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Abstract: The transition to flowering
results from a complex interplay
between
endogenous
and
environmental cues. The leaves play a
key role in this process, by perceiving
the light changes and producing
photosynthates, which participate to the
floral
signalling.
However,
our
knowledge on the changes occurring in
leaves during floral transition is still
limited.
We
characterised
the
morphological,
molecular
and
transcriptional events related to floral
transition in mature leaves in
Arabidopsis, using a short-day to longday shift to induce a synchronized
flowering. We identified the temporal
window of the floral transition,
monitored the leaf growth and observed
an increase in their ploidy level during
the process. By RNA-seq we studied
the transcriptional dynamics of the leaf
gene network, and compared with

events occurring in roots and meristems
to get an integrated view of floral
transition in the whole plant.
Furthermore, we investigated the mode
of action of LIKE HETEROPROTEIN
1 (LHP1), a PRC1 subunit, by
exploiting transgenic lines with
conditional alterations of LHP1 dosage
and analysing the effects on chromatin
and transcription of flowering genes. A
short-term modulation of LHP1 dosage
altered the deposition of H3K27me3
and H3K4me3, showing a functional
interaction between LHP1 and PRC2,
and also suggesting a new role in the
formation of bivalent chromatin
regions.
Finally,
since
nuclear
organisation plays a key role in gene
regulation, we searched and identified
determinants of the nuclear architecture
by using innovative spatial statistical
tools.

Titre: Caractérisation des événements transcriptionnels et chromatiniens en
relation avec la transition florale et identification de déterminants de
l'organisation du noyau.

Mots clés: Transition florale, organisation nucléaire, chromatine, LHP1,
régulation génique.

Résumé: La transition florale résulte
d’un jeu complexe d’interactions entre
des
signaux
endogènes
et
environnementaux. Les feuilles jouent
un rôle crucial dans ce processus en
percevant les changements associés à la
lumière
et
en
produisant
les
photosynthétats qui participant à la
signalisation de la floraison. Toutefois,
notre connaissance des changements se
produisant dans les feuilles lors de la
transition florale reste limitée. Nous
avons caractérisé les événements
morphologiques,
moléculaires
et
transcriptionnels en relation avec la
floraison florale dans les feuilles
matures chez Arabidopsis, en exploitant
un système de transfert de conditions
en jours courts vers des jours longs,
transfert qui permet d’induire et
synchroniser la floraison. Nous avons
identifié la fenêtre temporelle de la
transition florale, mesuré la croissance
foliaire, et observé un accroissement de
la ploïdie au cours du processus. Par
une approche de RNA-seq, nous avons
étudié la dynamique transcriptionnelle
des réseaux de gènes dans la feuille, et

comparé avec des données dans la
racine et le méristème pour avoir une
vue plus intégrée de la floraison dans la
plante. De plus, nous avons analysé le
mode d’action de LHP1 (LIKE
HETEROPROTEIN 1), une sous unité
du complexe PRC1, en exploitant des
lignées
transgéniques
avec
des
modifications
conditionnelles
du
dosage de LHP1 et en analysant les
effets sur la chromatine et la
transcription des gènes impliqués dans
la floraison. Une modulation courte du
dosage en LHP1 modifie le dépôt des
marques H3K27me3 et H3K4me3,
démontrant
une
interaction
fonctionnelle entre LHP1 et le
complexe PRC2, et suggérant aussi un
nouveau rôle dans la formation de
régions chromatiniennes de type
bivalent. Enfin, étant donné le rôle clé
de l’organisation nucléaire dans la
régulation génique, nous avons
recherché et identifié des déterminants
de l’architecture nucléaire en utilisant
de nouveaux outils de statistiques
spatiales.
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Abstract
The interphase cell nucleus is an extraordinarily complex, ordered, and
dynamic organelle. In the last decade, remarkable progress has been made in
deciphering the functional organisation of the cell nucleus, which have already
highlighted intricate relationships between the genome functions (transcription,
DNA repair or replication) and various nuclear compartments. In this review,
we describe the architecture of the Arabidopsis thaliana interphase cell nucleus
and discuss the dynamic nature of its organisation.

Nuclear architecture and chromatin dynamics
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Introduction
The linear dimension of eukaryotic genomes is nowadays readily analysed
with the development of various high-throughput techniques allowing genomewide approaches. Thus, their sequences have hardly no mystery, it is easier to
question their evolution and increasing studies aim to paint their dynamic
epigenomes. This progress has given rise to new challenges, namely to put the
genome back in its tridimensional nuclear framework, to examine the interplay
between the main functions of the genomes and the architecture of the
interphase cell nucleus, and thus to decipher the relationships between nuclear
structure and function. Thus, there is a renewed interest in nuclear
compartments, some of which were described about two centuries ago, and in
the 3D nuclear architecture. The extraordinary complexity of the interphase cell
nucleus, its ordered structure, and the dynamics of this organelle at different
scales are thus being actively investigated in both animal and plant cells. Much
has been learnt about the composition and fine structure of the nucleus, and the
mechanism of formation and dynamics of its various functional compartments.
A better understanding of the structural and functional interplay between
chromatin and the other nuclear compartments is emerging. These studies have
been accompanied by the development of specific 3D approaches and tools,
such as 3D imaging and modelling, and methods that capture chromosome
conformation. Numerous reviews have been published on diverse aspects of
nuclear organisation (de Wit and de Laat 2012; Dekker et al., 2013; Delgado et
al., 2010; Dion and Gasser 2013; Rajapakse and Groudine 2011; Taddei and
Gasser 2012; Towbin et al., 2013). However, much remains to be learnt about
chromatin dynamics in plants. In this review, we summarize our current
knowledge on nuclear compartments of the interphase nucleus in the model
plant Arabidopsis thaliana, with a special emphasis on heterochromatin.
Indeed, this compartment is highly plastic, exhibiting large-scale
reorganisations and contributes to genome organisation, whereas euchromatin
dynamics at the scale of the nucleus remain scarcely studied. We also discuss
3D modelling and quantitative techniques for analysing the architecture of the
interphase nuclei, which are still in their infancy in A. thaliana.

Chapter 1
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Components of Plant Heterochromatin
In 1928, Emil Heitz classified chromatin into two types: heterochromatin
and euchromatin. Whereas the former remains highly condensed throughout the
cell cycle, the latter decondenses during interphase (Heitz 1928). This binary
classification system, which was originally based on cytological observations in
mosses, is still widely used to describe chromatin in all eukaryotes. However, it
has evolved tremendously in the past fifteen years and central dogmas, such as
the inertness and transcriptional inactivity of heterochromatin, have been
challenged. The classification system has been expanded to include molecular
and biochemical characteristics, such as 5-cytosine DNA methylation in
symmetric or asymmetric contexts, post-translational histone modifications,
nucleosome composition and arrangement, and transcriptional status, as
determined by specialized polymerases. However, chromatin states at the scale
of the nucleus are difficult to determine, due to limitations in resolution, and
only the relatively large-scale heterochromatin compartments of interphase
nuclei have been analysed using cytological approaches.
The main heterochromatic regions of A. thaliana, which are visible by
microscopy after DNA counterstaining, occur at the centromeres,
pericentromeric regions, telomeres, and nucleolar organiser regions (NORs)
(Figures 1 and 2). These regions are referred to as constitutive heterochromatin,
whereas chromatin that occasionally acquires heterochromatin characteristics
and is dispersed throughout the genome is known as facultative chromatin. The
cytological appearance of plant heterochromatin varies depending on genome
size, ranging from ~63 to ~149 000 Mb (Heslop-Harrison and Schwarzacher
2011) and chromosomal organisation (ranging in dicotyledonous species from
2n=4, such as in Haplopappus gracilis, to 2n=~640 in Sedum suaveolens,
http://www.tropicos.org/Project/IPCN). Plant heterochromatin is either located
in discrete and well-defined subnuclear regions that exhibit intense labelling
with DNA stain, also called chromocentres (CCs) in some species, e.g.,
Arabidopsis thaliana and Oryza sativa (rice), or is distributed throughout the
genome in less defined substructures, for instance, in Zea mays (maize). The
heterochromatin fraction (HF) of A. thaliana is estimated to account for 7.1% of
the total chromosome length at pachytene (~330 µm), based on a cytological
Nuclear architecture and chromatin dynamics
in interphase nuclei of Arabidopsis thaliana
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CENTROMERE
- 180 bp satellite repeats,
spanning 0.4-1.4 Mb
- Hypomethylated DNA
- CENH3 histone variant
- Low H3K9me2

TELOMERE
- (TTTAGGG)n arrays
- 2-5 kb length
- CHH DNA methylation
- H3.3 histone variant
- Intermediate chromatin
(H3K9me2, H3K27me1,
H3K4me3)

I

II

34 Mb 22 Mb

III

VI

V

25 Mb

20 Mb

31 Mb

PERICENTROMERE
- Enriched in DNA repeats
and TEs
- High DNA methylation
- H3.1 histone variant
- Enriched in H3K9me2
- Hypoacetylated histone

WS/
Col

Ler

NOR
- 45S rDNA arrays spanning
3.5-4.0 Mb

KNOB
- 0.7 Mb region
- Enriched in DNA repeats and
TEs
- Methylated DNA
- Accession specific

5S rDNA
- Spanning 0.1-0.3 Mb
- Accession specific on III

Figure 1: Heterochromatin compartments in A. thaliana.
Map of the five metacentric (1 and 5), submetacentric (3) and acrocentric (2 and 4) chromosomes.
Polymorphic cytological markers (5S rDNA and knob) are indicated by the names of the
accessions: Columbia-0 (Col), Landsberg erecta (Ler), Wassilewskjia (WS). Transposable
elements (TEs).

approach (Fransz et al., 1998); for 10-15% of the genome, based on the genome
sequence
(AGI
2000); and forcompartments
16% of the genome
(22 Mb out
of the ~135 of
Figure 1.
Heterochromatin
in Arabidopsis
thaliana.
Map
of
the
five
metacentric
(I
and
V),
submetacentric
(III)
and
acrocentric
(II and
the genome), based on DNA accessibility analysed by DNAse I chip (Shu
et al.,
IV) chromosomes. Wassilewskjia (WS), Columbia-0 (Col), Ler, Landsberg
2012). The relative HF (RHF), defined as the area and fluorescence intensity of
erecta, TEs, transposable elements.
CCs in relation to the area and fluorescence intensity of the entire nucleus in
DAPI counterstaining, is estimated to be ~15% (Schonrock et al., 2006; Soppe
et al., 2002), with variations depending on cell type and developmental and
environmental cues. Heterochromatin is rich in repetitive DNA sequences and
transposable elements, has few genes, and exhibits little or no transcriptional
activity. Furthermore, heterochromatin exhibits distinct molecular and
biochemical variations according to localisation and functions.
Centromeres are the primary constrictions along mitotic/meiotic
chromosomes. The relative location of the centromere differs for each type of
chromosome (Figure 1) (for a detailed review, see (Ma et al., 2007)). The
centromere directs the assembly of the proteinaceous kinetochore, which
interacts with spindle microtubules and facilitates the segregation of sister
Chapter 1
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A
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F
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K

B

D

G

I

J

E
Figure 2: Nuclear diversity in A. thaliana.
Cell nuclei were observed in different cell types, either using cryosections (A-G) or whole-mount
tissues (H-K), after DAPI staining. The pictures highlight the diversity in shape, size of the nuclei
but also in the number and size of chromocenters. Pictures correspond either to a single confocal
section of the nucleus (A, K, J) or to the maximum z-projection of an image stack (B-I), for
optimal 2D visualisation. A. Nuclei of cotyledon cells of a mature embryo. B. Nucleus of a seed
coat cell in a mature embryo. C-G. Three-week-old seedlings. C. Trichome nucleus. D. Leaf
epidermal cell nucleus. E. Stomata nuclei. F. Nucleus of a leaf mesophyll cell. G. Nuclei of leaf
vascular tissues. H-K. Young root. H. Nucleus of root hair cell. I. Nucleus of a root epidermis
cell. J. Nuclei of root meristem. K. Nuclei of the root cap. Scale bars, 5 µm.

