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HDAs remove acetyl groups from the histone tails and are generally involved in modulating gene silencing. HDAs are divided into four subclasses,
where class IV is plant specific and localized to the nucleolus suggesting a
function in regulating rRNA genes. There are two well characterized HDAs
in Arabidopsis, HDA6 and HDA19, both belonging to class I. Mutants of
HDA19 show distinct developmental defects [17], suggesting a general role
for HDA19 in plant development, and HDA19 has also been shown to work
in conjunction with transcriptional co-repressors during embryogenesis [18].
Mutants of HDA6, on the other hand, do not show clear developmental
changes, although the expression of specific transgenes is increased [19,20],
linking HDA6 to a more specific role in gene silencing. Furthermore, HDA6
is required for proper responses to the plant hormone jasmonate [21].
The number of Arabidopsis proteins with demonstrated HMT activity are
increasing, KRYPTONITE (KYP) [22], SET DOMAIN GROUP8 (SDG8)
[23,24], ARABIDOPSIS HOMOLOG OF TRITHORAX1 (ATX1) [25],
SDG25 [26], SDG26 [24], ARABIDOPSIS TRITHORAX RELATED5
(ATXR5) and ATXR6 [27] are a few of the HMTs characterized to date.
HMTs can be divided into two categories, protein arginine methyltransferases and histone lysine methyltransferases. Generally H3K4me and
H3K36me are associated with transcriptionally active regions, while
H3K9me and H3K27me are present in silent regions. The silencing lysine
residues can be mono-, di- or tri-methylated. H3K9me1/2 and H3K27me1
are specifically enriched in heterochromatin [28], while H3K9me3 and
H3K27me3 are present only in euchromatin in a non overlapping distribution [29]. Many putative HMTs are believed to work in multi-protein complexes called polycomb repressive complexes (PRC). Although methyltransferase activity has not been demonstrated for these complexes, mutations in
components of PRC2 and PHD-PRC2 affect the methylation levels of
H3K27 [30,31,32].
The methyl marks are removed by HDMs, which are the least characterized of all histone modifiers. They are divided into two subgroups based on
the mechanisms used for removal of methyl groups. Lysine specific demethylases1 adopts amine oxidation, while Jumonji C-domain containing
proteins remove the methyl groups by hydroxylation [33,34].
Together these histone modifying proteins maintain the proper homeostasis between different histone modifications in response to imprinting, developmental and environmental ques. Once the histone marks have been deposited they are recognised by the transcription machinery, DNA replication
machinery, repressors and many other proteins that translate the histone
code.
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Maintaining the silence
DNA methylation, chromatin remodeling ATPases and polycomb
repressive complexes
DNA methylation of cytosine residues interferes with binding of proteins
and is a signal that recruits other proteins [35]. DNA methylation in plants is
not only confined to heterochromatin as in animals, but surprisingly also one
third of the expressed genes in Arabidopsis were found to be DNA methylated at low levels [36].
DNA cytosine methylation in plants is not only deposited in symmetrical
5’-CG-3’ nucleotides as in animals but also in non-symmetrical 5’-CHG-3’
nucleotides (H=C, A or T). METHYLTRANSFERASE1 (MET1) is responsible for methylating CG residues while there are two distinct mechanisms that
regulate non-CG methylation. Non-CG methylation is initiated specifically
by RNA directed DNA methylation (RdDM). Small dsRNAs or transposon
derived siRNAs direct DNA methylation to specific DNA sequences together with DOMAINS REARRANGED METHYLASE (DRM) [37,38]. A
second protein, CHROMOMETHYLASE3 (CMT3), is involved in maintaining the RdDM imprint deposited on non-CG residues [39,40]. DNA methylation, chromatin remodelling ATPases and HMTs are tightly interlinked.
CMT3 is dependent on the HMT KYP at transcriptionally silenced loci
marked by H3K9me. On the other hand it can also act in a KYP-independent
fashion in transcriptionally active sites that produce RNA triggers of RdDM.
These two mechanisms are specifically linked to transposon silencing, a
defence against alien DNA [41].
Chromatin remodelling ATPases utilize ATP-hydrolysis to alter the position and histone composition of nucleosomes [42], but they can also interact
with the DNA methylation machinery [43]. Chromatin remodelling ATPases
are divided into three subfamilies in Arabidopsis, SUCROSE NONFERMENTING2/BRAHMA (SNF2/BRM), IMITATION SWITCH (ISWI)
and chromodomain helicase DNA-binding protein (CHD). Two well characterized proteins are PICKLE (PKL) and SPLAYED (SYD), belonging to the
CHD and SNF2/BRM subfamilies respectively [44,45]. PKL affects plant
development by tissue specific gene repression and it has been shown to
regulate hormonal signalling and to bind to transcriptional repressors
[46,47]. SYD mutants show pleiotropic developmental phenotypes indicating
that SYD has a more general repressive role in plant development [45].
Polycomb group proteins are well conserved between metazoans and
plants and they form large protein complexes namely PRC1, PRC2 and
PHD-PRC2. PRC2 and PHD-PRC2 complexes are believed to function as
mono-/di-methyltransferase and tri-methyltransferase respectively, acting on
H3K27. The methyltransferase activity of the plant homologues included in
PRC2-like complexes has not been demonstrated but genetic evidence suggests that they are able to catalyze the trimethylation of H3K27 [48,49].
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Arabidopsis has 12 proteins that can be incorporated into PRC2 and an additional four specific to the PHD-PRC2 complex, while only three proteins are
believed to function in the PRC1 complex [50,51]. The PRC1 complex does
not affect methylation [29], but recognizes instead the H3K27me3 mark
deposited by PRC2-like complexes, and mediates repression by spreading
and maintaining a heterochromatin like state in euchromatic regions [52].
Five proteins are believed to be homologues of PRC1 in plants, namely
AtRING1a, AtRING1b, AtBMI1a, AtBMI1b and TERMINAL FLOWER2
(TFL2) [51,53]. Double mutants of Atring1a and Atring1b have a fasciated
stems similar to fas1 and fas2 mutants, while the tfl2 mutation results in a
pleiotropic phenotype, with no observed fasciation of the stem [51,54]; indicating that TFL2 also regulates plant development in a PRC1-independent
fashion. The ability of TFL2 to be directly recruited to chromatin by transcription factors is further evidence that supports a PRC1-independent function [55].

TERMINAL FLOWER2 and HETEROCHROMATIN
PROTEIN1
Homology and structure
HP1 was first described in Drosophila melanogaster as a protein associated
with heterochromatin and with a dose-dependent effect on gene silencing
[56,57]. To date there are up to five isoforms of HP1 proteins in animals
while Saccaromyces pombe and Arabidopsis carry only one homologue of
HP1.
HP1 proteins contain two highly conserved domains, the amino (N) terminal chromo domain (CD) and the carboxyl (C) terminal chromo-shadow
domain (CSD). The CD and CSD are separated by a hinge region, which is
variable in length and less conserved between homologues and organisms
[58]. The CD is required for chromatin association [52], and the CSD is important for homodimerization and interaction with other proteins [59]. CSD
dimerization enables the interaction with proteins that carry a five amino
acid long sequence, PxVxL (x=any amino acid) [60,61]. Both the localization of HP1 proteins and the function of the CD and CSD, are potentially
regulated by the hinge region which is highly susceptible to posttranslational
modifications, especially phosphorylation [62]. HP1 homologues of different
species are so closely related that the CD of mouse HP1 can functionally
replace the CD of S. pombe [63], and human HP1 can rescue the lethal
phenotype of homozygous Drosophila Su(var)2-5 mutants [64]. In mammalian cells, HPI and HP1 are mainly localized to heterochromatin regions,
whereas HP1 is present both in euchromatin and heterochromatin. A sub-
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group of HP1 localized exclusively to euchromatin, is defined by a single
modification of the Ser83 residue located in the hinge region [65].