chromatids during mitosis (Delgado et al., 2010). Centromeres of A. thaliana
are composed of arrays of a 178-bp satellite repeat, ranging from 0.4 to 1.4 Mb,
in different chromosomes (Copenhaver et al., 1999; Fransz et al., 1998; HeslopHarrison et al., 2003; Ma et al., 2007; Zhang et al., 2008). Substantial variation
in the copy number of the satellite repeat was reported in different ecotypes
(Hall et al., 2006). The DNA sequences of centromeric satellite repeats differ
markedly even among closely related species (Heslop-Harrison et al., 1999;
Heslop-Harrison and Schwarzacher 2011; Lysák 2009). The centromeric
chromatin region has low levels of DNA methylation and of the H3K9me2
epigenetic mark (Zhang et al., 2008). Independent of DNA sequence, the
location of the centromere is epigenetically specified by the presence of a
histone H3 variant, CENH3 (also named HTR12 in A. thaliana). Despite an
essential role in mitosis and meiosis, CENH3 is rapidly evolving and
participates in the formation of centromeric nucleosomes with unique
properties, thereby allowing the centromere to fulfil essential roles in
kinetochore formation and genome partitioning (Lermontova et al., 2011;
Tachiwana et al., 2011; Tachiwana and Kurumizaka 2011). In A. thaliana, the
Nuclear architecture and chromatin dynamics
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rapidly evolving N-terminal tail domain of CENH3 is specifically required for
centromeric loading in meiotic nuclei, suggesting different CENH3 loading
mechanisms in mitosis and meiosis (Lermontova et al., 2011; Lermontova et al.,
2006; Ravi and Chan 2010; Ravi et al., 2011). These data have key functional
implications for genome maintenance. A recent study reported that
KINETOCHORE NULL2 (KNL2) participates in loading CENH3 at
centromeres (Lermontova et al., 2013). KNL2 contains a SANT-associated
(SANTA) domain, which is present in chromatin remodelling proteins, and is
associated with centromeres during all phases of the mitotic cell cycle, except
from metaphase to mid-anaphase. KNL2 inactivation affects both mitotic and
meiotic division, without abolishing CENH3 assembly at centromeres
(Lermontova et al., 2013). In the A. thaliana cell nucleus, centromeres can be
visualised by fluorescent in situ hybridization (FISH) using a centromeric
satellite repeat probe (Fransz et al., 1998), immunocytochemistry using an
antibody against HTR12 (Talbert et al., 2002) or AtMSI12, which colocalises
with HTR12 (Sato et al., 2005), or live cell imaging using fluorescently tagged
HTR12 (Fang and Spector 2005). These approaches have facilitated studies of
the dynamics of the centromeric sub-compartment (see below).
The flanking pericentromeric heterochromatin is enriched in repetitive
DNA sequences and transposable elements (TEs) (Copenhaver et al., 1999). It
is also characterized by a high level of 5-cytosine DNA methylation, with some
strand-specific bias (Luo and Preuss 2003), and increased methylation of lysine
9 of histone H3 (H3K9me) and of the histone H3.1 variant (Stroud et al., 2012).
Recently, pericentromeric heterochromatin was shown to be the least accessible
chromatin to DNAse I, and blocks of accessible chromatin are progressively
more abundant with increasing distance from the centromere (Shu et al., 2012).
Thus, there is not a sharp boundary between pericentromeric heterochromatin
and euchromatin, but rather a gradual transition to chromatin with an increased
protein-coding gene density and a decreased TE density (Shu et al., 2012). The
assembly of H3K9me2-marked heterochromatin requires the transcription of
repetitive sequences by specific RNA polymerases and RNA-directed DNA
methylation (RdDM) (for reviews, (Beisel and Paro 2011; Castel and
Martienssen 2013; Verdel et al., 2009; Zhang and Zhu 2011)).
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Telomeres are protective nucleoprotein structures at the extremities of
linear chromosomes that stabilize chromosome termini and prevent
chromosome fusion and degradation by exonucleases (Lamb et al., 2007;
Watson and Riha 2010; Zellinger and Riha 2007). They consist of relatively
short tandem repeat arrays (2- to 5-kb in A. thaliana) of a conserved short motif
(TTTAGGG in most plant species) and associated telomere proteins.
Interestingly, non-functional telomere-like repeats have been identified in
interchromosomal regions (named interstitial telomeric repeats (ITRs)), some
being in close proximity of centromeres (Uchida et al., 2002), whereas other
short interstitial telomere motifs (named telo box) were preferentially observed
in the 5’ flanking regions of genes (Gaspin et al., 2010; Regad et al., 1994). The
existence of these interspersed telomeric repeats strongly challenge the
structural and functional analysis of terminal telomeric repeats but also open
interesting perspectives on regulatory mechanisms. The length of telomeres,
which is related to lifespan, is under genetic control and varies among species.
Although telomeres were originally thought to consist of heterochromatin, a
recent molecular analysis of epigenetic marks in A. thaliana telomeres revealed
that telomeric chromatin has some unexpected and unique features that are
characteristic of intermediate heterochromatin (Vrbsky et al., 2010) or even
euchromatin (Vaquero-Sedas and Vega-Palas 2013). Indeed, A. thaliana
telomeres are enriched in H3K9me2 and H3K27me1 heterochromatic marks,
but still retain the euchromatic H3K4me3 mark (Vaquero-Sedas et al., 2012;
Vrbsky et al., 2010). Furthermore, the A. thaliana telomeres are also relatively
enriched in the H3.3 histone variant (which is usually associated with
transcriptionally active regions) in comparison to centromeres, whereas the
centromere is enriched in H3.1 in comparison to telomeres (Vaquero-Sedas and
Vega-Palas 2013). Interestingly, subtelomeres and ITRs are of heterochromatic
nature (Vaquero-Sedas et al., 2012). The telomeric enrichment in histone H3.3
variant is probably related to the unique juxtapositioning of telomeres and
transcriptionally active genes in A. thaliana. Furthermore, as in other
eukaryotes, A. thaliana telomeres are transcribed into non-coding Telomeric
Repeat-containing RNAs (named TERRA) (Vrbsky et al., 2010). Telomeric
repeats are methylated at asymmetric cytosine sites via an RNA-dependent
DNA methylation pathway and small RNAs are derived from TERRAs
produced from telomeres and from ITRs located near centromeres (Vrbsky et
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al., 2010). Telomeric methylation was shown to be dependent on the activity of
the activity of DNA methyltransferase MET1 and the remodelling factor DDM1
(Ogrocka et al., 2013).
Interstitial blocks of heterochromatin, called knobs, occur on the
chromosome arms of maize and related species (Albert et al., 2010; Poggio et
al., 2005). Knobs vary in size and composition, but are highly enriched in DNA
repeats and TEs. Some knobs are visible throughout the cell cycle and are used
as cytological markers (Ghaffari et al., 2013). Knobs are associated with low
gene density and low transcriptional and recombinational activity. Some A.
thaliana accessions, such as Wassilewskija (WS) and Columbia-0 (Col-0), bear
a ~0.7-Mb knob on the short arm of chromosome 4 (hk4S), which does not
colocalise with the CC of chromosome 4 (CC4) and is not visible during
interphase (Figure 1) (Fransz et al., 1998; Fransz et al., 2000; Koornneef et al.,
2003). hk4S is enriched in centromeric and pericentromeric repeats and has few
expressed genes. hk4S was proposed to originate from an inversion event that
moved DNA sequences from the pericentromeric outer domain to a distal
euchromatin region of the 4S chromosome arm (Fransz et al., 2000). Maize
knobs do not have such a pericentromeric origin.
The nucleolar organiser region (McClintock 1934) consists of tandem
arrays of 45S rRNA-encoding DNA (rDNA), and is another major functional
genomic region with heterochromatic characteristics. A. thaliana contains two
NORs of similar size (each spanning 3.5-4.0 Mb of tandem repeat arrays),
located at the subtelomeric regions of the acrocentric chromosomes 2 and 4
(Copenhaver and Pikaard 1996) (Figure 1). The 5S rDNA loci are also
organised in tandem arrays (of ~1000 copies), which span 0.1-0.3 Mb and are
located at pericentromeric regions of chromosomes 3, 4, and 5 in the Col-0
accession (Campell et al., 1992; Murata et al., 1997). The presence, location
and size of the 5S rDNA cluster on chromosome 3 are accession specific
(Figure 1), with some possible intra-accession polymorphisms such as in the
Cape Verde Islands (Cvi) accession (Fransz et al., 1998; Lopez et al., 2012;
Sanchez-Moran et al., 2002). It was shown that in Col-0 accession, only the 5S
rDNA clusters located on chromosomes 4 and 5 participate to the 5S RNA pool
(Cloix et al., 2002).
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Arabidopsis model of chromosome organisation
centred on heterochromatin
In A. thaliana, CCs correspond to the coalescence of centromeric and
pericentromeric regions of a chromosome and of the NOR, if the chromosome
bears a NOR. These heterochromatic structures function as genome organiser
centres. Indeed, euchromatic chromosomal regions form loops that span 0.2-2
Mb long and are anchored to CCs (Fransz et al., 2002). This organisation
contributes to the overall structure of chromosome territories, as described in
the chromocentre-loop model (Fransz et al., 2002), also named the rosette-like
model (de Nooijer et al., 2009; van Driel and Fransz 2004). Furthermore, it was
shown that highly repetitive elements and TEs located in euchromatic
chromosomal arms colocalise with CCs and remain associated with CCs despite
extensive demethylation of the genome (Soppe et al., 2002). This suggests that
TEs both anchor the euchromatin loops and organise the pericentromeric
regions (Soppe et al., 2002).
Variations in the number, size, and shape of centromeric foci and CCs as
well as the cell-type specific organisation of heterochromatin have been
reported in a number of studies. The nuclei of most cells (e.g., parenchyma
cells, epidermal guard cells, and root cells) exhibit a “classical CC” pattern,
with 4 to 10 (mean, ~8) conspicuous CCs (Figure 2) (Fang and Spector 2005;
Fransz et al., 2002). The heterochromatin index (HX), defined as the percentage
of nuclei showing the classical CC pattern was thus calculated in numerous
studies to quantify heterochromatin distribution (Fransz et al., 2003). However,
conspicuous CCs are absent in some nuclei presenting a rather uniform DAPI
fluorescent nucleoplasm, such as the diploid interphase tapetal cell nuclei of
premeiotic anthers (Talbert et al., 2002; Weiss and Maluszynska 2001). In the
root tip, centromeric foci exist in a variety of shapes, from dots of 0.5 µm in
diameter to discontinuous strings (1.0 to 2.0 µm in length) of smaller bead-like
dots, suggesting that centromeres have a range of compaction ratios (Talbert et
al., 2002). Given that the root tip is actively dividing, this range in centromeric
foci shape might be, at least partially, cell cycle dependent. Interestingly, nuclei
of the triploid endosperm tissue also have a peculiar heterochromatin
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organisation, with small CCs and additional heterochromatic foci interspersed
in euchromatin, which is likely linked to parental dosage (Baroux et al., 2007).
In plants, endoreduplication cycles occur in differentiated cells, leading to
≥4C cell nuclei. A positive correlation between CC association and ploidy
levels was reported for a number of plant species (Ceccarelli et al., 1998). In A.
thaliana, endoreduplicated sister centromere associations have also been
reported using live cell imaging (Fang and Spector 2005). These associations
are cell-type dependent, being for instance more frequent in root epidermal cells
than in leaf epidermal cells (Fang and Spector 2005). Similar results were
observed in fixed cell nuclei with an alignment of the majority of the sister
centromeres up to 16C (Schubert et al., 2006) but, surprisingly, a much
dispersed pattern was reported in 32C nuclei (Schubert et al., 2006).

Distribution of Heterochromatin in the Nuclear
Space
In some species, chromosomes exhibit a polarized orientation, with all
centromeres clustered at one pole of the interphase nucleus and all telomeres at
the other. This peculiar interphase nuclear organisation, originally observed in
salamander cell nuclei, was named the Rabl configuration (Rabl 1885), and has
been described in Allium cepa (onion), Hordeum vulgare (barley), Triticum
aestivum (wheat), Secale cereale (rye), and Avena sativa (oats) (Dong and Jiang
1998; Roberts et al., 2009; Santos and Shaw 2004; Schwarzacher et al., 1989;
Stack and Clark 1974). The Rabl configuration is possibly a remnant of the
preceding mitotic event. Indeed, during mitosis, the chromosomes condense,
separate, and move to opposite poles, with the centromeres being pulled by
kinetochore microtubules and leading the way, and the telomeres lagging
behind.
The Rabl configuration is not present in A. thaliana interphase nuclei.
Rather, the centromeres are located at CCs, which occupy preferentially
peripheral positions, and the telomeres are preferentially associated with the
nucleolus (Armstrong et al., 2001; Fransz et al., 2002; Schubert et al., 2012).
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Interestingly, it was observed that plants with large genomes, e.g. A. cepa, ~149
000 Mb, tend to exhibit the Rabl pattern, whereas those with smaller genomes,
e.g., A. thaliana, ~135 Mb, tend to exhibit a non-Rabl pattern. These data
suggest a correlation between the Rabl configuration and genome size;
however, the non-Rabl configuration was also reported in Sorghum bicolor
(sorghum) and maize (Dong and Jiang 1998), two species with quite large
genomes. Thus, other determinants of the Rabl configuration may exist.
Interestingly, the non-Rabl configuration appears to be tissue-specific in diploid
rice; whereas the Rabl configuration is present in root xylem vessels, it is absent
in other root tissues (Prieto et al., 2004). Endoreduplication may occur in the
large nuclei of vascular tissues and induce these changes in chromatin
distribution, in agreement with the previously described correlation, or the large
nucleolus of xylem cells might underlie the redistribution of centromeres and
telomeres. In A. thaliana, endopolyploidy (Schubert et al., 2012)
The preferential locations of telomeres at the nucleolus and the dispersed
peripheral distribution of centromeres were also observed during meiotic
interphase in A. thaliana (Armstrong et al., 2001). In meiotic prophase of most
species, (e.g. A. thaliana and maize), the ends of chromosomes cluster together
on the inner surface of the nuclear envelope, forming a structure called the
“bouquet” (for reviews, see (Cowan et al., 2001; Franklin and Cande 1999;
Tiang et al., 2012)). Thus, in maize, a Rabl configuration is observed prior to
the last premeiotic cell division, is lost during the following interphase (Bass et
al., 1997) and a bouquet is formed in meiotic prophase. These observations
demonstrate that the distribution of chromosomes in the nuclear volume is
tightly regulated.
Many studies have reported that A. thaliana centromeres tend to
preferentially localise to the nuclear periphery and telomeres to the nucleolus
using fixed nuclei. This centromere distribution was confirmed by measuring
the distances between centromeres and the nuclear envelope in 3D images of
various diploid living cells from transgenic A. thaliana plants expressing
HTR12-GFP (Fang and Spector 2005). However, this pattern might be more
complex. Live cell imaging also revealed that centromere clusters transiently
formed at opposite poles at the end of mitosis in root meristematic cells (Fang
Nuclear architecture and chromatin dynamics
in interphase nuclei of Arabidopsis thaliana

27
and Spector 2005) and in root tip cells (Lindhout et al., 2007). Lastly, in A.
thaliana and A. lyrata interphase nuclei, CCs from chromosomes 2 and 4,
which bear NORs, are more frequently located in close proximity to the
nucleolus (Berr et al., 2006; Fransz et al., 2002; Schubert et al., 2012). Using
spatial statistics, a recent study showed that the 3D intra-nuclear distribution of
CCs in leaf cell nuclei was not completely random and further demonstrated
that this repartition was more regular than a completely random one (Andrey et
al., 2010). This finding was observed in both round and elongated nuclei of
plant cells, which differ in differentiation stage and ploidy level. This repulsive
trend is based on the global analysis of the CC population. Therefore, it is not
incompatible with some frequent associations of specific CCs, such as CC2s
and CC4s. Observation of CCs in close proximity (CC clusters) has also been
reported in de Nooijer et al. (2009). However, in this study the frequency and
the intensity of the phenomenon remains elusive as no quantification was
provided. Therefore, the spatial distribution of CCs seems to obey to a global
apparent repulsive tendency with some attractive trends for specific CCs. It
remains to be determined whether this regular distribution of CCs can be fully
explained by peripheral positioning, or if additional constraints have to be
invoked to explain the apparent mutual repulsion between CCs. For example,
the existence of euchromatin loops anchored at CCs, as proposed by the rosette
model of chromosome organisation (Fransz et al., 2002), could prevent CCs
from coming into close proximity. Specific proteins may also be involved, as
recently demonstrated by the clustering of centromeres in CAP-D protein
mutants (Schubert et al., 2013). Interestingly, the global centromere patterning
is not transmitted through mitosis and asymmetric centromeric patterns were
reported in daughter cells by tracking centromere movements in a few mitosis
events in root meristematic diploid cells (Fang and Spector 2005).

Dynamics of the Heterochromatin Compartment
during Development
The plant life cycle is punctuated by major developmental phase transitions
and the reiterative production of plant phytomers, but also by diverse
adaptations to environmental changes. These events require transcriptional
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reprogramming events that modulate the expression of specific sets of genes.
Recent studies showed that these transcriptional reprogramming events are
accompanied by reorganisation of heterochromatin compartments, illustrating
that the nucleus is highly plastic (Baroux et al., 2011; Schubert and Shaw 2011;
van Zanten et al., 2012b). Whether this reorganisation participates in or is a
consequence of gene regulation remains to be elucidated.
The female spore mother cell (or megaspore mother cell, MMC)
differentiates from somatic cells within ovules and ultimately gives rise to
female gametes. Large-scale chromatin reprogramming occurs during the
specification of the MMC, and this probably contributes to the acquisition of
the gametophyte fate (for a review see, (Baroux et al., 2011)). During this
nuclear reorganisation, the nucleolus and nucleus expand, the RHF and CC
undergo a reduction in number, and the heterochromatin decondenses (She et
al., 2013). MMC chromatin reprogramming may be divided into two distinct
phases: an early and rapid phase, during which the composition of the
nucleosome changes, followed by a late phase, during which histone
modifications undergo important changes (She et al., 2013).
In A. thaliana, embryonic development is completed about ten days after
pollination (DAP). After a phase of seed maturation, which involves the
accumulation of sufficient reserves and desiccation (from 10 DAP to 20 DAP),
the seed undergoes a period of dormancy. Seed maturation is accompanied by
two independent processes, nuclear shrinkage and chromatin compaction,
which occur between 8 and 12 DAP and precede the major dehydration event of
the maturing seed (Mansfield and Briarty 1992; van Zanten et al., 2012a; van
Zanten et al., 2011). The RHF in embryonic cotyledon nuclei increases sharply
during the maturation phase, while the 45S rDNA loci and the centromeric and
pericentromeric repeats remain localised to the CCs during seed maturation.
Interestingly, the nuclear volume is independent of both the moisture content
and dormancy status of the seed, but is developmentally controlled. ABSCISIC
ACID INSENSITIVE3 (ABI3), a key transcription factor in seed maturation,
participates in nuclear shrinkage, which is thought to be a general adaptive
response to desiccation tolerance (van Zanten et al., 2011). During the early
events of seed germination (48-72 h after imbibition), the nuclear volume
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increases again, and this increase requires the activity of LITTLE NUCLEI1
(LINC1) and LINC2, two lamin-like analogues (Ciska et al., 2013; van Zanten
et al., 2012a; van Zanten et al., 2011). Furthermore, chromatin reorganisation
accompanies this event. Whereas the 45S rDNA loci remain localised to CCs
during germination, the centromeric and pericentromeric repeats are more
dispersed at the onset of germination (van Zanten et al., 2012a). These CCs are
smaller than those present in mature seeds. The classical conspicuous CC
pattern reappears later during seedling growth.
During floral transition, which corresponds to the short developmental
switch from the vegetative to the reproductive phase, a transient reduction in
both RHF and HX was observed in three accessions (Col-0, Ler, Cvi), which
was accompanied by the decompaction of pericentromeric regions and 5S
rDNA chromatin, followed by their subsequent relocation to CCs three days
after bolting (Tessadori et al., 2007b).