HP1 functions in animals
The most common of HP1 functions in animals is the formation of heterochromatin, where HP1 is recruited to methylated H3K9, a histone mark deposited by the HMT SUV39H1. Once bound, HP1 proteins recruit more
SUV39H1 and the methyl mark is propagated along a locus followed by additional HP1 protein recruitment [66].
A second function of HP1 proteins is the silencing of repetitive DNA
elements found at telomeres and centromeres [67]. Furthermore, repetitive
DNA sequences in euchromatic regions can also be associated with HP1 and
heterochromatin formation [68].
The interaction between HP1 and a wide variety of other proteins enable
it to function in many different processes. One example is the interaction
with the CAF1 complex, which displaces nucleosomes during DNA replication, and is likely to interact with HP1 proteins to reposition them on the
right binding site after the passage of the DNA replication fork [69]. HP1
has also been reported to interact with RNA polymerase, nuclear laminar
proteins and co-repressors [70,71]. Furthermore, HP1 proteins have been
shown to promote gene expression in Drosophila, where HP1 binds, independently of the H3K9 mark, within the coding region of genes that show
decreased expression levels in the HP1 mutant Su(var)2-5 [72]. Drosophila
also carries sex specific isoforms of HP1 proteins expressed in the male and
female germlines specifically [73]. Although animals carry multiple isoforms of HP1 proteins it is unlikely that they have maintained redundant
functions. This is supported both by the distinct distribution within chromatin and cell types, and the fact that knockouts of the different isoforms cause
distinct phenotypes, e.g. HP1a knockout is lethal whereas HP1d knockout is
female sterile [74,75].

TFL2 functions in plants
TFL2 is the Arabidopsis homologue of HP1 [59]. To date TFL2 appears to
encode the only isoform of HP1 in Arabidopsis, although other plant species
carry up to four known isoforms [76].
The CD and the CSD are highly conserved even in plants, while the hinge
region of TFL2 shows very few sequence similarities and is longer than other HP1 proteins. Unlike most animal homologues of HP1, TFL2 has been
shown to silence genes strictly within euchromatin, and to co-localize with
H3K27me3 [29,77,78,79].
The Arabidopsis tfl2 mutant displays a pleiotropic phenotype with early
flowering, dwarfism due to reduced cell size, curled leaves, reduced photo16

period sensitivity and terminating inflorescences [54]. At the gene level,
TFL2 has been shown to regulate flowering time by repressing FLOWERING LOCUS T (FT) [80], and further the constant repression of FLOWERING LOCUS C (FLC) after vernalization requires TFL2 [81,82]. The tfl2
mutation also disrupts the expression of several floral homeotic genes which
may cause the curled leaf and terminating inflorescence phenotypes seen in
tfl2 [80].
Several interacting proteins have been discovered for TFL2, these are methylated histone H3K27me3, CMT3, a tobacco SET-domain containing protein (NtSET1), AtRING1a AtRING1b, AtBMI1a, AtBMI1b, and SCARECROW (SCR) [22,29,51,53,55,83].
Both the pleiotropic phenotype and the wide variety of interacting partners indicate that TFL2 is required throughout the plants life cycle in several
developmental pathways, and it is predicted that TFL2 regulates the expression of 15% of the Arabidopsis genome [29].
Clearly the heterochromatin silencing function of HP1 proteins is not carried out by TFL2 in plants. TFL2 recognizes the specific histone modification H3K27me3; this repressive modification, established by the PRC2 in
Arabidopsis, is exclusively located within euchromatin and 18% of all genes
are associated with it. In animals, HP1 proteins do not recognize
H3K27me3, the mark is on the other hand recognized by the PRC1 [84].
Homologues of PRC1 are absent in plants, and recent studies have proposed
that TFL2 might work together with AtRING proteins as the functional
homologue of PRC1 [29,51,52]. Recently, the TFL2 interacting proteins,
AtBMI1 and AtRING, have been shown to have E3 ubiquitin ligase activity
and to monoubiquitinate H2A.1 in vivo [53].

The wound hormone jasmonate
Jasmonate (JA) is important for plant defenses and affects several developmental processes such as fruit ripening, maturation of pollen, root growth,
senescence and resistance to pathogens [85]. JA is an oxylipin derived from
–linolenic acid, a component of the chloroplast membrane. JA metabolism
yields five different derivatives including methyl-JA, a volatile molecule
active in interplant signaling, and (+)-7-iso-jasmonoyl-L-isoleucin ((+)-7iso-JA-Ile). This amino acid conjugated version is active at the molecular
level and is central for several JA responses [86]. JA treatment induces transcription of several genes in the JA biosynthesis pathway, which results in a
strong positive feedback of JA synthesis [87,88,89].
JA is perceived by the COI1-JAZ co-receptor [90,91]. CORONATINE
INSENSITIVE1 (COI1) encodes an F-box protein, a component of the
SCFCOI1 E3 ubiquitin ligase complex [92]. JA is believed to promote ubiquitination of JAZ repressor proteins and subsequent degradation by the 26S
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proteasome [93,94]. JAZ repressors bind to MYC2, MYC3 and MYC4,
known JA response proteins, but it is still unclear if JAZ bind to any of the
other known JA response transcription factors such as ERF1, WRKY70,
ORA47 and ORA59 [95,96,97,98,99,100,101]. The 12 Arabidopsis JAZ
repressor proteins lack a DNA binding domain but contain two other important domains, the ZIM domain with the TIFY motif and the Jas domain. The
ZIM domain is important for homo- and heterodimerization, while the Jas
domain is recognized by the SCFCOI1 complex [102]. Most JAZ proteins
form also as stabilized alternative splice variants, exhibiting mutations in the
Jas domain. These dominant isoforms retain the ability to interact with
MYC2, but not with SCFCOI1, resulting in constitutive JA signaling repression believed to prevent overstimulation of the system [103,104]. All JAZ
genes are up-regulated in response to JA regulated responses such as wounding and herbivory [105], displaying a tightly regulated feed-back mechanism
of JA signaling.
Epigenetic regulation of JA signaling has been proposed in several instances. The histone deacetylase HDA6, which is induced by JA, binds to
COI1 and affects JA-dependent responses including the expression of VSP2,
ERF1 and PDF1.2 [21,92]. Similarly, a second histone deacetylase, HDA19,
also induced by JA, enhances resistance to infections by Alternaria brassicicola when overexpressed [106]. Interestingly, HDA19 has also been shown
to bind to TOPLESS (TPL) related proteins [107] and works in conjunction
with TPL during embryogenesis [18]. TPL, which is a known co-repressor
[108], acts together with NINJA and the JAZ protein family to inhibit JA
signaling [109].

Auxin and development
Auxin biosynthesis
Indole 3-acetic acid (IAA), the most important naturally occurring auxin in
plants, is a small molecule, derived both directly from indole derivates and
from tryptophan (trp). In Arabidopsis, the main sites of auxin synthesis are
young shoot tissues, but cotyledons and root tips have also been shown to be
able to synthesize auxin [110,111]. The biosynthetic pathway for auxin production is divided into two main routes, a trp dependent and a trp independent pathway (Figure 1). The genes involved in the trp independent pathway
have not yet been characterized. On the other hand, the trp dependent pathway is well known and several genes involved have been identified. Trp is
converted to IAA through three major routes occurring in different cell compartments, the YUCCA (YUC), the TRYPTOPHAN AMINOTRANSFERASE
(TAA) and the CYP79 route [112]. It is believed that the CYP79 route is not
the main pathway for IAA biosynthesis as mutants of cyp79b2cyp79b3 show
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weak auxin deficient phenotypes [113]. Studies have shown that TAA1 and
its homologues are important for IAA biosynthesis, although this may not be
a rate limiting step in IAA biosynthesis since overexpressors of TAA1 do not
cause auxin overproduction phenotypes. Alternatively TAA1 is regulated on
the protein level [114,115]. A rate limiting step of the trp dependent auxin
biosynthesis pathway is believed to be catalyzed by members of the YUC
gene family, proteins with flavin monooxygenase activity [116]. The YUC
gene family comprises 11 members and different combinations of yuc mutants result in different phenotypes that often reflect the expression pattern of
the YUC genes [117,118]. Local auxin biosynthesis and auxin transport are
central for most developmental processes regulated by auxin. YUC genes are
believed to act non cell-autonomously [119] and to be required for temporally and spatially regulated biosynthesis of auxin [120].

Figure 1.The proposed auxin biosynthetic pathways, see text for details.
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Auxin signaling
Most hormonal responses are mediated through changes in gene expression.
Upon auxin induction three major families of early response genes are activated, the GRETCHEN HAGEN3 (GH3), the SMALL AUXIN UP RNA
(SAUR) and the AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) families.
Over 70 SAUR genes have been identified, encoding short-lived proteins
with unknown functions [121,122]. A subgroup of the GH3 family encode
proteins that are involved in amino acids conjugation of IAA, leading to
reduced levels of free auxin [123]. Auxin signaling is mediated by the
Aux/IAA proteins. At low levels of IAA, Aux/IAA proteins are bound to and
inhibit AUXIN RESPONSE FACTORs (ARFs). ARFs are transcriptional
regulators, with activating and repressing abilities, which recognise and bind
to auxin response elements (AuxRE) in promoter regions of diverse auxinregulated genes, including Aux/IAA genes. When levels of free IAA rise,
IAA binds to its receptor, the F-box protein TRANSPORT INHIBITOR
RESPONSE1 (TIR1), a component of the SCFTIR1 complex [124,125].
This interaction promotes the binding of Aux/IAA protein to the
SCFTIR1 E3 ubiquitin ligase, resulting in polyubiquitination and subsequent
degradation of Aux/IAA proteins by the 26S proteasome [126]. The auxin
receptor and the three auxin related F-box proteins (AFB) are closely related
to the jasmonate co-receptor COI1. Like in jasmonate signaling, degradation
of Aux/IAA proteins enables ARFs to activate or repress auxin response
genes (Figure 2) [127].
Aux/IAA proteins share four conserved amino acid sequence motifs, domain I to IV. Domain I is the least conserved and contains an ERF- associated amphiphilic repression (EAR) motif which also binds the co-repressor
TPL [108,128]. Domain II is essential for degradation and is recognized by
the E3 ubiquitin ligase SCFTIR1 complex upon auxin induction. Noncanonical Aux/IAA proteins lack domain II, are transcribed upon auxin induction, and are believed to function by buffering the transcriptional fluctuations of specific auxin response genes [129]. Domains III and IV are involved in the homo- and heterodimerization of Aux/IAA proteins and ARFs
[130]. Genetic analyses, combining up to three different loss of function
mutants within this family do not show phenotypical alterations, suggesting
a substantial functional redundancy among the genes [131].

20

Figure 2. Proposed model of auxin and jasmonate signal transduction. At low hormone concentrations the JAZ or Aux/IAA proteins bind to MYC2/ARFs respectively and inhibit JA and IAA responses. MYC2 and ARFs recognize G-box and
Aux Response Elements (AuxRE) respectively in the promoters or JA and IAA
response genes. At high hormone concentrations the JAZ or Aux/IAA proteins bind
to the JA/IAA receptors COI1/TIR1 and it is believed that this interaction promotes
polyubiquitination and subsequent degradation by the 26S proteasome. The E1 enzyme activates the C-terminus of ubiquitin which is then able to bind an intermediate E2 protein which in turn provides the E3ubiquitin ligase with the ubiquitin to
mark the JAZ or Aux/IAA proteins for degradation. The E3 ubiquitin ligase is composed of a scaffold subunit CULLIN1 (CUL1) which binds RING-BOX1 (RBX1),
RELATED TO UBIQUITIN1 (RUB) and ARABIDOPSIS SKIP1-LIKE1 (ASK1),
ASK1 binds in turn the F-box proteins (COI1/TIR1). RBX1 and ASK1 provide
catalytic activity while the F-box protein provides target specificity [132].

Auxin at the inflorescence meristem and during fruit patterning
Auxin plays a central role in the development and patterning of reproductive
structures. Arabidopsis flowers develop from the inflorescence meristem
(IM) and are continuously laid out as Arabidopsis has an indeterminate inflorescence. The IM is divided into a central zone (CZ), where slowly dividing
stem cells ensure meristem maintenance, and a peripheral zone (PZ). In the
PZ cell proliferation increases, resulting in the formation of rapidly outgrowing floral primordia. The stem cell niche is maintained mainly through the
activity of WUSCHEL and the CLAVATA1-3 proteins [133]. Auxin is required for proper patterning of floral primordia, since local auxin biosynthesis and polar auxin transport (PAT) establish auxin maximas at the site of
floral primordia initiation. Furthermore, the boundary between the CZ and
the primordium in the IM is established by low auxin concentrations and
expression of boundary specific genes [134]. Auxin signaling in developing
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primordia activates a cascade of transcription factors that specify organ identity and patterning. LEAFY (LFY) and the floral homeotic genes AGAMOUS
(AG) and APETALA1 (AP1) play a major role in specifying floral organ
identity [135]. Once floral identity has been established organ number, identity and patterning are regulated mainly by the floral homeotic MADS-box
genes [136]. The Arabidopsis floral organs are organized in four concentric
whorls and organ identity is regulated according to the ABCE model. Initially Coen and Meyerowitz [137] proposed a model for floral organ patterning involving genes belonging to the ABC classes. In this model the A class
genes, AP1, AP2 specify sepal identity in the first whorl, the A and B class
genes PISTILLATA and AP3 specify petal identity in the second whorl, the B
class genes and the C class gene AG specify stamen identity in the third
whorl and the C class gene alone specifies carpel identity in the fourth
whorl. Later on Pelaz et al. [138,139,140] revised the original model including the SEPALLATA (SEP) genes belonging to the E class.
The Arabidopsis fruit, which consists of two fused carpels and develops
directly from the gynoecium, is the most complex organ of Arabidopsis
plants, and it has been proposed that auxin gradients are required for proper
patterning of the gynoecium. Auxin is believed to pattern the apical-basal
axis of the gynoecium, where a high concentration at the apex specifies style
identity and a low concentration specifies the basal part including the ovary
[141,142,143]. Several transcription factors are involved in patterning of the
Arabidopsis fruit. Transcription factors involved in establishing organ polarity, such as AINTEGUMENTA (ANT), KANADI, CRABS CLAW (CRC),
YABBY3 (YAB3) and FILAMENTOUS FLOWER (FIL) affect the development of the gynoecium, as floral organs are essentially modified leaves
[144,145]. The MADS-box genes AG, SEEDSTICK (STK) and SHATTERPROOF1/2 (SHP1/2) have evolved distinct and overlapping functions in
specifying organ identity and function. AG alone is required for floral determinacy and stamen identity whereas it acts together with SHP genes to
specify carpel identity. SHP genes are alone required for fruit dehiscence but
act together with AG and STK to specify ovule identity. Finally STK is required for seed abscission and funiculus growth [146]. AG, STK and SHP
act in complexes with SEP proteins and different combinations of protein
complexes are believed to regulate these unique and overlapping functions
[147]. SHP genes are expressed throughout the gynoecium but are differentially regulated in the apical and basal parts [148]. In the style, SHP expression is promoted by the NGATHA (NGA) genes [149], which are also direct
or indirect promoters of local auxin biosynthesis [150]. Furthermore, AG is
believed to promote SHP expression redundantly with other transcription
factors [151,152] since SHP expression is present in ag ap2 mutants [146].
In the valve margins, SHP expression is regulated by several factors.
FRUITFULL (FUL) and REPLUMLESS (RPL), acting in the valves and
replum respectively, restrict SHP expression [153,154]. Furthermore, the
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tissue polarity regulators FIL and YAB3 act together with JAGGED (JAG), a
promoter of tissue growth in lateral organs, to positively regulate SHP and
FUL expression in the valve margins and valves respectively. Finally, in the
replum, RPL prevents SHP expression by inhibiting FIL and JAG activity
[144]. SHP genes positively regulate the expression of INDEHISCENCE
(IND) and ALCATRAZ (ALC) in the valve margins, where IND is expressed
both in the separation layer and lignification layer whereas ALC is only expressed in the separation layer [153,155]. In addition, IND coordinates auxin
efflux and is required for establishing a local auxin minimum in the separation layer [143].