Dynamics of the Heterochromatin Compartment in
response to Environmental Cues
Two recent studies reported a correlation between heterochromatin
organisation and ambient light intensity; specifically, the RHF and HX increase
with an increase in light intensity (Tessadori et al., 2009; van Zanten et al.,
2010; van Zanten et al., 2012b). In the first study, Tessadori et al. (2009)
analysed the HX in 21 A. thaliana accessions originating from different
geographical habitats and identified a significant correlation between
geographical latitude, which determines the photon flux density (light intensity)
of the region, and the HX. Interestingly, the HX was found to plateau (at 100
µmol m2 s-1 for Col-0; at 200 µmol m2 s-1 for Landsberg erecta (Ler), a widelyused Central-European accession). The lowest HX was observed in the subtropical Cape Verde Islands-0 (Cvi-0) accession, which has smaller and fewer
CCs than Ler. Furthermore, the Cvi-0 accession exhibited dispersed 5S rDNA
and pericentromeric repeats, and the centromeric and 45S rDNA sequences
remained in the reduced CCs. This chromatin arrangement is reminiscent of the
one observed during floral transition. The second study showed that chromatin
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compaction progressively decreases after a reduction in light intensity from 200
µmol m2 s-1 to 15 µmol m2 s-1. This heterochromatic event is reversible with
return to normal light conditions, and the intensity of the response varies in
different accessions (with Col-0 being more sensitive than Ler) (van Zanten et
al., 2010). Therefore, chromatin plasticity seems to contribute to the plant’s
adaptation to environmental light conditions.
Alternatively, the heterochromatin response to low light can be viewed as
an abiotic stress response. Upon exposure to another abiotic stress, namely,
prolonged heat stress, the transcription of centromeric and pericentromeric
repeats is reactivated and these regions exhibit a dispersed pattern in FISH
(Pecinka et al., 2010). Interestingly, throughout recovery, transcription of
centromeric and pericentromeric repeats was progressively silenced, whereas
decondensation persisted for up to one week. Therefore, this is another example
showing that chromatin condensation status and gene expression can be
uncoupled. Furthermore, such alterations did not occur in meristematic cells, or
in cells from leaves, which were produced after the period of heat stress. It was
proposed that the specific meristematic chromatin response indicates the
existence of a safeguard mechanism that minimizes genome damage in the
germline (Pecinka et al., 2010). Interestingly, heterochromatin decompaction
was not observed after freezing or UV-C treatments (Pecinka et al., 2010).
Therefore, decondensation of the heterochromatin compartments is either not a
general stress response or each type of stress is associated with chromatin
reorganisation in a specific compartment or with a distinctive timing and
amplitude pattern. It will be interesting to decipher the signalling mechanisms
that induce large-scale chromatin reorganisation in differentiated cells and
prevent such reorganisation in rapidly dividing cells. Reorganisation of
heterochromatin was also observed in response to biotic stress (Pavet et al.,
2006). A drastic reduction in RHF and CC number (with most nuclei having
only two small CCs) and loosening of CCs were observed within one day of
infection with the bacterial pathogen Pseudomonas syringae.
A drastic decondensation involving pericentromeric regions, 5S rDNA,
centromeric repeats, and 45S rDNA was described during the isolation of A.
thaliana protoplasts (Tessadori et al., 2007a). Despite general NOR
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decondensation, a fraction remains partially condensed, participating to small
CCs close to the nucleolus. The protoplast chromatin reorganisation is
accompanied by the acquisition of totipotency and major transcriptional
reprogramming that affects, for example, chromatin-associated genes and genes
encoding histone variants (Chupeau et al., 2013). It remains to be determined
whether the reorganisation of protoplast chromatin results from a stress
response due to enzymatic digestion and osmotic and light changes and/or is
necessary for totipotency acquisition and major transcriptional reprogramming
(Chupeau et al., 2013).

Mechanisms involved in the Spatial
Heterochromatin Distribution
Two main patterns of heterochromatin distribution emerge from the
previous examples: the first involves the partial decondensation of CCs at the
5S and pericentromeric regions and the second affects all heterochromatic
compartments of the CCs. A detailed study of the progressive and sequential
reformation of CCs during protoplast culture provided complementary
information about the highly ordered structure of CCs (Tessadori et al., 2007a).
During sequential CC recompaction, the NOR regions (the largest regions, at
3.5-4 Mb) reorganise first followed by the centromeric (0.4-1.4 Mb), 5S rDNA
(0.1-0.3 Mb), and dispersed pericentromeric repeats, including transposons,
suggesting that the timing and size of the repeat arrays are correlated (Tessadori
et al., 2007a). Thus, the 5S and pericentromeric sequences might participate in
one core domain of the CCs, first mobilized in chromatin decondensation
events, and the centromeric repeats and 45S rDNA in another core domain,
more central or with some different properties. Establishing whether this latter
core domain decondenses without affecting the other one would provide insight
into the structure of CCs. The number of anchoring sites might also be
proportional to the size of the arrays, and may thus contribute to the kinetics
and formation of sub-compartments of the CCs.
Finally, the underlying biochemical properties of heterochromatin, such as
DNA methylation, epigenetic marks, or histone composition, are also expected
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to contribute to this sort of “CC breathing”. Heterochromatin dynamics has
been considered as either dependent or independent of epigenetic changes,
suggesting that several mechanisms, with possible self-reinforcing feedbacks,
exist. For instance, by using molecular approaches, the 5S rDNA arrays were
shown to be hypomethylated when they loop out of CCs during seed
germination (Mathieu et al., 2003) and demethylation of the centromeric and
pericentromeric repeats was shown to accompany a biotic-induced chromatin
decondensation (Pavet et al., 2006). However, no change in DNA methylation
was observed at centromeric repeats during floral transition (Tessadori et al.,
2007b), in protoplasts (Tessadori et al., 2007a) and in response to heat stress
(Mittelsten Scheid et al., 2002; Pecinka et al., 2010). Despite the large-scale
reorganisation, there is no change in H3K9me2 and H3K4me3 contents in
protoplasts, as determined by immunoblot analysis of total histones. In heatstressed cell nuclei, a reduction in nucleosome occupancy with a small
reduction in H3K9me2 was observed (Mittelsten Scheid et al., 2002; Pecinka et
al., 2010). From these data, it is tempting to speculate that the epigeneticdependent pathway might contribute to the formation of a putative 5Spericentromeric core domain, and the independent pathway to that of the other
putative core domain. However, it is important to note that most studies used
methods with low sensitivity at the global nuclear scale to detect epigenetic
changes and did not consider all of the chromatin marks and their combinations
(Baubec et al., 2010). Furthermore, all sub-compartments were not
simultaneously analysed. Therefore, specific epigenetics variations may not yet
have been identified. Alternatively, the “CC breathing” could be seen as a
continuous process with various amplitude and timing patterns. Finally, another
key missing element is a better understanding of the higher-order structures of
chromatin. The existence of 30-nm chromatin fibres is still a matter of debate,
and an alternative chromatin model that involves interdigitation of nucleosomal
arrays, which is more compatible with rapid conformational changes providing
access to DNA, is currently proposed (Fussner et al., 2011; Luger et al., 2012)
and might also affect “CC breathing”.
A few mutations with a marked impact on the formation and/or spatial
distribution of conspicuous heterochromatin sub-compartments have been
described (Table 1). Three main classes of genetic determinants involved in
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heterochromatin dynamics can be tentatively distinguished based on their
functions (Table 1). The first class (Class I) corresponds to genes involved in
the formation of heterochromatin and the maintenance of silencing in A.
thaliana (MET1, CMT3, NRPD2, NRPE1) (Douet et al., 2009; Mittelsten
Scheid et al., 2002; Onodera et al., 2005; Soppe et al., 2002; Vaillant et al.,
2008). It is important to note that mutations that affect silencing do not
necessarily alter nuclear heterochromatin organisation. For instance, the nuclear
shape and CC structure of the morpheus’ molecule1 mutant (mom1), which is
affected in an epigenetic regulator, are normal (Probst et al., 2003). The second
class (Class II) includes genes encoding chromatin-associated proteins, such as
the ATP-dependent SWI2/SNF2-like chromatin remodeling DDM1 factor
(Probst et al., 2003; Soppe et al., 2002), which was shown to have specific
functions in heterochromatin remodelling (Zemach et al., 2013); the histone
modifying enzyme HDA6 (Probst et al., 2004); and the chromatin assembly
subunits FAS1 and FAS2 (Schonrock et al., 2006). The first two classes of
genetic determinants may participate in the epigenetic-dependent pathway
involved in heterochromatin dynamics. A the third emerging class (Class III),
contains genes that encode diverse nuclear structural proteins, such as the two
lamin-like proteins LINC1 and LINC2 (Dittmer et al., 2007) that might be
involved in an epigenetic-independent pathway. Based on the identification of
nuclear lamina-associated chromatin domains in Drosophila and human
(Guelen et al., 2008; Pickersgill et al., 2006), we expect that mutations that
affect the plant nuclear envelope (Boruc et al., 2012; Graumann et al., 2010)
might have an impact on plant chromatin organisation. Furthermore, some
subunits of the cohesion and condensin complexes, such as SYN4 and CAP-D3
proteins, also play important roles in sister chromatid organisation and
centromere distribution, thus impacting on the interphase chromatin architecture
(Schubert et al., 2013; Schubert et al., 2009).
Different signalling pathways involved in heterochromatin reorganisation
are expected that might converge on key regulators of heterochromatin
reorganisation, such as the factors described in Table 1. Indeed, development
and environmental processes impact on heterochromatin spatial organisation.
These regulatory components might be specific to signalling pathways or
shared by different signalling pathways.
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Protein function

Largest subunit of Polymerase V

Nuclear RNA polymerase
E1 (nrpe1)
repressor of silencing1
(ros1)

HEAT-repeat containing condensin
CAP-D subunit

syn4

cap-D3

Subunits of Chromatin Assembly
Factor 1 (CAF-1)

fasciata1, fasciata2
(fas1, fas2)
Lamin-like analogs - related to
Nuclear Matrix Constituent Protein1
(NMCP1)
alpha-kleisin subunit of the cohesin
complex

RPD3-like histone deacetylase invoved light reponse of chromatin

histone deacetylase6
(hda6)

little nuclei1 and 2 (linc1
linc2 double mutant)

SWI2/SNF2 chromatin remodelling
factor

decrease in DNA
methylation1 (ddm1)

DNA glycosylase/demethylase

Second largest subunit of
Polymerase IV

nuclear RNA polymerase
D2A and D2B
(nrpd2a nrpd2b double
mutant)

chromomethylase 3 (cmt3) DNA methyltransferase

methyltransferase1 (met1) DNA methyltransferase

Reduced nuclear size - Altered nuclear morphology reduction of CC number (4.6±0.1) - Higher DNA packaging
ratio - Altered polyploidy
Decreased sister chromatin alignements along chromosome
arms in 4C differentiated leaf nuclei and impaired sister
centromere cohesion
Alterations of centromeric and pericentromeric
heterochromatin association - decreased sister chromatid
cohesion in 4C nuclei

Reduced total heterochromatin fraction - Maintenance of
transcriptional silencing at heterochromatic loci

Small and decondensed CCs with looping out of
pericentromeric sequences - Smaller heterochromatic 5S
rDNA fraction - Reduction of DNA metylation by ~70% and of
H3K9 methylation - Transcriptional reactivation of silent loci
Reduction of RHF and HX - Decondensation of rDNA loci with
enrichment of H4ac4 and H3K4me at rDNA loci Transcriptional reactivation of the TSI pericentromeric repeats

Decondensed 5S rDNA at chromosome 4 but not for 5S
rDNA at chromosomes 3 and 5 - Decondensed NOR4
Reduction of the transient decondensation of 5S rDNA loci at
3-day post-germination

Small CCs (chromocenter fraction reduced by ~25-30%) Pericentromeric sequences away from the CCs - reduced
heterochromatic 5S rDNA fraction - DNA methylation reduced
by ~70% - Decreased H3K9 methylation - Transcriptional
reactivation of silent genes
Reduced heterochromatic 5S rDNA fraction - Decreased
symmetrical methylation at 5S rDNA
Numerous but small CCs - Decondensation of 5S rDNA with
less colocalization with CCs - Increased number of NOR
signals due to dissociation - H3K9me2 signals are dispersed
and colocalize with the numerous small DAPI foci

Nuclear phenotype

Schubert et al. 2013

Dittmer et al. 2007;
Sakamoto et Takagi,
2011
Schubert et al. 2009

Schönrock et al.
2006

Probst et al. 2004;
Tessadori et al. 2009

Soppe et al. 2002;
Probst et al. 2003;
Mathieu et al. 2003

Douet et al. 2008

Douet et al. 2009

Onodera et al. 2005;
Douet et al. 2008

Vailliant et al. 2008

Soppe et al. 2002;
Vailliant et al. 2008

Reference

Table 1: Mutations affecting the spatial organisation of heterochromatic compartments in A. thaliana.
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As described above, light intensity is an important environmental signal that
controls chromatin compaction. The light-signalling pathway is mediated by
well-described photoreceptors, some of which are localised to the nucleus.
Among them, CRYPTOCHROME 2 (CRY2) and PHYTOCHROME B
(PHYB) are involved in chromatin reorganisation, whereas others, such as
phototropins and CRYPTOCHROME1, are not (Tessadori et al., 2007b; van
Zanten et al., 2010). These data suggest that CRY2 and PHYB also participate
in the spatial organisation of heterochromatin. Thus, many elements that affect
the timing and molecular events of heterochromatin dynamics remain to be
identified, and the impact of heterochromatic reorganisation on the 3D
organisation of the genome remains to be established.