Light perception and signaling
As most plants are immobile they are also extremely sensitive to changes in
environmental and light conditions. Green plants are photoautotrophic organisms, however, light is not only needed for photosynthetic processes, but
regulates plant developmental processes, such as germination, flowering,
circadian rhythms and greening. Light regulation of plant growth is collectively termed photomorphogenesis. In Arabidopsis four main families of
photoreceptors have been described. These include the red (R) and far-red
(FR) light absorbing phytochromes and the three families of UV-A and blue
(B) light receptors, cryptochromes, members of the zeitlupe family and phototropins [156]. To date the mechanism of UV-B perception remains unknown.

Blue light perception and signaling
Phototropins
Phototropins are UV-A and B light receptors that optimize the photosynthetic efficiency of plants. To date, two plasma membrane proteins have
been identified as phototropins in Arabidopsis, PHOT1 and 2 [157,158].
These proteins share a Ser/Thr protein kinase domain at the C-terminal and
two light, oxygen, voltage (LOV) domains at the N-terminal [159]. B light is
sensed through the LOV domain that binds a flavin mononucleotide chromophore. After B light absorption the phototropins are autophosphorylated
enabling downstream signaling. PHOT2 has also recently been shown to
interact with CONSTITUTIVE PHOTOMORPHOGENESIS1 (COP1), an
E3 ubiquitin ligase involved in light regulated protein turnover [160].
PHOT1 and PHOT2 have overlapping physiological functions and they
regulate leaf movement, phototropism, stomatal opening, chloroplast movement and cotyledon/leaf expansion [161].
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The zeitlupe family
The zeitlupe family of photoreceptors comprises three proteins, ZEITLUPE
(ZTL), Flavin-binding Kelch F-box1 (FKF) and LOV Kelch Protein 2
(LKP2). ZTL/FKF/LKP2 possess an N-terminal LOV domain, an F-box and
six Kelch repeats, suggesting that they are involved in light regulated protein
degradation. All three proteins are able to interact with components of the
SCF-complex and they are believed to be involved in ubiquitin mediated
protein degradation [162,163]. B light activates the LOV domain and modulates the ability of ZTL/FKF/LKP2 to interact with GIGANTEA (GI) and
their ubiquitin E3 ligase activity. When GI and FKF1 interact they are able
to degrade a repressor of CONSTANS (CO) thus modulate flowering time
and day light perception [164]. On the other hand, ZTL and GI complexes
are required to regulate the circadian oscillator [165].
Cryptochromes
Cryptochromes are involved in several photomorphogenic responses, including resetting of the circadian clock, de-etiolation, flowering and germination.
Three cryptochromes have been isolated in Arabidopsis, CRY1-3, which
bind two light harvesting chromophores thought their N-terminal domain.
The biological function of CRY3 is yet unknown, on the other hand CRY1
and CRY2 have been more extensively studied. CRY1, which is nuclear
localized in the dark, mediates high fluence rate responses to blue light
[166,167], and CRY2, which is constitutively nuclear localized, mediates the
Low Fluence Responses (LFRs) to blue light [168,169]. Both CRY1 and
CRY2 are subjected to phosphorylation at multiple sites after exposure to B
light; these modifications are required for their biological activity [170,171].
Physical interactions between CRY1 and PHYA as well as CRY2 and
PHYB, have been reported [172,173]. PHYA, PHYB and CRY1 are required
for seedling de-etiolation. CRY1 and PHYB mediate cotyledon expansion
under B light, and CRY1, PHYA and PHYB mediate production of chlorophyll in R light [174]. Cryptochromes have also been shown to interact with
COP1 and to synergistically regulate plant defense responses together with
phototropins [160,175].

R and FR perception and signaling by the phytochromes
The phytochrome protein family, comprising five members in Arabidopsis
(PHYA to PHYE), regulates seed germination, entrainment of the circadian
clock, de-etiolation, stomatal development, gravitropic orientation, floral
induction and shade avoidance [176]. Phytochromes exist as photoreversible
biliproteins that are synthesized in the dark in the biologically inactive R
light absorbing form (Pr). R light photoconverts the phytochromes to the
biologically active and nuclear localized FR light absorbing form (Pfr)
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[177,178,179]. Phytochromes have a photosensory region in the N-terminal
where the chromophore phytochromobilin is incorporated. The C-terminal
moiety of phytochromes is required for dimerization and nuclear localization
and has long been believed to transduce the signals to downstream components [180,181,182]. The members of the phytochrome family have evolved
distinct and overlapping functions. PHYA is highly unstable in the Pfr form
as this conversion results in ubiquitination and degradation of PHYA [183].
In etiolated seedlings, PHYA is degraded in response to low quantities of
light resulting in de-etiolation of seedlings upon soil emergence. This nonreversible function of PHYA is termed Very Low Fluence Response (VLFR)
[184]. Furthermore, PHYA can signal during its rapid photoconversion between Pr and Pfr. Therefore during continuous irradiation of FR light, resulting in PHYA photo-cycling between the Pr and Pfr form, signaling is mediated through the High Irradiance Response (HIR) mode [185]. The Pfr forms
of PHYB-PHYE are more stable in light than PHYA Pfr, and these four receptors mediate photoreversible LFRs. The Pfr forms of PHYB, D and E are
unstable in the dark and they are rapidly photoconverted to the inactive Pr
form, a process called dark-reversion [186]. Major changes occur in gene
expression upon light treatments and several phytochrome interacting proteins have been identified. When phytochromes are converted into the Pfr
form, and transported into the nucleus as homodimers, they localize to nuclear speckles [187]. It has recently been reported that several phytochrome
interacting proteins, such as COP1 and PHYTOCHROME INTERACTING
FACTOR3 (PIF3), also co-localize to these nuclear speckles [188,189]. The
interaction between phytochromes and COP1 results in phosphorylation,
ubiquitination and subsequently degradation of PIFs by the 26S proteasome,
enabling a rapid change in gene expression in response to small fluctuations
in the light environment [189,190,191,192,193]. COP1 belongs to the
COP/DET/FUS class of proteins, involved in light signaling downstream of
the photoreceptors. DET1 binds non-acetylated H2B, and it is believed that it
is removed upon light induction through acetylation of H2B, enabling light
regulated gene expression [194]. Several of the genes in the COP/DET/FUS
group are subunits of the COP9 signalosome, a multiprotein complex paralogous to the lid of the 26S proteasome involved in protein degradation
[195,196].
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Results and discussion

Levels of free auxin and the rate of auxin biosynthesis
are reduced in tfl2 (I)
The tfl2 mutant displays several phenotypic traits known to be regulated by
auxin, such as dwarfism and curled and epinastic leaves. These traits, and
studies of the tu8 mutant (tfl2-6 allele) [197,198,199], showing that tfl2 is
affected in glucosinolate and auxin homeostasis, prompted us to measure the
sites and levels of auxin activity in tfl2. When analyzing the signal from the
synthetic auxin response reporter construct DR5::GUS [200] in wt and tfl2
plants we found no difference between the genotypes 7 days after germination (DAG). On the contrary, at 14 DAG, when tfl2 seedlings have initiated
the floral transition, we observed a strong reduction in GUS staining in the
rosette but not in the root. In wt, the floral transition occurs after 3 weeks of
growth. At this time-point we observed a strong GUS staining in the rosette
and roots of wt plants, while tfl2 displayed the same reduction in GUS staining of the rosette, showing that the reduction in GUS staining of tfl2 rosettes
is not caused by the floral transition. When 14 day old wt and tfl2 plants
were supplemented with a synthetic auxin (NAA), which diffuses through
the plant independently of PAT, we observed the same pattern and intensity
of GUS staining in both genotypes, indicating that tfl2 is still able to respond
to auxin. Furthermore, after treatment with NPA, a PAT inhibitor, we observed a faint staining in tfl2 compared with wt seedlings, indicating that
auxin synthesis might be reduced in tfl2. To confirm these results we measured the levels of free auxin and the auxin biosynthesis rate at 7 and 14 DAG
in tfl2 and wt seedlings. We found that the levels of free auxin were significantly reduced in shoots of tfl2 mutants at 7 and 14 DAG compared to wt.
Furthermore the rate of auxin biosynthesis in tfl2 was significantly reduced
in shoots of 7 day old seedlings and in the youngest shoot tissues of 14 day
old seedlings. This shows that the auxin biosynthetic rate is affected by the
tfl2 mutation and as a consequence levels of free auxin are reduced in shoot
tissues.
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Spatial and temporal expression of the YUCCA gene
family is positively regulated by TFL2 (I, II)
To determine the cause of the reduced auxin biosynthesis rate in tfl2, we
analyzed the expression of all known genes involved in the trp-dependent
auxin biosynthesis pathway. We found that only three genes, YUC5, YUC8
and YUC9 were down-regulated in tfl2 seedlings. These genes belong to the
YUC gene family which is believed to regulate a rate limiting step in the trpdependent auxin biosynthesis pathway [116]. YUC5 was down-regulated
both at 7 and 14 DAG, while YUC8 and YUC9 where only down-regulated at
14 DAG. Furthermore, we show that at 14 DAG TFL2 localizes, in an auxin
dependent fashion, to the chromatin of YUC1, YUC2, YUC4, YUC5, YUC6,
YUC8, YUC9 and YUC10. Auxin treatment negatively affects the relative
enrichment of TFL2 over the chromatin of the YUC genes. In wt, auxin
treatment decreases the expression levels of YUC5, YUC8 and YUC9 both at
7 and 14 DAG, and we thus propose that TFL2 is directly involved in positive regulation of YUC gene expression. The reduced expression of YUC
genes in tfl2 is presumably the main cause of the reduced rate of auxin biosynthesis and low levels of free auxin detected in tfl2 seedlings.
Although a subset of YUC genes targeted by TFL2 were not misexpressed
in tfl2 at 7 or 14 DAG, we suggest that TFL2 is involved in spatial and temporal regulation of YUC gene expression. In line with this we show that in
the inflorescence apex (including developing flower buds) YUC1, YUC2,
YUC4 and YUC7 were down-regulated in tfl2 and/or tfl2iaa6 tissues whereas
we did not detect expression of YUC5, YUC8, YUC9, YUC10 and YUC11.
Our results correspond with the different expression patterns reported for the
YUC genes. While YUC1, YUC2 and YUC4 are highly expressed in the inflorescence meristem, YUC6 is expressed in stamens [118], YUC7 is expressed
in vegetative and reproductive tissues and YUC8 in roots and stamens (Arabidopsis eFP browser at bar.utoronto.ca [201,202]). YUC5 and YUC9 are
expressed in roots [203], YUC3 is expressed in carpels, and YUC10 and
YUC11 are expressed in developing embryos (Arabidopsis eFP browser at
bar.utoronto.ca [117,202]).
We propose that TFL2 regulates YUC gene expression independently of
the present model of auxin signaling involving Aux/IAA inhibition of ARFs,
as the promoters of YUC genes have not been reported to contain any
AuxRE and the transcription factors reported to regulate YUC gene expression are not ARFs [150,204,205,206]. TFL2 has not previously been shown
to be implicated in positive transcriptional regulation, but two homologues
of TFL2, mammalian HP1 and HP1a from Drosophila melanogaster, have
both been shown to be involved in positive euchromatic gene regulation
[71,72,207]. The mechanism by which TFL2 and HP1 proteins mediate positive gene regulation remains unknown but several studies have reported interactions with transcription factors and with the transcriptional elongation
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machinery [208]. By positively affecting spatiotemporal YUC gene expression, TFL2 is involved in regulation of local auxin biosynthesis throughout
plant development.

Auxin responses are misregulated in tfl2 at the
molecular and morphological level (I)
We analyzed the expression of representatives of the three families of early
auxin response genes, GH3, SAUR and Aux/IAA as well as the ARF gene
family in 7 and 14 day old tfl2 and wt seedlings. We found that the expression of the GH3 gene DWARF IN LIGHT1, ARF2, ARF7, ARF19 and IAA12
was not affected by the tfl2 mutation. On the contrary, IAA5, IAA6, IAA19
and SAUR-AC1 were all down-regulated in tfl2. Following treatment with
exogenously supplied IAA, we found that IAA5 and IAA19 responded to
auxin treatment as wt, while the expression of IAA6 and SAUR-AC1 was
reduced in tfl2 compared to wt. The reduced expression of the early auxin
response genes observed in untreated seedlings could be attributed to the
reduced levels of free auxin detected in tfl2. In line with this Vadassery et al.
[209] show that reduced levels of free auxin result in reduced IAA6 expression. The phenotype of YUC mutants is not restored by exogenous auxin
treatment; instead expression of the bacterial auxin biosynthesis gene, iaaM,
driven by a YUC promoter, restores the phenotype, showing the importance
of local auxin biosynthesis [118]. The reduced transcriptional response of
IAA6 and SAUR-AC1 to exogenous supplied auxin observed in tfl2 could
therefore be attributed to the severe down-regulation of YUC genes. Although a second explanation could be that TFL2 has an additional function
in auxin signaling. As all genes assessed are not down-regulated in tfl2 we
believe that TFL2 does not play a general role in auxin response regulation.
In addition to analyzing auxin responses at the molecular level, we examined auxin regulated morphological responses in tfl2 and wt, namely auxin
regulated root length inhibition and hypocotyl elongation as well as the patterning of cotyledons and, the formation of lateral roots. In wt, IAA treatment inhibits root length elongation and hypocotyl elongation in darkness.
However, in light, low concentrations of IAA promote hypocotyl elongation
and high concentrations of IAA inhibit the same. When analyzing the root
length after auxin treatment we found that tfl2 roots were longer than wt
roots on all concentrations assayed. Furthermore, in light conditions and at
low levels of IAA, tfl2 seedlings did not show the increase in hypocotyl
elongation displayed by wt seedlings. At high levels of IAA, tfl2 displayed
longer hypocotyls that wt both in light and in darkness, indicating that tfl2
seedlings are less sensitive to both high and low levels of exogenously supplied auxin. When analyzing the vascular patterning of cotyledons and the
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formation of lateral roots, we did not detect any changes between the genotypes (data not shown). This shows, both at the molecular or the morphological level, that TFL2 does not play a general role in auxin response regulation.