Chromosome Territories
In plant and animal cell nuclei, each chromosome occupies a discrete
portion of the nuclear space, distinct from that of other chromosomes, named
chromosome territory (CT) (Boveri 1909; Cremer and Cremer 2010; Tiang et
al., 2012). Deciphering the rules and mechanisms governing their spatial
nuclear distribution as well as their internal organisation is a highly dynamic
and challenging research field, due to its consequences on genome functions
(Bickmore and van Steensel 2013; de Graaf and van Steensel 2013).
Chromosome conformation capture method (3C) and derived methods, such as
high-throughput chromosome conformation capture (HiC), have been
developed in animal to provide maps of interaction frequencies between
genomic regions at the locus, chromosome or whole genome scales (de Wit and
de Laat 2012). Tri-dimensional conformations of the genomes have thus been
computationally reconstructed from these data (Dekker et al., 2013; LiebermanAiden et al., 2009). Based on HiC results, the fractal globule model of CT
organisation was proposed. According to this model, the chromatin fibre is
packed into a 1-Mb domain in a meta-stable conformational state (Dekker et al.,
2013; Mirny 2011). In plants, the 3C method has only recently been used
(Hovel et al., 2012) and no equivalent or alternative model is yet available for
plant CT organisation.
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Plant CTs were observed in species both with (Abranches et al., 1998) and
without (Lysak et al., 2001; Lysak et al., 2003; Pecinka et al., 2004) Rabl
configurations using FISH studies. Using a wheat line containing an extra pair
of rye chromosomes, it was shown that the rye CTs were roughly parallel and
elongated nuclear domains extending between the centromeric and telomeric
nuclear poles, in a Rabl configuration (Abranches et al., 1998). More recently,
this organization was shown to be present in meristematic but not in
differentiated nuclei (Schubert et al., 2011). In small genome species with nonRabl configurations, such as Arabidopsis, CTs have a different spatial
distribution. The association frequencies between A. thaliana chromosome pairs
were computed based on simultaneous painting of all chromosome pairs
(Pecinka et al., 2004). Based on a computer model of CT formation determined
by polymer decondensation, it was shown that these frequencies were not
significantly different from that expected under randomness, except for NORbearing chromosomes that frequently associated with each other, most probably
because of their association to the nucleolus (Pecinka et al., 2004). Likewise, no
differences were found between random expectations and observed associations
of homologous genomic regions of ~100 kb (Pecinka et al., 2004). Similar
results were found in related species (Berr et al., 2006) and in differentiated
cells (Berr and Schubert 2007). Hence, the current view of CT organisation in
A. thaliana and related species is a globally random one that contrasts with
results from animal studies (Schubert et al., 2012). It has, for example, been
suggested that CTs in animals obey a size-dependent radial distribution, with
smaller chromosomes being located toward the nuclear centre. Other studies
have reported a gene density-dependent spatial distribution, with gene-rich
chromosomes being located towards the centre (van Driel and Fransz 2004).
The absence of such patterns in A. thaliana may be due to its relatively uniform
chromosome size and gene density and to low number of chromosomes
(Figure 1).
Similarly, few arguments favour any cell type- and tissue-specific
organisation of CTs in Arabidopsis and other plants. Chromosome painting in
A. thaliana revealed that CTs were larger in endosperm nuclei than in nuclei of
other cell types, corroborating the notion that less chromatin compaction occurs
in this tissue (Baroux et al., 2007). The tissue-specific spatial distribution of
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CTs has been reported in mouse and CT distribution patterns were found to be
maintained throughout mitosis (Parada and Misteli 2002). By contrast, the
spatial distribution of CTs is not conserved between mother and daughter cells
in Arabidopsis, but only a transient mirror-image distribution has been reported
between daughter cells (Berr and Schubert 2007). The absence of maintenance
of CT organisation during mitosis and within tissues is probably also related to
the small genome and chromosome sizes in Arabidopsis.
No specific role of CT in the organization of genome expression has
been reported in plants (Tiang et al., 2012). In animals, preferred localisation of
transcription sites at CT boundaries and gene relocalisation outside CT upon
activation have been reported (Davidson et al., 2013; Geyer et al., 2011). By
contrast, the relative localisation of the flowering gene FWA to its CT did not
seem to differ with its transcriptional status (Pecinka et al., 2004). In wheat,
transcription sites were not preferentially localised to the periphery of CTs
(Abranches et al., 1998). Only a few studies have investigated gene-to-CT
positioning in relation to transcriptional regulation, and these studies were
performed using coarse spatial descriptions. Further large-scale and systematic
quantitative analyses are required to better document the role, if any, of
chromosome organisation in the regulation of gene expression in plant nuclei.

Chromatin Dynamics at the Locus Scale
Numerous studies in yeast and animals have measured chromatin motion of
genomic regions to, mostly, investigate the interplay between gene positioning
and gene transcriptional status. In plants, the first evidence of chromatin
dynamics and remodelling at the scale of the locus was provided by a 3D FISH
experiment that revealed two chromatin conformations, one open and one
closed, in the non-hair and hair cell nuclei of the A. thaliana root epidermis,
respectively, in the genomic region of the GLABRA2 (GL2) transcription factor
locus (Costa and Shaw 2006). GL2 is expressed in non-hair cells; however,
mutant analysis revealed that neither GL2 expression nor the cell lineage is
required for the open chromatin conformation in the GL2 genomic region. The
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chromatin conformation in the GL2 region depends on positional information in
root cells and is reset at mitosis.
At the present time, our knowledge is still limited due to the complexity of
the nuclear system and technical problems in visualizing, recording, and
analysing small portions of the genome in their wild-type environments. The
chromatin beacon or chromatin-tagging method is a powerful technique
developed to analyse the dynamics of tagged genomic regions, in living
organisms, and to quantify chromatin structural parameters at these genomic
locations (Amini et al., 2011). In this technique, exogenous concatameric arrays
(~2 to 10 kb) of a DNA sequence that is specifically recognized by a selected
DNA-binding domain are inserted into the genome and the location of the
arrays (termed beacon arrays) is molecularly characterized. The expression in
trans of a chimeric protein resulting from the fusion between the selected DNAbinding domain and a fluorescent reporter protein allows visual tracking of
chromatin movement at the tagged loci in the nuclei of live cells. A twocomponent labelling system based on the recognition of tandem lac operator
binding sites (lacO) by the lac repressor (LacI) was successfully used in yeast,
Drosophila, mammals, and plants (Kato and Lam 2001; Marshall et al., 1997;
Robinett et al., 1996; Vazquez et al., 2001). A bacterial tetracycline
operator/repressor (tetO/TetR-YFP) system (Matzke et al., 2003) and a
combination of the lacO/LacI-dsRed and tetO/TetR-YFP systems (Matzke et
al., 2005) were developed to analyse the 3D distribution of chromosomal sites
in plants. By introducing a gene into the cassette bearing the lacO repeat array,
it was possible to study chromatin movement in relation to transcriptional
activity of the reporter gene at the location of the insertion (Rosa et al., 2013;
Rosin et al., 2008).
The approaches described above were used to study the relationship
between the physical and functional properties of chromatin. In animals, it was
shown that chromatin undergoes random diffusive motion in interphase nuclei,
and that this Brownian motion is constrained such that a given genomic
segment moves within a limited nuclear sub-region. Complex motion patterns
have been recorded for genomic regions, which exhibit short-range and longrange motion, with different velocities. The long-range diffusive motion
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fluctuates over a 36-fold distance range during the cell cycle (Vazquez et al.,
2001). These findings support a highly organised nuclear space and the
existence of mechanisms that control chromatin motility according to cell type
and throughout the cell cycle. Furthermore, these findings suggest that
chromatin motion participates in nuclear processes that require chromosome
mobility and chromosome reorganisation in the nuclear space. For instance, it
was recently shown that the induction of double-strand breaks in the yeast
Saccharomyces cerevisiae dramatically increases the mobility of the broken loci
but also of the homologous unbroken loci, without changing the speed at which
chromosomal regions move. The increased mobility allows a wider exploration
of the nuclear volume, which facilitates the pairing of homologous regions
(Mine-Hattab and Rothstein 2012, 2013).
Using the chromatin beacon technique, a few studies have demonstrated
that chromatin in the A. thaliana cell nucleus also exhibits constrained diffusive
motion, and that the amplitude and kinetics (diffusion coefficient) of the motion
depend on the ploidy level and cell type (Rosin et al., 2008) (Kato and Lam
2003). The constrained area increases with the ploidy level: it was 6.6-times
larger, on average, in elongated polyploid epidermal pavement cell nuclei
compared to smaller disk-shaped diploid guard cell nuclei, whereas the
diffusion coefficient was lower (<2.3 times) in polyploid cells than in diploid
ones. The confinement radius in the Arabidopsis nucleus ranges from 0.1 to 0.4
µm, depending on the ploidy level and activity of the locus (Kato and Lam
2003; Rosin et al., 2008). In A. thaliana, the chromatin compaction ratio, as
determined by measuring the in vivo distance between two fluorescence-tagged
transgene inserts on the same chromosome (Matzke et al., 2005), is
approximately 670 fold. For instance, two transgenes located 2.4 Mb apart
(which corresponds to a DNA sequence of 0.8 mm) on chromosome 2, had an
observed physical separation of 2.1 µm (380 fold), whereas another pair of
transgenes situated 25 Mb apart on chromosome 1 exhibited a physical
separation of 8.7 µm (960 fold). Furthermore, it was shown that the frequencies
of homologous pairing and association with heterochromatin of transgenic
repeats differs with the construct, the chromosomal insertion position, the cell
type, and the number and repetitiveness of inserts (Pecinka et al., 2005).
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The first evidence that gene position and transcriptional activity are linked
in the plant cell nucleus emerged with the study of the nuclear organisation of
transgenic FLC alleles tagged with the LacO repeat array (FLC-lacO) in
response to vernalization (Rosa et al., 2013). During cold treatment, and after
ethanol induction of the LacI-YFP-NLS fusion protein, a cluster of FLC-lacO
alleles was observed with one to two foci in endoreduplicated root cells and
only one in meristematic diploid root cells, whereas in non-vernalized plants,
six or more foci were observed. The FLC-LacO clustering was quantitatively
dependent on the cold treatment and dependent on Polycomb proteins of the
PHD-PRC2 complex, which are required for FLC silencing before and during
the cold treatment. Therefore, physical repositioning of loci associated with
transcriptional changes occurs in plants and can be mediated by Polycombmediated epigenetic mechanisms in both plants and animals, suggesting that the
key mechanisms are conserved.
There are several limitations of the chromatin beacon technique: (i) the
beacon array is not targeted precisely, because site-directed mutagenesis can not
be performed in most plants; (ii) an artificial transgenic environment that differs
from the original one may be created due to the interruption and/or
rearrangement of the genomic region where the beacon is inserted, and the 3D
organisation of the chromatin fibre resulting from the insertion may be
modified; and (iii) the high number of tandem repeats can induce repeatinduced silencing and modifications in the epigenetic chromatin of the beacon
array and/or in the adjacent genomic chromatin. Indeed, a high copy number of
repeats alters the local chromatin arrangement, resulting in more frequent
somatic pairing of the lacO harbouring regions and more frequent association
with heterochromatic CCs (Pecinka et al., 2005). These changes depend on the
size and number of repeat units per locus (Jovtchev et al., 2008). To minimize
recombination events, replication instability, and repeat-induced silencing
usually associated with tandem repeats, Rosa et al. (2013) used a low number of
concatameric lacO binding sites of the lacO DNA sequence and inserted ~10bp random sequences in-between lacO DNA sequences (Jovtchev et al., 2008;
Rosa et al., 2013). There is an urgent need to develop alternative techniques to
label specific genomic regions, so that the relationship between the physical and
functional properties of chromatin can be analysed more thoroughly. Zinc
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finger (ZF) proteins and transcription activator-like effector (TALE) proteins
have been customized to introduce targeted genome modifications (i.e.,
mutations, insertions, and substitutions) (Chen and Gao 2013; Gaj et al., 2013).
These proteins have also been adapted to visualize heterochromatic repeat
sequences, both in plants (Lindhout et al., 2007) and animals (Miyanari et al.,
2013). Novel optimization and adaptation techniques for single-copy gene
detection would be tremendously useful. Furthermore, the development of
programmable RNA-guided DNA labelling systems derived from RNA-guided
nuclease technology (Belhaj et al., 2013; Gaj et al., 2013; Puchta and Fauser
2013) might give rise to alternative useful techniques. A recent study reported
an example of gene repositioning associated with transcriptional activation,
using rolling-circle amplification of gene-specific padlock probes coupled with
FISH (Feng et al., 2014).

Dynamics of Nuclear Protein Compartments
Chromatin occupies only a fraction of the interphase nuclear space (i.e.,
~5% for DNA and ~20% for the 10-nm chromatin fibre) (Fussner et al., 2011).
Thus, interchromatin and perichromatin nuclear domains correspond to large
functional spaces, harbouring numerous and diverse nuclear bodies (NBs).
NBs are membraneless subdomains that were originally described as being
morphologically distinct from their surrounding neighbourhood when observed
by transmission electron microscopy (TEM) (Dundr 2012; Shaw and Brown
2004). The definition was extended to subnuclear compartments observed by
immunocytochemistry or fluorescence microscopy, but without prior
morphological evidence of their ultrastructure (i.e., Polycomb bodies or
transcription factories).
NBs are nuclear microenvironments that function in specific biochemical
processes, such as splicing (nuclear speckles and Cajal bodies), transcription
(transcription factories), or gene silencing (Polycomb bodies). Most are highly
conserved in animals and plants, but some, such as photobodies, are plant
specific. Photobodies are discrete accumulations of photoreceptors with key
regulatory functions in plant growth and development in response to light
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signals. They contain red and far-red sensing phytochromes (A to E) or
cryptochrome blue light receptors (CRY2 and possibly CRY1) and other
associated proteins. Light induces rapid conformational changes of the
photoreceptors and directly controls the assembly of photobodies. Although
photobodies were proposed to have functions in storage, transcriptional
regulation, or protein degradation, these possibilities remain to be confirmed
(for reviews see (Chen 2008; Chen and Chory 2011; Van Buskirk et al., 2012)).
As previously described, light signalling can induce heterochromatin
reorganisation. It remains unclear whether photobodies interact with chromatin
and participate in such a reorganisation. Based on fluorescence imaging studies,
other NBs with specific functions in abscisic acid or auxin signalling pathways
(Ng et al., 2004; Tao et al., 2005) or in the control of the circadian clock
(Strayer et al., 2000) have been reported. Plant nuclear dicing bodies, which are
located close to nucleoli, are sites of plant-specific miRNA processes (Fang and
Spector 2007; Liu et al., 2012).
Most NBs are highly dynamic in terms of composition, number, shape, and
size, and these dynamics are modulated by the cell differentiation state,
metabolic state, and transcriptional activity of the cell cycle. Whereas animal
NBs are fairly well characterized, the components, structures, and assembly
mechanisms of plant NBs remain elusive, with the exception of the largest NB,
the nucleolus. It was proposed that NBs generally result from a local dynamic
equilibrium between assembly and disassembly activities of protein complexes.
Two distinct assembly models for NBs have been proposed. The first model is
based on an orderly manner of assembly that involves central scaffolding
factors, whereas the second model hinges on random aggregation (Matera et al.,
2009). Due to the spatial and temporal dynamics of NBs in the cell nucleus and
their intricate functions in genomic activities (i.e., transcription, replication, and
DNA repair), it is difficult to decipher the relationship between NB functions
and genome organisation. How the spatial dynamics of NBs relate to chromatin
dynamics is largely unknown. Indeed, the spatial distribution of NBs relative to
CTs, chromatin domains, and other nuclear compartments is poorly
documented.
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The largest NB, the nucleolus, was first described in 1835 by Rudolf
Wagner and is a well-studied multifunctional compartment in both animals and
plants. Mainly known for its functions in rDNA transcription, rRNA processing,
and pre-ribosome assembly, the nucleolus is also involved in the processing and
assembly of RNPs, transcriptional gene silencing, and mRNA surveillance and
export (Brown and Shaw 2008; Dundr 2012; Morimoto and Boerkoel 2013).
The nucleolus is a complex NB that itself contains different subdomains with
their own dynamics (e.g., the fibrillar centre, dense fibrillar and granular
components, and peripheral heterochromatic shell) (Nemeth and Langst 2011).
Interestingly, it is a chromatin region, the NOR, that plays a crucial role in its
assembly (McClintock 1934). In humans, a model was recently proposed for a
role of distal- (telomeric side) NOR-flanking regions as anchoring sites for
active NORs in the perinucleolar heterochromatic region, whereas inactive
NORs are relocated away from the nucleolar periphery (Floutsakou et al.,
2013). Recently, the nucleolus has emerged as a genome organisation centre
that is involved in nuclear architecture (Nemeth et al., 2010; van
Koningsbruggen et al., 2010). Indeed, genomic regions associated with the
nucleolus (NADs, nucleolar-associated domains) were identified and found to
account for ~4% of the genome. NADs are characterized by a high density of
AT-rich sequence elements and satellite repeats, a low gene density, and a
significant enrichment in transcriptionally repressed genes belonging to
different gene families. It will be interesting to identify the cis and trans
determinants of NAD formation and the mechanism underlying the dynamic
maintenance of NADs in different physiological conditions. The plant nucleolus
was also intensively studied (Brown and Shaw 2008) and a large set of A.
thaliana nucleolar proteins (217) was identified within the first extensive
proteomic analysis of a plant NB (Pendle et al., 2005). In A. thaliana, the
nucleolar periphery seems to be an important functional interface with other
NBs (D-bodies and Cajal bodies) and also with heterochromatic compartments
(NOR, telomeres). It is thus very likely that NADs exist in plants.
In Drosophila and mammals, local enrichments in Polycomb group proteins
(PcGs) have been described as Polycomb bodies (PcG bodies) (for a review see
(Pirrotta and Li 2012)). PcG proteins are key chromatin factors that maintain
gene repression via several mechanisms, such as histone post-translational
Chapter 1