TFL2 interacts with a subset of Aux/IAA and JAZ
proteins (II, III)
To identify putative TFL2 interacting proteins, we performed a yeast 2hybrid (Y2H) screen with TFL2 as bait against a cDNA library derived from
a mixture of mature Arabidopsis leaves and roots and 3 day old etiolated
seedlings [210]. We picked up JAZ6 as an interacting partner of TFL2 and to
further determine if other JAZ proteins also interact with TFL2 we coexpressed all the JAZ proteins together with TFL2, respectively. Out of the
12 JAZ proteins only JAZ6 interacted with TFL2 and further studies of
JAZ6 and TFL2 derivatives established that TFL2 interacts through the CSD
with the ZIM domain of JAZ6. By analyzing wt JAZ6::GUS and tfl2
JAZ6::GUS plants we could also determine that the interaction between
TFL2 and JAZ6 does not affect the MeJA induced degradation of JAZ6.
As we have shown that auxin response genes are misexpressed in tfl2, we
performed a Y2H screen to determine if TFL2 interacts with Aux/IAA proteins. We found that out of the 29 Aux/IAA proteins TFL2 interacts with
IAA5, IAA6, IAA15, IAA19, IAA20 and IAA30, and by using Aux/IAA
and TFL2 derivatives we determined that TFL2 interacts through the CSD
with domain I of the Aux/IAA proteins. Phylogenetically, IAA5, IAA6 and
IAA19 form a highly supported monophyletic clade, IAA20 is related to
IAA30 and IAA31, whereas IAA15 has no close relative [131].
Domain I of the Aux/IAA proteins is reported to have a strong repression
motif, LxLxL [128], and is also required for the interaction between the corepressor TPL and Aux/IAA proteins [108]. Similarly, the ZIM domain of
JAZ proteins is essential for the interaction between the NINJA/TPL corepressor complex and JAZ proteins [109].
TFL2 was also co-expressed together with the gibberellin and ethylene
repressive proteins, DELLA and EIN/EIL respectively, to test whether TFL2
is involved in other hormonal signaling pathways that adopt the SCF complex for protein ubiquitination. We found that TFL2 does not interact with
these proteins, showing that it is likely only involved in JA and IAA signaling.
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tfl2iaa6 mutants display unique and enhanced
phenotypic traits (II)
The biological relevance of the detected interaction between TFL2 and IAA6
was determined by analyzing tfl2iaa6 double mutants. We found that
tfl2iaa6 plants displayed both unique and enhanced phenotypic traits compared to tfl2. iaa6 plants have no visible phenotypic defects (Figure 3 A-B).
tfl2iaa6 plants are similar in size to tfl2 but we observed that the formation
of multiple inflorescences from the same node and premature termination of
the primary inflorescence are traits that are enhanced by the iaa6 mutation;
indicating that auxin signaling is involved in these processes. Furthermore
we observed unique phenotypic traits in tfl2iaa6 mutants. These include
cauline leaves with carpelloid structures developing on the pedicel, fasciation of the stem or inflorescence apex, unfused carpels and disturbed phyllotaxy (Figure 3 D-I). The unique phenotype of tfl2iaa6 shows that both TFL2
and IAA6 are needed to regulate these developmental processes. The two
proteins share presumably a common function in auxin signaling, but the
phenotype could also be attributed to the combined secondary effects of the
tfl2 mutation and misregulation of auxin signaling.

Figure 3. Floral phenotypes of A) wt (Col-0). B) iaa6-1. C) Terminal flower of tfl21, inset shows the phenotype of non terminal tfl2-1 flowers. D-I) Phenotypic defects
of tfl2iaa6 plants. D) Early terminated inflorescence of tfl2iaa6 showing a gynoecium developing within another gynoecium. E) Scanning electron micrograph of
an unfused gynoecium of tfl2iaa6. F) Scanning electron micrograph of a gynoecium
developing within a gynoecium. G) Cauline leaf developing on a pedicel showing
carpelloid structures. H) Scanning electron micrograph shoving severe fasciation of
the inflorescence apex of tfl2iaa6. I) Multiple inflorescences developing from the
same node. sp= stigmatic papillae; ov= ovules; v= valve; r= replum; st= stamen.
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TFL2 and IAA6 repress SHP1 outside its functional
domains (II)
We analyzed the relative expression of known genes involved in flower and
meristem development to assess if misexpression of these genes is responsible for the phenotype observed in the tfl2iaa6 inflorescence apices. Several
genes were only affected by the tfl2 mutation, including LFY, FIL and YAB3.
Furthermore, we found that ANT and CRC were both down-regulated in tfl2
and iaa6 tissues but no additive effect was detected in tfl2iaa6, indicating
that TFL2 and IAA6 share a common pathway of regulation and loss of either TFL2 or IAA6 is enough to cause a misexpression. Furthermore, we
found that the relative expression levels of SEP2, SHP1 and IND were increased in tfl2iaa6 tissues compared with tfl2 and iaa6. To determine if these
genes are regulated by auxin, we analyzed their expression after auxin treatment. We found that SEP2, SHP1 and IND are transcriptionally up-regulated
by auxin treatment in wt. On the contrary, SHP2 and CRC are not regulated
by auxin in any of the genotypes analyzed. SHP1 and SEP2 were overexpressed in tfl2 and tfl2iaa6 tissues both after mock and auxin treatment. IND,
which was overexpressed in mock treated tfl2 and tfl2iaa6 tissues, was only
overexpressed in tfl2iaa6 tissues after auxin treatment. This suggests that
IND might be redundantly regulated by other Aux/IAA proteins and that
IAA6 might interact with other transcription factors to maintain IND repression in tfl2.
As overexpression of SHP1 causes ectopic ovule formation [146,147], we
analyzed the expression pattern of SHP1 in mock and auxin treated inflorescence apices. In mock and auxin treated wt and iaa6 tissues, and in mock
treated tfl2 tissues, we found that SHP1 was expressed in the gynoecium of
early developing flowers and in later stages only in the valve margins and
the ovules. After auxin treatment of tfl2 tissues, i.e. after Aux/IAA degradation, SHP1 expression was expanded throughout the flower and the inflorescence meristem, and this expansion was also observed in mock and auxin
treated tfl2iaa6 tissues. This shows that both TFL2 and IAA6 are required to
repress SHP1 outside its functional domains. Furthermore, we show that
SHP1 but not SHP2 is a direct target of TFL2 in vegetative tissues. Based on
our results we propose a model for how TFL2 and IAA6 repress SHP1 outside its functional domains. We believe that IAA6 recruits TFL2 to the
chromatin of SHP1 in tissues with low levels of free auxin. Thereafter, it is
highly likely that TFL2 homodimers bind to the nucleosome through the CD
[52], propagating a tighter chromatin structure throughout the SHP1 gene.
In tissues with high levels of free auxin, IAA6 is polyubiquitinated by the
SCFTIR1 complex and subsequently degraded by the 26S proteasome, thereby
releasing TFL2 and enabling SHP1 expression. As IAA6 has not been shown
to target SHP1, further studies are needed to establish how SHP1 is regulated
at its locus. Regulation of auxin signaling at the chromatin level has previ31

ously been reported for IAA12 and IAA14, which interact with the corepressor TPL and the chromatin remodeling factor PICKLE. TPL works in
conjunction with HDA19 during embryogenesis, and TPL related proteins
interact with HDA19, suggesting that TPL mediates repression through
chromatin remodeling [211]. In auxin signaling, TPL acts together with
IAA12 as a transcriptional co-repressor of ARF5 [108]. Similarly, the chromatin-remodeling factor PICKLE is required for IAA14 mediated repression
of ARF7 and ARF19 activity [47].

TFL2 regulates the JA/wound responsive genes
VSP1/VSP2 (III)
The interaction between TFL2 and JAZ6 prompted us to analyze the expression of downstream targets of JA signaling in tfl2 and wt plants after wounding or MeJA treatment. Although most genes assessed were down-regulated
in tfl2, we found that the anti-insect acid phosphatases VSP1 and VSP2 were
highly overexpressed in mock and MeJA treated tfl2 seedlings. Furthermore,
ChIP analyses of the VSP1 and VSP2 loci, revealed that TFL2 targets the
promoter and transcribed region of VSP1 and VSP2 but not the transposable
element gene located between the VSP genes. We have also shown that
TFL2 binding to the VSP chromatin is regulated by MeJA treatment. After 1
hour of MeJA treatment we show that the amount of TFL2 bound to the
chromatin is significantly reduced; while following 6 hours of MeJA treatment the amount of TFL2 binding to the VSP chromatin increases significantly. Interestingly, we found that the dynamic changes observed in the
amount of TFL2 bound to the VSP chromatin reflects the changes in relative
VSP1/VSP2 expression observed over time in wt seedlings treated with MeJA. In wt, VSP expression is up-regulated following 1h of MeJA treatment
and after 6h of treatment the relative expression levels decline. On the contrary, in tfl2, we did not detect a significant reduction in VSP expression
levels after 6h of MeJA treatment compared with 1h. These results show that
TFL2 regulates the rapid and dynamic changes in VSP expression that occur
over time.
We propose that TFL2 inhibits VSP expression by a mechanism similar to
that presented for TFL2/IAA6 mediated repression of SHP1. In the absence
of JA, TFL2 is recruited by JAZ6 to the chromatin of the VSP genes. It is
highly likely that TFL2 binds thereafter to the nucleosome through the CD
[52], to establish and propagate a tighter chromatin structure which results in
inhibited VSP transcription. When JA levels increase, we show that TFL2 is
released from the chromatin of the VSP genes. JA is perceived by the
SCFCOI1-JAZ6 co-receptor [91], this interaction is presumed to promote
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polyubiquitination of JAZ6 and subsequent degradation by the 26S proteasome [212], resulting in VSP expression.
In a similar way the human KRAB/KAP1 gene repression complex recruits the methyltransferase SETDB1 and HP1 to mediate a denser chromatin structure [68,213], showing that the proposed mode of action for TFL2 in
IAA and JA signaling is conserved in organisms other than Arabidopsis.

TFL2 might be involved in alleviating the fitness cost
caused by constitutive JA and IAA responses (II, III)
Non-canonical Aux/IAA proteins, which lack domain II, are insensitive to
degradation through the SCFTIR1 complex [214]. Five out of the 29 Aux/IAA
proteins belong to this subgroup, IAA20, IAA30, IAA32, IAA33 and
IAA34. IAA20 is able to repress transcription from an auxin responsive
promoter [214], and like IAA30, is a long lived protein, believed to stabilize
and minimize fluctuations in the expression of late auxin inducible genes
[129].
Similarly, JAZ proteins are subjected to alternative splicing, generating
dominant JAZ isoforms that are unable to interact with the SCFCOI1 complex,
and are not degraded upon JA induction [103]. As for the dominant
Aux/IAA proteins, alternative splicing of JAZ proteins is believed to alleviate the fitness cost of overstimulation by constitutive JA responses. The finding that TFL2 interacts with the non-canonical Aux/IAA proteins and a
JAZ6 isoform lacking the Jas domain suggests that TFL2 is involved in preventing overstimulation of IAA and JA signaling. Further support for this
hypothesis is provided by out ChIP results, which show that TFL2 is not
completely removed from the chromatin of the VSP genes upon JA induction
in wt. We believe that this reflects the ability of TFL2 to bind to the stabilized splice variant of JAZ6. Recently, a role in transcriptional fine tuning
has also been reported for the chromatin mediated repression of FLOWERING LOCUS T by TFL2 [215].

tfl2 is hypersensitive to R and FR light (IV)
By growing tfl2 mutants under continuous monochromatic light we detected
that tfl2 seedlings displayed a significantly shorter hypocotyl than wt in R
and FR light but not in B light or darkness. A more detailed analysis of the
fluence rate response revealed that in FR light tfl2 seedlings exhibited a
shorter hypocotyl than wt in low light intensities but not in high light intensities. On the contrary, the hypocotyls of tfl2 seedlings grown in R light were
shorter than wt in all light intensities, and the hypocotyl response of tfl2 in R
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light reached saturation already in the lowest light intensity tested. Analysis
of the fluence rate response to B light revealed that tfl2 does not differ from
wt in these light conditions. As PHYA and PHYB are the main photoreceptors that mediate FR and R light responses respectively, we generated double
mutants between tfl2 and phyA or phyB. Both phytochromes were epistatic to
tfl2 showing that TFL2 is presumably involved in regulating R and FR light
responses downstream of the phytochromes.
As the PHYA locus has been shown to be subjected to rapid and reversible
light mediated chromatin modifications, including H3K27me3 [216], the
repressive mark recognized by TFL2 [29], we analyzed whether PHYA is a
direct target of TFL2. Our results revealed that TFL2 does not target PHYA
in darkness and gene expression analysis show that only etiolated tfl2 mutants overexpress PHYA. This suggests that TFL2 is indirectly involved in
moderating PHYA expression in etiolated seedlings.
The greening response upon transfer to light was visually weaker in tfl2
seedlings compared to wt. Thus, we measured the amount of photosynthetic
pigments and relative expression of genes involved in chlorophyll biosynthesis in tfl2 and wt. The results show that the amount of protochlorophyllide a,
chlorophyll a and chlorophyllide a were reduced in tfl2 compared to wt both
after 3 days in continuous R light and after 3 days in darkness followed by
24h of exposure to R light. The amount of chlorophyll b was elevated in tfl2
after 3 days in continuous R light, but after 3 days in darkness followed by
24h of R light exposure tfl2 seedlings showed a significant reduction in chlorophyll b content compared to wt. Furthermore, no difference was observed
when the seedlings were grown for 3 days in continuous W light, indicating
that early chloroplast development is delayed in tfl2. The relative transcript
levels of NADPH:Pchlide oxidoreductase A (PORA) were reduced in dark
grown tfl2 seedlings compared to wt. PORA is one of two enzymes involved
in chlorophyll biosynthesis and the reduction in transcript levels might be
responsible for the delayed greening response of tfl2.
In wt PHYA is inactive in darkness, and the overexpression detected in
etiolated tfl2 seedlings might explain the hypersensitive phenotype detected
in response to low fluence rates of FR light, as well as the delayed greening
response. Our results show that TFL2 is involved both in PHYA and PHYB
signaling as well as in regulating PHYA expression in etiolated seedlings.

The shade avoidance response is defective in tfl2
seedlings (IV)
The shade avoidance response is regulated mainly by PHYB, but enrichment
of FR wavelengths increases also PHYA signaling which counteracts the
shade avoidance response [217]. We analyzed the shade avoidance response
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in tfl2 to further investigate the involvement of TFL2 in light signaling
downstream of PHYA and PHYB. We found that the hypocotyls of tfl2 seedlings grown in simulated shade conditions did not elongate as wt hypocotyls,
while tfl2 seedlings grown in W light were indistinguishable from wt. Gene
expression analysis of PHYB and three shade avoidance markers ATHB2,
XTR7 and HFR1 revealed that TFL2 is not involved in regulating these
genes. Although a slight increase in ATHB2 expression was detected in tfl2
seedlings grown in simulated shade conditions, the biological relevance of
this increase in transcript levels is questionable since tfl2 is defective in hypocotyl elongation in response to shade.
Auxin biosynthesis, transport and signaling have been shown to be crucial
for the shade avoidance response, presumably by promoting cell expansion
[218,219]. tfl2 is defective in auxin biosynthesis, and therefore we analyzed
whether exogenous auxin treatment could rescue the defective shade avoidance response of tfl2. We found that treatment with 1µM 1-NAA does not
rescue the defective shade avoidance response in tfl2. Gene expression
analysis showed that PHYB, ATHB2, XTR7 and HFR1 are not affected by
auxin treatment. Furthermore, analysis of the two early auxin response genes
IAA5 and IAA19 revealed that tfl2 mutants grown on 1-NAA in simulated
shade conditions were overexpressing IAA5 and IAA19 compared to wt and
tfl2 seedlings grown in W light. This indicates that TFL2 is either involved
in regulating the shade avoidance response independently of auxin or is involved in auxin signaling downstream of IAA5 and IAA19. Since we have
previously shown that TFL2 binds to IAA5 and IAA19 we propose that
TFL2 is required for IAA5 and IAA19 light regulated gene repression.