44
modifications, chromatin compaction, or formation of higher-order chromatin
structures (Bantignies and Cavalli 2011; Schuettengruber and Cavalli 2009;
Simon and Kingston 2013). PcG proteins participate to the formation of
multiprotein complexes, such as Polycomb Repressive Complex1 (PRC1) and
PRC2, which are the main studied complexes in eukaryotes (Schuettengruber
and Cavalli 2009). Animal PcG bodies can be visualised in the cell nucleus by
labelling subunits of PRC1, such as Polycomb and Polyhomeotic (see
references in (Pirrotta and Li 2012)). They participate in gene silencing by
creating a specific microenvironment in which remote PcG-silent targets
colocalise as a result of long-distance interactions between silent targets and
chromatin-fibre folding (Bantignies et al., 2011; Cheutin and Cavalli 2012;
Delest et al., 2012). Some RNAi components, such as Dicer-2, PIWI, and
Argonaute1, which also form nuclear bodies, can colocalise with PcG bodies,
and participate in PcG repression (Grimaud et al., 2006). Furthermore, PcG
bodies are dynamics with rapid protein exchange between nucleoplasm and
PcG bodies and vary both in number and size with cell type, their number
increasing as cells differentiate. Time-lapse experiments also revealed a fast
regime of PcG motion within volumes smaller than CTs, as well as a slow
regime of long-range motion dependent on coordinated large-scale chromatin
movements, which might be associated with displacements of whole or large
parts of chromosomes and lead to the few observed association and dissociation
events of PcG bodies (Cheutin and Cavalli 2012). However, whether PcG
bodies are true nuclear entities or 3D chromosomal domains enriched in PcG
proteins is still a matter of debate (Pirrotta and Li 2012; Smigova et al., 2011).
Thus, the mechanism by which PcG bodies form, which may involve PRC1
components with polymerisation properties (Isono et al., 2013), as well as the
role of PcG bodies in transcriptional regulation remain to be clarified. In A.
thaliana, LHP1, the plant functional homolog of Polycomb, represses gene
expression (Turck et al., 2007; Zhang et al., 2007). LHP1 is located in discrete
nuclear foci and its distribution changes during cell differentiation (Gaudin et
al., 2001; Libault et al., 2005). In young proliferating cells, a uniform LHP1
distribution pattern was reported. As root hair cells mature progressively from
the root apex to the crown area, the number of foci in the root hair nuclei
increases. The distribution of LHP1 in the nucleus was dynamic throughout the
cell cycle (Libault et al., 2005). Therefore, LHP1 foci are reminiscent of
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Polycomb bodies in animals. LHP1 was shown to repress FLC expression.
However, LHP1 does not seem to be required for the vernalization-induced
clustering of FLC-LacO alleles, whereas PRC2 subunits participate in such
processes (Rosa et al., 2013). The colocalisation of the ectopic FLC-LacO
cluster with a plant PcG body remains to be established (Rosa et al., 2013).
EMBRYONIC FLOWER1 (EMF1), a putative PRC1 subunit, has been shown
to participate in chromatin compaction (Beh et al., 2012). Whether EMF1 or
others PcG proteins participate in the formation of plant PcG bodies and
function in the spatial organisation of the genome as in animals will require
further investigation.
First described in 1903 by Ramon y Cajal, Cajal bodies (CBs) are
subnuclear structures that appear to contain many coiled threads (previously
named coiled bodies) in TEM images. They are present in most animal species
and in several plant species (Dundr 2012; Machyna et al., 2013; Shaw and
Brown 2004). CBs are mainly involved in the maturation of RNA species and
the assembly and trafficking of transcription-related ribonucleoprotein particles
involved in splicing, ribosome biogenesis, or telomere maintenance. In A.
thaliana, CBs have specific functions in siRNA and miRNA biogenesis (Pontes
and Pikaard 2008). CBs are composed of a wide range of proteins (some of
which also occur in the nucleolus and histone locus bodies) and various types of
small RNAs that are related to their specific and various functions (Fong et al.,
2013; Machyna et al., 2013). The coilin protein, which is considered as a
signature of CBs, has structural scaffolding function and is a key regulator of
CB formation and activity (Collier et al., 2006; Machyna et al., 2013). The CBs
are either free in the nucleoplasm and/or physically associated with specific
regions of chromatin, such as the nucleolus, in line with the original description
of CBs as nucleolar accessory bodies (Shaw and Brown 2004). The A. thaliana
nucleus usually contains a single spherical CB of ~1 µm in diameter, which is
often closely associated with the nucleolus of different cell types. A. thaliana
CBs can be visualized by TEM or by using marker proteins, such as AtCoilin
(Collier et al., 2006) or the spliceosomal protein U2B’’ (Beven et al., 1995;
Boudonck et al., 1999). Mutants with multiple CBs have been described
(Collier et al., 2006), suggesting the existence of plant factors involved in the
maintenance of CB cohesion. As in animals (Platani et al., 2000), plant CBs are
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highly motile and travel within the nucleoplasm and nucleolus (Boudonck et al.,
1999). Their numbers fluctuate with the cell cycle, with coalescence occurring
mainly at the nucleolar periphery (Boudonck et al., 1999).
Nuclear speckles (NSs), which are enriched in splicing regulators, such as
Ser/Arg-rich RNA-binding proteins and 3’end processing factors, correspond to
another type of NB that is also related to RNA splicing. These NBs are
considered to act as storage and assembly environments for splicing regulators,
which are translocated to transcription sites for RNA maturation (for reviews
(Reddy et al., 2012; Spector and Lamond 2011)). The nuclear speckle
components shuttle rapidly from the nucleoplasm and nucleolus to the nuclear
speckles. These NSs are motile within a constrained region, and vary in size,
shape, and number, as do other NBs.
Transcription factories (TFAs) are discrete local subnuclear regions
enriched in RNA polymerase and ribonucleoproteins (RNPs) and in close
contact with chromatin (Davidson et al., 2013). Nascent transcripts are
synthesized at the surface of most TFAs, but some are not active and nascent
transcripts were not detected for some TFAs. Genomic loci were found to
relocate to TFAs in animals in a manner that was dependent on the
transcriptional status of the loci and it was proposed that TFAs co-regulate gene
sets, with several transcription units being associated with a single TFA and
some being remotely located. As for most NBs, TFAs differ in number, size,
and distribution, depending on the cell type, the metabolic and
transcriptional activity of the cell, and the phase in the cell cycle. Recent
imaging of RNA production at the single cell level demonstrated that
transcription is a discontinuous process, with bursts of transcriptional activity
(Chubb and Liverpool 2010). Furthermore, there is recent evidence that
Polymerase II clusters form transiently, and due to the resulting molecular
crowding occurring at these sites, they might participate to the assembly of the
transcription machinery during the rate-limiting transcription steps (Cisse et al.,
2013). In plants, parameters describing the dynamics of TFAs in the nucleus
remain to be determined.
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Modelling approaches to uncover plant nuclear
architecture
An increasing number of studies use multidisciplinary approaches based on
quantitative image analysis and biophysical modelling to identify the
organisational principles of the nucleus and underlying mechanisms. However,
these new research tools need to be refined before they can adequately address
these objectives.
Since nuclear patterns are dynamic and do not fully obey deterministic
rules, statistical analysis over large samples of nuclei is required to better
describe and analyse these patterns. However, the high variability in nuclear
size and shape makes integration and comparison of data from different nuclei
difficult. In some species, such as Saccharomyces cerevisiae (budding yeast),
nuclear landmarks can be used to superimpose different nuclei and to generate
statistical representations of intra-nuclear distributions (Berger et al., 2008).
Since nuclear landmarks are absent in plant nuclei or have not yet been
identified, alternative quantitative strategies for integrating data are required.
The need for quantitative approaches also results from the remarkable
properties of the spatial distributions in 3D volumes. For example, the outer
shell of a half radius width represents 90% of a sphere volume, and this
proportion remains as high as 50% when reducing the shell width to a fifth of
the sphere radius (Figure 3A).
Since nuclei frequently have a spherical topology, peripheral positioning of
nuclear compartments is thus very likely to occur under random distribution.
Therefore, demonstrating a specific peripheral positioning requires a
quantitative analysis.
Before nuclear images can be subjected to quantitative analysis, objects of
interest (e.g., nucleus, CTs, genes) must be localised in 3D. This process, called
image segmentation, is generally achieved by setting an intensity threshold that
separates object voxels from the others. For example, nuclear contours are
frequently identified using DAPI counterstaining. The difficulty in achieving
this task automatically is generally underestimated. For example, the popular
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Otsu's thresholding method (Otsu 1979) is sensitive to intensity distribution
features (Xu et al., 2011; Xue and Zhang 2102). Setting an accurate threshold is
all the more critical because errors are magnified in three dimensions. This
point can be illustrated by segmenting a 3D image at two slightly different
thresholds: the 2D section areas displayed in Figure 3B appear almost identical,
differing by less than 2%; by contrast, in 3D, the difference between nuclear
volumes is 8%. When there is uncertainty about the intensity threshold, it is
recommended to evaluate the potential impact on quantitative measurements
using, for example, sensitivity analysis, or to rely on threshold-insensitive
measures, or to integrate measurements over a range of threshold values (Eils et
al., 1996).
Alternative methods for intensity thresholding can also use a priori
information about the number or size of the expected objects. Additional image
processing steps may be important to include, before or after the segmentation
steps, such as deconvolution, noise reduction, or shape regularization using
mathematical morphological operators (Ronneberger et al., 2008). Some of
these steps may be simplified when better images become available due to
technological advances in microscopy. However, the need for accurate
segmentations will remain.
Two broad approaches are used to analyse nuclear positioning data, which
typically consist of sets of points and sometimes also of the associated object
sizes. In the first approach, object positions are analysed individually, thus
focusing on the absolute positioning in the nucleus. The prominent paradigm is
radial distance analysis, in which object location is defined based on its distance
from the nuclear envelope or nuclear centroid, or on its relative position along
the radius passing through it. The radial distance measurement is generally
binned into a finite number of classes corresponding to concentric shells. To
test for any preferential location towards/away from the envelope, the resulting
histogram is compared to the expected distribution under random repartition.
Continuous variants have been proposed (Ballester et al., 2008) that avoid the
loss of statistical power inherent in class binning. In plants, distance analysis
was used to demonstrate the preferential localisation of A. thaliana centromeres
at the nuclear periphery of diploid cells (Fang and Spector 2005).
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Figure 3: Some important issues in quantitative image analysis of nuclear patterns.
A. In a 3D sphere, the probability of a point being located by pure chance closer to the periphery
than to the centre is large. B. Image segmentation errors may have a large impact on the
delineated nuclear volumes. The left image shows a 2D section from a 3D image stack that has
been segmented at two thresholds (middle and right images). On 2D sections, the differences of
the surfaces after thresholding are small (less than 2%). However, the volume differences are
much larger (8%). C. In radial analysis, based on distances from the object to the periphery or the
centre, any pattern (e.g. left pattern) is virtually considered as a 1D pattern (middle). This results
in a loss of spatial information and possible misinterpretation. Although different, patterns (for
instance the left and right patterns) may yield the same 1D projection (middle) and thus become
indistinguishable after analysis.

The popularity of radial distance analysis in nuclear organisation studies
(Shiels et al., 2007) is probably due to the simple spherical shape of cultured
animal cell nuclei. The diversity of plant nuclear shapes (Chytilova et al.,
1999), however, challenges the general relevance of this approach in plant
studies. Further, radial distance analysis entails a projection of 3D data onto a
single dimension, thus resulting in a significant loss of spatial information
(Figure 3C).
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The second approach considers all object positions from a single nucleus
together, thus evaluating their mutual positioning. In its simplest form, such an
analysis relies on object association frequencies, with an association being
defined by the inter-object distance below some fixed threshold. Comparing
measured frequencies with expected frequencies under random object
repartitions allows to reveal associations or exclusions. This approach revealed
a random association between homologous genomic regions of ~100 kb in A.
thaliana, thus demonstrating the absence of somatic homologous pairing in this
species (Pecinka et al., 2004). Similar results were obtained later in other
species (Berr et al., 2006; Schubert et al., 2007). Spatial statistics, offer more
elaborate tools for analysing point patterns based on summary statistics such as
cumulated distance functions (Diggle 2003). Standard spatial descriptors are the
distance from any object to its nearest neighbour or the distance between any
position and the nearest object. As above, measured distribution functions are
compared to expected functions under the hypotheses of reference models,
which are generally based on complete spatial randomness. Spatial statistics
have historically been developed for ecology, forestry, and epidemiology
studies, where data are positions recorded within a single sampling window.
This contrasts with nuclear data, which result from exhaustive position
recordings over finite domains, with replication over samples of nuclei. Initial
attempts to apply spatial statistical tools to nuclear studies ignored these
difficulties by considering nuclear data as classical spatial data sampled from
virtually infinite point processes (Beil et al., 2005; Buser et al., 2007;
Noordmans et al., 1998). Adapting methods rather than data was recently
proposed as an alternative, with the introduction of spatial statistical tools
specifically designed to analyse nuclear organisation data (Andrey et al., 2010).
Because of the lack of statistical power in per individual analyses,
uncovering spatial effects of small amplitude requires integrating data extracted
from large populations of nuclei. Early studies incorporated no size or shape
normalization and relied, for example, on average cumulated distance functions
(Beil et al., 2005; Noordmans et al., 1998). In other studies, inter-nucleus size
normalization was achieved by dividing measured distances by nuclear size
(Fang and Spector 2005) or maximal observed distance (McManus et al., 2006).
Shape normalization was recently proposed for testing spatial models of object
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repartitions, based on the comparison of nuclear patterns to model outcomes
conditioned by nuclear morphology. Comparisons were either performed on an
individual basis (Russell et al., 2009) or at the group level (Andrey et al., 2010).
The latter was made possible by introducing a normalized measure of
model/data discrepancy for each nucleus. Results reported on simulated data
later demonstrated the superior statistical power of this method as compared to
other strategies for data integration over samples of nuclei (Weston et al.,
2012). This methodology is particularly relevant for nuclear organisation
studies in plants, as plant nuclei have diverse shapes that deviate significantly
from simple spherical ones (Chytilova et al., 1999). Since this methodology is
generic, it is also likely that it will be generalized in the future to evaluate more
elaborate spatial models and to support inter-group comparisons.
Several studies in both animals and plants have used polymer modelling to
analyse the mechanisms underlying the spatial organisation of the genome. The
chromatin fibre is generally modelled as a linear chain of monomers and an
energy function is defined to incorporate physical forces and constraints, such
as attraction, repulsion, and volume exclusion between adjacent or distant
monomers. Starting from initial configurations, computer simulations iteratively
update monomer positions to progressively reach lower energy configurations.
In the Spherical Chromatin Domain (SCD) model, which has been used both in
animal and plant studies, chromosomes are modelled as strings of 1-Mb
spherical domains connected by elastic springs and obeying short-range
exclusion/long-range attraction potentials. Chromosome territories are obtained
by relaxing initially condensed linear configurations representing metaphase
chromosomes (Kreth et al., 2004). By comparing observed association
frequencies between homologous chromosomes with those predicted by the
SCD model, it was shown that homologue associations, in A. thaliana and the
closely related species A. lyrata, are globally not significantly different from
random, except for chromosome pairs 2 and 4, which bear NORs (Berr et al.,
2006; Pecinka et al., 2004). Using a coarse-grain molecular dynamics model
closely related to the SCD model, the contribution of non-specific physical
interactions in the positioning of CCs and nucleoli in Arabidopsis leaf nuclei
was examined (de Nooijer et al., 2009). In that study, chromosomes were
represented by heteropolymers that could form loops and large monomers were
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used to model CCs. Based on a comparison of the different models of polymer
structure, the authors concluded that non-specific interactions between
polymers with CC-anchored loops were sufficient to explain the experimentally
observed positioning of CCs and nucleoli, as well as the segregation of
chromosomes into territories, thus supporting the previously proposed rosette
model (Fransz et al., 2002). One difficulty in interpreting the results of this
model is that equilibrium configurations were obtained through chromosome
condensation and reduction of nuclear volume. It is also unclear how a
completely non-specific determinism of heterochromatin positioning in A.
thaliana nuclei can be reconciled with the heterochromatin reorganisations
described previously. An important future challenge will be to shift from
simulations in theoretical, simple nuclear shapes (spheres or ellipsoids) to actual
shapes determined from 3D images. In parallel, the ability to associate
heterogeneous properties with monomers along chromosomes will be essential
for further expanding the potential of these models in investigations of the
principles underlying nuclear organisation and genetic determinants.

Conclusion
In the past decade, tremendous progress has been made in deciphering
chromatin properties at the genomic scale in Eukaryotes, and the molecular and
biochemical diversity of chromatin has been highlighted. Despite its
repetitiveness, which for a long time largely excluded it from molecular studies,
heterochromatin has started to reveal its secrets, and is no longer considered as
a monotonous and silent compartment. Furthermore, besides key functions in
chromosome segregation and genome stability and maintenance, a new function
in genome organisation has emerged for heterochromatin, highlighting the
interdependence of euchromatin and heterochromatin. The development of 3C
and related methods, which have been used to unravel the three-dimensional
conformation of the genome and, in turn, have raised questions about the
relationship between 3D genome organisation and its main functions in the
interphase nucleus (i.e., transcription, replication, and DNA repair), has
revolutionized chromatin biology. Combining these molecular approaches and
classical cytological studies with modelling approaches promises to answer
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these questions, while taking nucleus-to-nucleus variability and the stochasticity
of nuclear processes into account.
In A. thaliana, most cytological studies have been performed on 2D nuclei.
However, the number of 3D approaches is rapidly increasing, and this increase
calls for a change in perspective and tools. The principles that govern plant
heterochromatin organisation are slowly emerging. It will be interesting to
determine whether these principles, which were established in a diploid model
plant, extend to plants with complex and large genomes containing large
heterochromatin fractions. The repertoire of known plant nuclear compartments
has expanded tremendously with the description of their components. However,
the mechanisms underlying their assembly and functions are still poorly
understood, as is their functional interplay particularly with the 3D
conformation of the plant genome.
The complex and intricate interplay between nuclear components, nuclear
architecture, and genome functions remains to be further investigated. We
predict that much will be learnt about the interphase plant nucleus and its
dynamics in the coming years, and that this knowledge will hinge on intense
interdisciplinary dialogues on subjects ranging from biophysics and modelling
to imaging and cytology.
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Abstract
Polycomb group (PcG) proteins contribute to the formation and
maintenance of a specific repressive chromatin state that prevents the
expression of genes in a particular space and time. Polycomb repressive
complexes (PRCs) consist of several PcG proteins with specific regulatory or
catalytic properties. PRCs are recruited to thousands of target genes, and
various recruitment factors, including DNA-binding proteins and non-coding
RNAs, are involved in the targeting. PcG proteins contribute to a multitude of
biological processes by altering chromatin features at different scales. PcG
proteins mediate both biochemical modifications of histone tails and
biophysical modifications (e.g., chromatin fiber compaction and threedimensional (3D) chromatin conformation). Here, we review the role of PcG
proteins in nuclear architecture, describing their impact on the structure of the
chromatin fiber, on chromatin interactions, and on the spatial organization of
the genome in nuclei. Although little is known about the role of plant PcG
proteins in nuclear organization, much is known in the animal field, and we
highlight similarities and differences in the roles of PcG proteins in 3D gene
regulation in plants and animals.
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Introduction
In 1947, P. Lewis (Lewis, 1947) discovered the Polycomb (Pc) gene. While
conducting genetic studies in Drosophila melanogaster, he found that the Pc
mutation led to the formation of ectopic sex combs on the second and third legs
of adult male flies. Later, while studying the segmentation patterns of
Drosophila, it was shown that Pc is a key developmental regulator required to
maintain homeotic gene (Hox) repression of the Bithorax complex (BX-C)
(Lewis, 1978). Polycomb group (PcG) proteins were unified in a common
family on the basis of their similar impact on development and their
transcriptional repressive function, but they have various molecular activities
(Schwartz and Pirrotta, 2007; Köhler and Villar, 2008; Schwartz and Pirrotta,
2013; Pu and Sung, 2015). Beyond their originally identified roles in
controlling the sequence and timing of developmental switches and in
maintaining cell and organ identity both in animals and plants (Hennig and
Derkacheva, 2009; Xiao and Wagner, 2015), it is now clear that PcG proteins
accomplish a variety of functions. For instance, recent evidence has implicated
plant PcG proteins in abiotic and biotic stress responses (De Lucia and Gaudin,
2013; Kleinmanns and Schubert, 2014). During development, stress responses,
and other processes, PcG proteins participate in a memory system and establish,
maintain, and transmit silent epigenetic chromatin states. However, how PcG
repression is established and transmitted in vivo, what mechanisms underlie
repression, and how PcG activity is reset are only partially understood, even
though intensive research efforts in diverse eukaryote models, from flies to
plants, have attempted to answer these questions for more than sixty years.
During evolution, the genes encoding PcG proteins diversified from single
copy genes to small gene families in animals, plants, and fungi (Hennig and
Derkacheva, 2009). PcG proteins form large and diverse complexes harboring
catalytic subunits, which mediate post-translational modifications of the histone
tails, and regulatory subunits, which regulate the transcriptional state of genes.
Two main Polycomb repressive complexes (PRCs) each consisting of four core
components were initially identified in Drosophila: Polycomb Repressive
Complex (PRC) 1 and PRC2. The core components are generally conserved in
plants and animals, but some kingdom-specific components evolved to meet the
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particular needs of the organism’s life cycle (for detailed reviews: (Pien and
Grossniklaus, 2007; Hennig and Derkacheva, 2009; Bemer and Grossniklaus,
2012; Molitor and Shen, 2013)). For instance, the plant LIKE
HETEROCHROMATIN PROTEIN1 (LHP1) is a functional homolog of Pc,
despite its structural homology with the HP1 protein family (Gaudin et al.,
2001; Zhang et al., 2007b). PcG not only biochemically modifies chromatin
(Lagarou et al., 2008; Bratzel et al., 2010; Tavares et al., 2012), but also induces
biophysical changes in chromatin structure (Francis et al., 2004; Bantignies and
Cavalli, 2011; Beh et al., 2012; Schuettengruber and Cavalli, 2013).
Furthermore, some PcG proteins can be part of other additional and unrelated
complexes.
PcG function is antagonized by another group of proteins that modifies
chromatin and regulates genes, the trithorax group (TrxG) proteins. The TrxG
proteins activate gene expression and, like PcG proteins, are conserved in
eukaryotes (Ringrose and Paro, 2004). PcG and TrxG proteins often have the
same target genes, and the activity of these genes is finely tuned by the
opposing action of these two protein complexes.
Here, we present a brief overview of the molecular functions, recruitment,
and regulation of PcG, with an emphasis on new research that highlights the
roles of PcG proteins at different nuclear scales.

Hierarchy vs. Plasticity for More Flexibility in
Repression?
Canonical Two-Step Mechanism of Repression
PRC1 and PRC2 often occupy the same target locations and can act in a
sequential manner, as proposed in the “canonical model” of PcG repression.
The core PRC2 complex trimethylates histone H3 at lysine 27 (H3K27me3) at
its target genes in a process that usually takes place on a genomic region called
the nucleation site, and the deposited mark spreads over adjacent nucleosomes
(Finnegan and Dennis, 2007; De Lucia et al., 2008; Pinter et al., 2012). The
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deposition of H3K27me3 triggers binding of the PRC1 complex, which further
ubiquitinates a lysine residue of histone H2A. These modifications result in
other complementary factors being recruited, leading to inhibition of
transcription and change in chromatin organization. The inhibition mechanism
is elusive. On the other hand, TrxG complexes promote transcription, mostly by
introducing the H3K4me3 and H3K36me3 activation marks. Remodeling of
chromatin renders it more accessible to transcription factors and triggers
transcriptional activation; however, this activation does not necessarily rely on
the promotion of Polymerase II complex recruitment to target genes, but rather
on transcriptional elongation from poised Polymerase II complexes (Srinivasan
et al., 2008; Dorighi and Tamkun, 2013). The functions and hierarchical mode
of action of PcG and TrxG proteins were extensively reviewed elsewhere
(Schuettengruber et al., 2011; Khanna et al., 2014; Khan et al., 2015; Mozgova
et al., 2015).
Gene expression dynamics are not only regulated by the antagonistic roles
of PcG and TrxG complexes, but also by the active removal of histone
modifications deposited by these proteins. For instance, plant histone
demethylases (HDMs), including JumonjiC (JmjC) domain containing proteins,
counteract the action of PcG proteins in physiological processes, such as the
flowering transition, shoot development, cell fate determination, or the
circadian clock (Chen et al., 2011).

Non-Canonical Mechanisms of Repression
For years, the canonical model was considered to describe the only
mechanism that regulates the target genes of PcG complexes. Recent studies
have uncoupled the functions of PRC1 and PRC2 and revisited the sequential
action of the complexes, revealing more complex working mechanisms (Ogawa
et al., 2002; Gearhart et al., 2006; Calonje et al., 2008; Lagarou et al., 2008;
Gao et al., 2012; Tavares et al., 2012; Yang et al., 2013). Furthermore, PRC1like complexes, which differ in composition (absence of some of the core
subunits present in PRC1 proteins, or the presence of additional subunits),
associated activities, or repressive functions, have been reported in mammals,
Drosophila, and plants.
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In mammals, various additional components can be combined with the core
PRC1 subunits to form a large and diverse PRC1 complex family (Levine et al.,
2002; Ogawa et al., 2002; Wang et al., 2004; Gil and O'Loghlen, 2014). These
additional PRC1 subunits may coordinate other histone modifications and
histone crosstalk to repress gene expression. For instance, H3K36 demethylases
have been found to associate with PcG proteins in the animal BCOR complex,
which regulates a subset of BCL6 target genes (Gearhart et al., 2006) or in the
Drosophila dRING-associated factor (dRAF) complex (Lagarou et al., 2008). In
dRAF, the H3K36 demethylase KDM2 is also required for efficient H2A monoubiquitination (Lagarou et al., 2008), whereas in BCOR, KDM2B targets the
complex to unmethylated CpG islands (Farcas et al., 2012). The dRAF complex
is not the only PRC1-like complex present in Drosophila; others include the
Pho-repressive complex (PhoRC) and Polycomb-repressive deubiquitinase
complex (PR-DUB) (Klymenko et al., 2006; Schwartz and Pirrotta, 2008;
Scheuermann et al., 2012). Moreover, in mammals, examples of H3K27me3independent PRC1 targeting or H2A mono-ubiquitination are emerging
(Schoeftner et al., 2006; Gao et al., 2012; Tavares et al., 2012).
A recent study of the regulation of seed maturation genes in A. thaliana
revealed that H2Aub and H3K27me3 are deposited on some PcG target genes
independently (Yang et al., 2013). Indeed, the clf/swn PRC2 mutant, which has
reduced levels of H3K27me3 on several target genes, seems not to be affected
in overall levels of H2Aub (Yang et al., 2013). Furthermore, plant PRC1 is
sometimes recruited before PRC2 (Yang et al., 2013; Blackledge et al., 2014;
Cooper et al., 2014; Kalb et al., 2014). Recent studies have shown that complex
relationships exist between PRC1 and PRC2, and that some PRC complexes
(i.e., PR-DUB and dRAF) have the capacity to mediate histone modifications
other than H3K27 trimethylation and H2A ubiquitination, thus tremendously
expanding our understanding of PcG-mediated repression mechanisms.