Conclusions and future perspectives
We have described a novel function for TFL2 in positive regulation of gene
expression in regard to the YUCCA gene family. Furthermore, we have
shown that TFL2 is implicated in repressing genes involved in auxin, jasmonate and light signaling.
Future functional studies of TFL2s hinge region would provide additional
clues to how TFL2 is able to interact with such a wide variety of proteins.
Furthermore, as mammalian HP1 proteins interact through the CSD with
proteins carrying a PxVxL motif, it would be of great interest to analyze
whether the CSD of TFL2 has evolved to recognize proteins carrying the
LxLxL EAR motif.
TFL2 has been shown to interact with a wide repertoire of proteins, to be
involved in hormonal signaling, and it is believed that TFL2 regulates 15%
of the genome [29]. This complexity of function provides a true challenge
when describing how TFL2 affects its target genes throughout the plants’ life
cycle. As TFL2 is not statically targeted to a gene throughout plant devel35

opment, further studies focusing on specific developmental stages are required to fully comprehend the complexity of TFL2 as an epigenetic regulator.
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Svensk sammanfattning

Växter saknar förmåga att förflytta sig och måste därför kunna anpassa sig
till sin föränderliga levnadsmiljö samt kunna försvara sig mot herbivorer och
parasiter. Växter anpassar sin tillväxt till rådande omständigheter och de
känner av förändringar i omgivningen genom specialiserade receptorer.
Forskare världen över studerar modellorganismen Arabidopsis thaliana
(backtrav) för att förstå de molekylära mekanismer som styr växters utveckling. Processer som styr organismers utveckling är reglerade av gener. För en
organsims optimala utveckling krävs en noggrann reglering av genuttryckets
position, styrka, tidpunkt och ordning. Dessutom bör gener som inte är specifika för vissa processer inaktiveras. De delar av DNA som kodar för de
olika generna läses av vid transkription och översätts till budbärar-RNA som
i sin tur översätts till proteiner. Molekylära processer regleras inte bara på
gennivå utan också på proteinnivå, genom aktivering, förflyttning, återvinning, lagring och nedbrytning av proteiner.
De arbeten som ligger till grund för denna doktorsavhandling har syftat
till att undersöka hur ljus- och hormonsignaler integreras och fortplantas i
växter. Hormoner är molekyler som produceras i en cell eller organ och
används som budbärare av signaler lokalt eller till andra celler eller organ.
Hormoner binder till specifika receptorer, vilket oftast resulterar i förändringar i genuttryck och därmed förändringar i proteinnivåer som i sin tur
leder till morfologiska förändringar såsom anpassad tillväxt. I denna doktorsavhandling har vi studerat hur hormonsignaleringen för växthormonen
auxin och jasmonat påverkas av proteinet TERMINAL FLOWER2 (TFL2).
TFL2 är en epigenetisk regulator, vilket innebär att den kan påverka genuttryck utan att direkt binda till DNA eller förändra dess nukleotidsammansättning. Epigenetiska processer påverkar huvudsakligen DNAs struktur,
kromatinet. Epigenetiska förändringar av DNA är reversibla och oftast ärftliga. TFL2 har förmågan att binda till histoner och därigenom förändra kromatinstrukturen. Genom att bidra till en tätare kromatinstruktur hindrar
TFL2 genuttryck eftersom transkriptionsfaktorer och transkriptionsmaskineriet hindras från att binda till DNA. Vi har upptäckt att TFL2 binder till proteiner involverade i auxin och jasmonat signalering. Auxin är ett växthormon
som är involverat i många processer under växtens utveckling. Genom att
mäta nivåerna av fritt auxin och auxinbiosynteshastigheten har vi funnit att
tfl2 mutanter har lägre nivåer av auxin samt lägre biosynteshastighet. Dessutom har vi mätt uttrycksnivåerna av gener involverade i auxinbiosyntesen
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och funnit att TFL2 reglerar uttrycket av YUCCA generna som påstås katalysera ett hastighetsbegränsande steg i auxinbiosyntesen. TFL2 binder till
YUCCA genernas DNA och vi föreslår att TFL2 krävs för deras positiva
reglering. Att TFL2 är involverat i positiv genreglering har tidigare varit
okänt, TFL2 har tidigare enbart associerats med negativ genreglering. TFL2
har, utöver en roll i auxinbiosyntesen, en roll i auxinsignalering. Vi har bevisat att TFL2 binder specifikt till 6 av 29 Aux/IAA proteiner. Dessa proteiner
förhindrar uttrycket av auxinresponsgener i vävnader med låga nivåer av
auxin. Vi har även funnit att TFL2 och IAA6 krävs för att stänga av uttrycket
av SHATTERPROOF1 (SHP1) i vävnader där den inte bör uttryckas. SHP1
är en gen som bl.a. styr frökapselns förmåga att öppna sig, och dess uttryck
är positivt reglerat av auxinbehandling. Vi föreslår att i vävnader med låga
auxinnivåer rekryteras TFL2 av IAA6 till SHP1s DNA och därefter bidrar
TFL2 till att bilda en tätare kromatinstruktur som hindrar transkriptionen av
SHP1. Däremot så bryts IAA6 ner i vävnader med höga auxinhalter vilket
leder till att TFL2 lossnar från SHP1 DNAt och SHP1 kan uttryckas.
Vidare har vi funnit att TFL2 binder till proteinet JAZ6 som likt Aux/IAA
proteinerna inhiberar uttrycket av gener i jasmonatsignalering. Jasmonat är
växternas försvarshormon, som reglerar genuttryck och anpassar tillväxten
vid patogenangrepp eller mekaniska skador. De molekylära mekanismer som
reglerar jasmonatsignalering är näst intill identiska med de som styr auxinsignalering. Vi har funnit att de jasmonatreglerade generna VEGETATIVE
STORAGE PROTEIN1 och 2 (VSP1/2) är överuttryckta i tfl2 mutanten.
Dessutom binder TFL2 proteinet till VSP1 och VSP2s kromatin och mängden TFL2 som är bundet följer de dynamiska genuttrycksförändringarna i
respons till jasmonat som sker över tid. Våra resultat stödjer en genregleringsmodell som liknar den vi har föreslagit för TFL2s reglering av auxinsignalering. I vävnader med låga jasmonatnivåer så rekryteras TFL2 av
JAZ6 till VSP1 och VSP2 kromatinet där TFL2 bidrar till en tätare kromatinstruktur. Däremot i vävnader med höga jasmonatnivåer, som t.ex. efter ett
insektsangrepp, så bryts JAZ6 proteinet ner och VSP generna kan uttryckas
eftersom TFL2 har lossnat från kromatinet.
Eftersom TFL2 tidigare har visats vara involverad i regleringen av blomningstid, en process som är bl.a. ljusreglerad, så har vi analyserat hur tfl2
mutanten svarar på olika ljusförhållanden. Vi har funnit att TFL2 är involverat i regleringen av genuttryck i respons till rött och mörkrött ljus men inte
till mörker eller blått ljus. Våra data tyder på att TFL2 reglerar ljusprocesser
som är nedströms en eller flera fytokrom, rödljusreceptorerna.
Våra studier kring TFL2s roll i hormon och ljussignalering har bidragit
till att vidga förståelsen för hur det epigenetiska maskineriet kan reglera
processer som resulterar i snabba förändringar i genuttryck. Funktionsstudier
av TFL2 proteinets olika domäner kan i framtiden bidra till att förstå och
upptäcka nya funktioner som TFL2 har under växternas utveckling.
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