Various Ways to Hunt for Targets
PcG targeting has been reported to rely on the presence of cis-regulatory
elements, trans-acting components (DNA-binding proteins, transcription
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factors, scaffolding proteins, non-coding RNAs (ncRNAs)), or even structural
properties of chromatin fiber (Simon and Kingston, 2009; He et al., 2013; Kim
and Sung, 2014).
In Drosophila, PRCs are recruited at Polycomb Response Elements (PREs),
which are cis-regulatory DNA sequences of up to a few hundred base pairs
long. PREs contain combinations of several diverse binding motifs for proteins,
such as the DNA-binding PcG protein Pho or GAG factor (GAF), which work
cooperatively. PREs can be located several tens of kilobases away from the
promoter of the target genes, and their properties depend on the sequence
context (Schwartz and Pirrotta, 2008; Simon and Kingston, 2009; Kassis and
Brown, 2013). The exact combinations of DNA-binding sites and key
regulatory elements that determine the recruitment of the PRC complexes
remain to be identified.
The DNA-binding PcG protein Pho participates in the targeting of the
Drosophila PhoRC complex, and the PhoRC complex may serve as a tethering
platform for other PRC complexes at some genomic locations. However, the
targeting mechanism for Drosophila PRC1 and PRC2 at PREs and the identity
of putative PRE-DNA-binding candidates remain unknown (Kassis and Brown,
2013). In mammals, only a few PREs have been identified; however, 97% of
PRC2 targets were shown to correspond to annotated CpG islands or similar
CG-rich regions. However, the PREs lack a consensus motif (Ku et al., 2008;
Simon and Kingston, 2009).
In A. thaliana, the presence of PREs has not been confirmed. However,
GAGA-motifs were recently shown to overlap with the binding sites of FIE, a
PRC2 subunit, and these motifs seem to be necessary for H3K27me3 deposition
(Deng et al., 2013). GAGA-motifs have also been identified in the target genes
of LEAFY (LFY), which are repressed by PRC2 (Winter et al., 2011). Recently,
it was shown that the PRC1-like subunit LHP1 interacts with the GAGA factor
BPC6 and that this interaction is essential and sufficient to recruit LHP1 to
DNA sequences that contain GAGA-motifs in vitro (Hecker et al., 2015). The
repression of LEAFY COTYLEDON2 (LEC2), a key regulator of A. thaliana
seed development, also requires a negative cis-regulatory element, the
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Repressive LEC2 Element (RLE), which is located 150 bp upstream of the first
codon and is associated with CT-rich elements. The RLE triggers H3K27me3
deposition and inhibits transcriptional activity (Berger et al., 2011). Conserved
Regulatory Elements are also present in the upstream region of the promoters of
two KNOX genes (BREVIPEDICELLUS (BP) and KNOTTED-LIKE FROM
ARABIDOPSIS THALIANA2 (KNAT2)), which are required for proper organ
formation. These sequences are targets of the AS1-AS2 complex, which
mediates the repression of KNOX genes (Guo et al., 2008). Subsequently, the
AS1-AS2 complex was shown to interact with multiple core components of
PRC2 to establish the repressed chromatin state at KNOX genes (Hyun et al.,
2013). This was one of the first demonstrations of a plant PRC2 being recruited
by specific DNA-binding proteins. Similarly, VAL1 is needed to recruit BMI1,
a PRC1 subunit in A. thaliana, and set the repressive state of embryo-specific
genes (Yang et al., 2013). More evidence that PcG is recruited by transcription
factors came from a study of the MADS box protein, AGAMOUS (AG). AG
binds two CArG boxes located 1 kb downstream of WUSCHEL (WUS), and is
required for the regulation of H3K27me3 levels and repression of WUS
expression (Liu et al., 2011). The MADS box transcription factor, SHORT
VEGETATIVE PHASE (SVP), and the GRAS transcription factor,
SCARECROW (SCR), also physically interact with LHP1 and bind to specific
LHP1 target loci, and thus could participate in the recruitment of PRC
complexes and in the maintenance of silent chromatin states at their respective
target loci (Cui and Benfey, 2009; Liu et al., 2009).
Long non-coding RNAs (lncRNAs) have been shown to participate in
numerous mechanisms that regulate gene expression, through interactions with
various proteins, including histone-modifying molecules (Marchese and Huarte,
2014; Peschansky and Wahlestedt, 2014). It is still a matter of debate whether
lncRNAs participate in the recruitment of PcG complexes either in cis or in
trans (Brockdorff, 2013; Nazer and Lei, 2014). The first lncRNAs, identified
based on their ability to tether PRC2 to target genes, were mammalian Xist and
the lncRNA HOTAIR (Rinn et al., 2007; Tsai et al., 2010; Chu et al., 2011).
Since then, numerous studies have examined the interaction between lncRNAs
and PRC in mammals, and some have revealed that PRC interacts with several
hundred large intergenic ncRNAs (Khalil et al., 2009).
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In A. thaliana, the list of identified lncRNAs is growing rapidly, with the
emergence of in silico and RNA-seq technology, but their functions remain
poorly understood (Liu et al., 2012; Di et al., 2014; Wang et al., 2014).
However, two lncRNAs, COLD ASSISTED INTRONIC NONCODING RNA
(COLDAIR) and COLD INDUCED LONG ANTISENSE INTERGENIC RNA
(COOLAIR), are well-characterized regulators of the key floral repressor FLC
during vernalization (Swiezewski et al., 2009; Heo and Sung, 2011). COLDAIR
is a sense-lncRNA transcribed from the vernalization response element (VRE)
of the first intron of FLC. COLDAIR was shown to interact in vitro with the
CLF PRC2 subunit. Transiently induced by the cold, with peak expression after
20 days of cold exposure, COLDAIR was proposed to play a role in recruiting
PRC2 to stably silence FLC (Heo and Sung, 2011). COOLAIR is a set of
lncRNA antisense transcripts involved in the early, cold-dependent, and
transient transcriptional silencing of FLC. Somehow, COOLAIR acts as an
indirect recruiter of PRC2, but the precise mechanism behind this function is
unclear (Swiezewski et al., 2009; Liu et al., 2010). Recently, the lncRNA
APOLO, which is expressed in response to auxin, was shown to interact with
LHP1 (Ariel et al., 2014). LHP1 also interacts in vivo with the RNA-binding
protein LIF2, which thus may participate in the formation of a
ribonucleoprotein complex involving LHP1. The specificity of the interaction
with the RNA partners may thus rely on the three RNA recognition motifs of
LIF2 (Latrasse et al., 2011). Recently, specific and promiscuous interactions
have been demonstrated in animals, and the strength of the interactions between
PcG proteins and lncRNAs was found to depend on the length of the RNA
(Davidovich et al., 2015). Whether plant PRC-lncRNA interactions are specific,
promiscuous, or non-specific in vivo remains to be further investigated.
Furthermore, it remains to be determined whether the lncRNA interaction
stabilizes PRC complexes with chromatin, participates in the targeting and
recognition of the target by a sequence-specific mechanism, or is involved in
other scaffolding mechanisms that coordinate different enzymatic activities
merits further investigation.
It was recently proposed that PRC2 also recognizes and distinguishes
between “open” and “dense” chromatin, with a preference for the latter. Indeed,
PRC2 seems to be targeted to specific chromatin features or chromosomal
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structures (Yuan et al., 2012). Thus, despite much progress, many open
questions remain about how PcG complexes are recruited to silence specific
genes.

On the Path from 1D to 3D
Never Walk Alone—Polycomb and Chromatin Domains
Initial discoveries of PcG targets at the gene-scale were soon followed by a
genome-wide analysis of H3K27me3 occupancy and binding of several PcGproteins (Bracken et al., 2006; Tolhuis et al., 2006; Zhang et al., 2007b; Ku et
al., 2008). As expected, a substantial overlap between PRC2-bound fragments
and H3K27me3 profiles was found. A correlation between PRC1-binding and
H3K27me3 occupancy was also reported, with some exceptions, suggesting that
PRC1 has other functions.
Moreover, it was shown that, in plants, H3K27me3 is deposited
predominantly on euchromatin, spans whole genes, and targets up to 20%–30%
of all genes in A. thaliana (Zhang et al., 2007a; Oh et al., 2008; Bouyer et al.,
2011; Lafos et al., 2011) and 10% in human (Bracken et al., 2006; Mohn et al.,
2008), stressing the importance of the Polycomb pathway in genome regulation.
The H3K27me3 occupancy pattern was also compared to the profiles of various
histone marks, genomic features of underlying sequences, protein binding
distributions, and transcriptional activity of target genes to identify common
patterns and predict gene expression status, resulting in the identification of socalled chromatin states or domains that include regions of similar
characteristics. In the first such study in Drosophila, a Polycomb-repressed
chromatin state was identified, in which H3K27me3-targeted genomic
fragments were associated with genic regions, lower transcription, occupancy of
other repressive marks, and binding regions of PcG proteins (e.g., H3K27me2,
Pc, E(Z), PCL (Filion et al., 2010), and inversely associated with the active
marks H3K4me1/2/3, H3K36me3, and H3K27Ac (Ernst et al., 2011). Several
studies distinguished bivalent domains, with repressive marks accompanied by
active ones, which are inactive or poised for transcription (Sequeira-Mendes et
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al., 2014). One of the main differences between the studied species was that
animal H3K27me3-occupied regions consisted of large blocks formed by
adjacent regions of a similar epigenetic landscape, whereas the A. thaliana epigenome seemed to be organized into small domains of different states
interspersed with each other (apart from constitutive heterochromatin, which
was spread over the pericentromeric region of the chromosome) (Roudier et al.,
2011). Therefore, the epigenetic topography of the genomes has emerged and
the development of high throughput sequencing has tremendously refined it
(Figure 1).

PcG and Chromatin Fiber Packaging
Chromatin compaction and formation of higher-order chromatin structures
are proposed to participate in the repression by PcG, by reducing or interfering
with DNA accessibility to the transcription machinery. Indeed, in vitro studies
have shown that the Drosophila PRC1 complex and, more specifically, the
Posterior sex combs (PSC) subunit, have the ability to compact nucleosomal
arrays and inhibit the chromatin remodeling mediated by the SWI/SNF complex
(Francis et al., 2001).
The intrinsically disordered C-terminal region of PSC changes the beadson-a-string chromatin conformation into high-order chromatin structures
(Francis et al., 2004). Linker DNA and histone tails might also participate in
chromatin compaction; however, Drosophila PRC1 directly interacts with
nucleosomes and its activity seems to be independent of histone tail
modifications (Francis et al., 2004). The important role of PRC1 in the
compaction of nucleosomal arrays is conserved across metazoans and plants
(Francis et al., 2001; Francis et al., 2004; Grau et al., 2011; Beh et al., 2012),
but is carried out by different PRC1 subunits, such as M33, a Polycomb
homolog in mouse, or the PRC1 component EMBRYONIC FLOWER1
(EMF1) in A. thaliana (Grau et al., 2011; Beh et al., 2012). Detailed studies of
PSC and M33 revealed that one of the main characteristics of a “chromatin
compactor” protein is the presence of highly positively charged domains (Grau
et al., 2011).
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Figure 1: Polycomb Group (PcG) proteins affect chromatin regulation in three dimensions.
PcG proteins participate in the establishment of the epigenetic topography of the genome by
depositing biochemical modifications on histones and inducing chromatin compaction (1D). The
presence of PcG-associated marks defines a specific chromatin state, called Polycomb-repressed
chromatin. PcG proteins can mediate chromatin looping (2D). PcG complexes are recruited to cisregulatory elements by various mechanisms (e.g., those involving Polycomb Response Elements
(PREs), transcription factors, lncRNAs) to regulate their target genes and change the
conformation of the chromatin fiber. PcG proteins act in the nuclear space (3D). They can
aggregate with their targets to form Polycomb bodies. Chromatin is organized into distinct
topologically associated domains (TADs), some of which are Polycomb-repressed chromatin
domains. Spatial localization of chromatin at the nuclear periphery is correlated with repressive
histone marks and, in the vicinity of the nuclear pore complexes (NPC), with active histone
marks.
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Using the FISH technique, one study revealed that the PRC1 Ring1B subunit is
also involved in in vivo compaction and regulation of Hox loci in murine
embryonic stem cells (ESCs). This compaction activity is independent of
Ring1B histone H2Aub catalytic activity (Eskeland et al., 2010). Therefore,
increasing evidence suggests that PRC1 participates in higher-order chromatin
structure organization and that PRC1 has packaging effects on chromatin,
which may be sufficient to mediate repression, at least at some specific target
genes.
In support of a role of PcG in chromatin compaction, genome-wide studies
demonstrated that H3K27me3-marked chromatin regions have low DNA
accessibility both in Drosophila and A. thaliana (Bell et al., 2010; Shu et al.,
2012). In addition, chromatin in lhp1 mutants is more sensitive to microccocal
nuclease digestion than is wild-type chromatin, suggesting a possible role for
LHP1 in chromatin compaction. Although LHP1 is functionally similar to Pc, it
is classified as a HP1 protein, based on its structure (Gaudin et al., 2001; Zhang
et al., 2007b). The chromo shadow domain (CSD) of the HP1 protein family is
involved in homo-dimerization, whereas the chromo domain (CD) recognizes
methylated lysine residues on histone tails. Interestingly, the binding of two
CDs of Swi6, the Schizosaccharomyces pombe HP1 homolog, to nearby
modified histone H3 nucleosomes creates a protein interface for tetramerization
of two Swi6 homo-dimers connected by their CSDs (Canzio et al., 2011). The
coordinated action of CD and CSD can thus lead to heterochromatin spreading
throughout a stepwise oligomerization process from an auto-inhibited
homodimer to chromatin-associated oligomers, which is somewhat analogous to
the self-association process of tubulin dimers (Canzio et al., 2013). Whether
this model, which is still controversial (Teif et al., 2015), is conserved for the
HP1 family and plant LHP1 remains to be established.
Interestingly, it was recently shown that PRC2 has a higher activity on
dense oligonucleosomes than on dispersed oligonucleosomes, suggesting that
PRC2 can sense the chromatin environment and that its allosteric activation
depends on the density of the substrate nucleosomes (Yuan et al., 2012). This
study also revealed that local chromatin compaction precedes the establishment
of H3K27me3 and provides a better substrate for PRC2 activity (Yuan et al.,
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2012). Therefore, PRC1 may initiate local chromatin compaction, which could
then lead to the establishment and propagation of the H3K27me3 mark. This
would support recent data suggesting that PRC1 acts before PRC2 (Blein et al.,
2002; Yang et al., 2013; Cooper et al., 2014; Kalb et al., 2014). However, the
structural role of PRC complexes, at the local chromatin scale or at a higher
order of chromatin organization, requires further investigation.

It Takes Two to Tango-Chromatin Loops Mediated by
PcG Proteins
Besides their roles in linear chromatin topography, increasing evidence
suggests that PcG also affects the three-dimensional (3D) organization of
chromatin at the nuclear level. Although the spatial genome regulation mediated
by PcG proteins remains poorly understood in plants, we highlight recent
findings, while taking existing evidence in other species into account.
PcG proteins can organize chromatin into 3D long-range loops, both in
plants and in animals. These loops may also participate in PcG-mediated
repression mechanisms (reviewed in (Cheutin and Cavalli, 2014)). Two
techniques are used to investigate 3D chromatin organization, i.e., fluorescence
in situ hybridization (FISH), which allows direct visualization of the spatial
organization of genomic sequences by cytology and microscopy approaches in
individual nuclei, and methods derived from chromosome conformation capture
(3C), which allow high-throughput and high-resolution analyses of genomic
interactions at local to genome-wide scales (de Wit and de Laat, 2012; Hovel et
al., 2012; Del Prete et al., 2014).
Using both methods, Lanzuolo and colleagues (Lanzuolo et al., 2007)
provided one of the first direct lines of evidence of loop formation in
Drosophila. All major regulatory PcG-bound DNA elements at the Bithorax
(BX-C) locus were found to physically interact with each other via chromatin
long-range interactions. After artificial transcriptional reactivation of the BX-C
locus, different conformations of the locus were observed, with the active PREs
and promoters losing contact with each other (Lanzuolo et al., 2007). This early
study directly linked transcriptional regulation with the regulation of the
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chromatin loop formation involving PREs. A direct role for PcG in loop
formation was provided by the study of the regulation of the human GATA-4
locus, a target of the PRC2 EZH2 subunit (Tiwari et al., 2008). When EZH2
levels are depleted, the long-range genomic contacts at the GATA-4 locus are
disrupted, leading to transcriptional reactivation (Tiwari et al., 2008). PRC2 has
subsequently been shown to change chromatin conformation at the murine
HoxD locus (Williamson et al., 2014). Analysis of a PRC2 mutant by CarbonCopy 3C (5C) (which allows for interaction studies between many selected loci
of a specific region) and by FISH showed a strong reduction of the 5C
interactions over the HoxD region (Williamson et al., 2014). The loops involve
physical contacts between PRE and PcG target genes, but can also form
between genes and regulatory elements such as enhancers, silencers, and
chromatin insulators (Comet et al., 2011; Li et al., 2013; Zhu et al., 2014).
In plants, the presence of loops directly mediated by PcG proteins has not
yet been demonstrated. However, in Zea mays (maize) and A. thaliana,
examples of loops between flanking regions of genes have been identified. In
maize, husk-specific physical interaction between an enhancer located 100 kb
upstream of the transcription start site (TSS) and the TSS is required for the
high expression of the b1 gene (Louwers et al., 2009). In A. thaliana, a gene
loop has been identified that involves the physical interaction of the 5' and 3'
flanking regions of the FLC locus (Crevillen et al., 2013; Zhu et al., 2014).
Loop formation is regulated by vernalization, as it is disrupted within the first 2
weeks of cold exposure. The disruption occurs in parallel with the switch from
an expressed to a Polycomb-silenced state of the FLC locus. Concurrently,
clustering of the repressed FLC alleles to a single nuclear location occurs, and
this is disrupted in the vrn2 and vrn5 mutants (Rosa et al., 2013). This finding
suggests that the VRN2 and VRN5 PRC2 components influence the nuclear
organization of repressed FLC alleles. In addition, the PcG protein LHP1 was
shown to facilitate auxin-regulated loop formation between a long non-coding
RNA and a gene involved in the root development pathway (Ariel et al., 2014).
The presence of a loop was correlated with lower expression of these loci,
increased DNA methylation, and higher levels of H3K27me3, suggesting that
several repressive pathways, including the one mediated by PRC2, are involved
in the process.
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Understanding the formation of these chromatin hubs is an exciting and
active area of research, due to their potential regulatory function and impact on
the structure and evolution of genomes. However, it is still unclear whether PcG
proteins are required for the formation or stabilization of the loops, and whether
the 3D chromatin conformational changes are causes or consequences of altered
gene expression. Furthermore, the methods used to examine chromatin loops
are technically challenging. Discrepancies have been observed in the frequency
of genomic interactions (Simonis et al., 2006; Bello et al., 2007; Tolhuis et al.,
2011). In addition, a limited number of studies compared the data resulting
from FISH and 3C-derived experiments. These methods give concordant data in
some cases, but also yield divergent results (Williamson et al., 2014).
Therefore, in future studies of chromatin looping formation and dynamics, both
techniques should be used and the results should be compared (Williamson et
al., 2014).

In the Third Dimension: Polycomb Mediates
Higher Order Chromatin Organization
Polycomb and Topologically Associating Domains
Derivatives of 3C techniques are used to establish genome-wide maps of
chromatin contacts or physical interactions within the genome. In Drosophila,
mouse, and human, these studies highlighted that the genome is organized into
topologically associating domains (TADs) that participate in its functional
architecture in the nuclear space (Lieberman-Aiden et al., 2009; Bantignies et
al., 2011; Tolhuis et al., 2011; Dixon et al., 2012; Hou et al., 2012; Nora et al.,
2012; Sexton et al., 2012; Ciabrelli and Cavalli, 2014). TADs correspond to
linear chromatin regions that fold as specific 3D structures that mainly favor
internal interactions within a particular TAD. The mean size of TADs varies
among species, ranging from 60 kb in Drosophila to 900 kb in mouse and
human.
The distribution of TADs along the chromosome is associated with specific
underlying histone modifications, density of nucleosomes, and DNA
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modification: Each TAD thus corresponds to one of the four major epigenetic
topographical chromatin types: Active chromatin, Polycomb-repressed
chromatin, null chromatin, or heterochromatin (Lan et al., 2012; Ciabrelli and
Cavalli, 2014). In D. melanogaster embryonic nuclei, Polycomb-repressed
domains are highly correlated with specific TADs. Furthermore, it was
proposed that the intrinsic folding regime of inactive TADs is specific and
different from that of active TADS, with the probability of contacts forming
between inactive TADs being lower and with a stronger association with the
chromosome territory (Sexton et al., 2012). The situation is more complex in
mammals, due to the discrepancy between the size of TADs (ranging from 100
kb to 10 Mb) and H3K27me3 domains (1 kb to 100 kb). Only a few overlaps
have been reported between the two entities (Noordermeer et al., 2011; Nora et
al., 2012).
Sharp boundaries containing insulator sites and housekeeping genes have
been shown to mark the limits between TADs (Hou et al., 2012; Sexton et al.,
2012). Moreover, the modularity of TAD organization is conserved in different
cell types in animals, but intra-TAD interactions can vary greatly according to
cell type (Dixon et al., 2012; Nora et al., 2012).
Until now, only a few conformation capture studies have been performed in
plants (Feng et al., 2014b; Grob et al., 2014; Wang et al., 2015). In A. thaliana,
the presence of TADs has not yet been clearly established, the results still
dependent on the resolution of the Hi-C methods used (Feng et al., 2014b;
Wang et al., 2015). At low resolution and at long-range distances (>100 kb), it
seems that the A. thaliana genome contains relatively small interacting regions,
which are distributed over multiple sites in the genome. The main contact
regions depend mostly on the presence of DNA methylation and of H3K9me2
or H3K27me1 marks, which allows for the identification of interactive
heterochromatin islands (IHI). These main interactions occur between
telomeres, whereas pericentromeric heterochromatin regions interact weakly
with the rest of the genome, but strongly with each other (Feng et al., 2014b).
AtMORC6, a conserved Microrchidia adenosine triphosphatase required for
heterochromatin condensation, seems to play a key role in establishing these
heterochromatic genome contacts (Moissiard et al., 2012). A limited number of
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H3K27me3 regions showed interactions, and these were mostly scattered
throughout the genome and were dependent on PRC2 activity (Feng et al.,
2014b). However, using the Hi-C method at higher resolution, about half of the
contact regions were shown to be enriched in H3K27me3, H3.1, and H3.3
(Wang et al., 2015). Although TADs were not found to be a prevailing
structural feature of the A. thaliana genome, hundreds of insulator-like regions
or regions analogous to TAD boundaries have been discovered (Wang et al.,
2015). These regions are enriched for accessible chromatin sites, various
activating epigenetic marks, and highly expressed genes, whereas TAD-like
fragments are characterized by opposite patterns, indicating a repressed
chromatin state.
Overall, it remains challenging to identify TADs and specific Polycombassociated TADs in plants. Conformation capture experiments in plants with
larger genomes and at higher resolution in A. thaliana may cast light on TAD
organization.

Polycomb Clustering
The 3D organization of PcG target regions has been examined by imaging
the subnuclear localization of Polycomb proteins. Interestingly, some Polycomb
complex components tend to aggregate in foci instead of being randomly
dispersed over the nuclear space (Saurin et al., 1998; Grimaud et al., 2006; Ren
et al., 2008; Vandenbunder et al., 2014). These spots of increased signal were
called PcG bodies. They differ in size and number in different cell types; as a
general rule, fewer and larger foci are present in undifferentiated cells, whereas
more numerous and smaller foci occur in differentiated cells (Ren et al., 2008;
Del Prete et al., 2014).
Subsequent experiments showed that PcG foci serve as structures in which
different Polycomb targets are clustered and co-repressed. A prime example
comes from the Drosophila Antp and Abd-B loci. These PcG targets, despite
being located 10 Mb apart from each other, co-localize to foci in embryo heads,
where they are inactive, and dissociate in differentiated tissue, where at least
one of them becomes activated. Further evidence emerged from chromatin
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conformation capture studies. As mentioned above, it was shown that PREs of
different PcG targets can interact with each other even over long distances
(Bantignies et al., 2011; Tolhuis et al., 2011), confirming the imaging data.
Recently, more than hundred proteins have been identified as regulators of the
3D distribution of PcG proteins in Drosophila (Gonzalez et al., 2014). In
particular, proteins involved in the sumoylation pathway were shown to be
critical for the Pc chromatin binding affinity, residence time, and 3D nuclear
distribution. Indeed, Pc foci form enlarged aggregates in the absence of SUMO,
whereas they are more dispersed when the activity of the SUMO peptidase Velo
is reduced (Gonzalez et al., 2014). Interestingly, it was also demonstrated that
the Polyhomeotic (Ph) protein assembly at PREs is defective in the absence of
its O-GlcNAcylation and that its post-translational modification is required for
the ordered and functional assembly of Ph via its SAM domain (Gambetta and
Muller, 2014).
In plants, the existence of Polycomb bodies remains elusive. However,
several lines of evidence suggest that Polycomb components or their targets
undergo clustering. Rosa et al. (Rosa et al., 2013) showed clustering of the PcG
target, FLC, that was induced by vernalization and quantitatively correlated
with the length of cold exposure. Higher clustering frequency was tightly
associated with increased accumulation of H3K27me3 on the FLC nucleation
site and clustering was impaired in the PcG mutants vrn2 and vrn5, but not
lhp1. In contrast, imaging of LHP1-GFP in A. thaliana showed that LHP1
nuclear distribution patterns vary from a rather uniform pattern in meristematic
cells to patterns with multiple distinguishable foci in differentiated cells
(Libault et al., 2005). The relationship between LHP1 distribution and the
differentiation status of the cell is reminiscent of the link between PcG bodies
and cell differentiation in animals.
We believe that further development of imaging and 3D interaction
techniques will elucidate the clustering of Polycomb targets in plants and the
underlying mechanisms. However, genome arrangement in different species
might also be the result of different evolutionary paths, which might lead to
distinct mechanisms of repressive 3D interactions.
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Polycomb Regulation and Spatial Distribution
Another peculiar aspect of Polycomb regulation involves the distribution of
PcG targets in the nuclear space, whose spatial rules have not yet clearly been
established. However, the nuclear periphery and nuclear lamina (NL) have been
shown to play important roles in gene regulation.
The NL is a protein mesh residing inside the nuclear membrane. In animals,
the NL is composed of proteins called lamins, which localize to thin ring
structures that cover the inner surface of the nuclear membrane. Despite a lack
of substantial sequence homology to animal counterparts, a couple of proteins
in plants are believed to fulfill the role of lamins, because of their lamin-like
localization and the altered nuclear morphology and size in the corresponding
mutants. Prominent examples of plant lamin-like proteins include NMCP1 (D.
carota) and CROWDED NUCLEI1-4 (CRWN1-4) (A. thaliana). The NL is not
a uniform structure; it spans the nuclear membrane and is interconnected with
Nuclear Pore Complexes (NPCs), which are protein structures that form
channels for the exchange of molecules between the nucleoplasm and
cytoplasm (for reviews, (Parry, 2015; Tamura et al., 2015; Zhou et al., 2015)).
Interestingly, a physical association between the DNA and the nuclear
periphery was shown to influence gene regulation. State-of-the-art examples
come from studies on human (Guelen et al., 2008) and Drosophila (Pickersgill
et al., 2006), in which the authors mapped the interactions between the genome
and lamins using the DamID technique (van Steensel and Henikoff, 2000;
Germann and Gaudin, 2011) and subsequent genome-wide profiling. Parts of
the genome bound by lamins show lower expression and an abundance of
repressive chromatin marks, including H3K27me3 (Guelen et al., 2008; Filion
and van Steensel, 2010; Ikegami et al., 2010; Peric-Hupkes et al., 2010).
Consistently, depletion of Drosophila (Shevelyov et al., 2009) and C. elegans
(Towbin et al., 2010) lamin orthologues caused up-regulation of genes at the
nuclear periphery and artificial tethering of transgenes to the periphery resulted
in decreased expression (Andrulis et al., 1998; Finlan et al., 2008; Reddy et al.,
2008; Dialynas et al., 2010).

One, Two, Three: Polycomb Proteins
Hit All Dimensions of Gene Regulation

91
Localization to the nuclear periphery was also associated with gene
activation in several studies. For instance, several groups showed that the
inducible yeast genes INO1 and GAL1 are recruited to the vicinity of NPCs
upon gene induction and remain there for subsequent reactivation (Brickner and
Walter, 2004; Casolari et al., 2005; Schmid et al., 2006; Kundu et al., 2007).
Moreover, global chromatin organization seems also to be tissue specific, in rod
cells of nocturnal animals there is an inverted chromatin arrangement, so that
repression is correlated with the nuclear interior and activation with the
periphery (Solovei et al., 2013). Rod cells lack lamins and are responsible for
harvesting light; the inverted chromatin arrangement is believed to make rods
more efficient. Only a few studies identified a connection between the
Polycomb repression mechanism and the nuclear periphery (Fedorova et al.,
2008; Wang et al., 2011).
In plants, these studies are still in their infancy. One example of gene
repositioning related to gene expression has been reported in A. thaliana leaf
mesophyll cells (Feng et al., 2014a). Light-inducible loci moved from the
nuclear interior to the periphery upon transcriptional activation (Feng et al.,
2014a). Whether these spatial movements are correlated with chromatin
modifications remains to be elucidated. Interestingly, the E3 ubiquitin ligase
HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1 (HOS1)
interacts with components of the A. thaliana NPC, thereby facilitating mRNA
export. HOS1 activates FLC expression by remodeling chromatin at the FLC
locus during short-term cold stress. The activation takes place by antagonizing
the silencing role of FVE, a PcG-related protein and the displacement of its
partner, the histone deacetylase HDA6. This, in turn, leads to increased
acetylation of histone H3 on FLC, which results in higher expression (Jung and
Park, 2013). Whether the two functions in nuclear export and chromatin
remodeling are linked is an open question. Finally, A. thaliana structural
components, such as the CRWN1 and CRWN4 proteins, which control the size
of the nucleus, localized at the nuclear periphery and seemed to influence
chromosomal organization (Grob et al., 2014). Indeed, Hi-C experiments
revealed that the crwn4 and crwn1 mutants exhibited increased transchromosomal interaction frequencies, suggesting higher levels of chromosomal
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compaction (Grob et al., 2014). Thus, no link with plant PcG proteins has yet
been demonstrated.

Conclusion
We can view the Polycomb-mediated impact on chromatin dynamics and
genome regulation as an integration of three layers or dimensions of repression
(Figure 1). The first one is based on the information stored on the linear genome
and epigenome. Important aspects of this first dimension include recruitment at
specific genomic regions, modification of histone tails, compaction of
nucleosomes, and interplay with other factors to form Polycomb-repressed
chromatin domains that shape the epigenetic topography of the genome. The
second dimension involves the formation of loops on a locus scale, when
Polycomb cis-regulatory elements interact with each other. Lastly, the third
dimension relies on the organization of Polycomb-based TADs and the spatial
localization of Polycomb-repressed domains in specific compartments of the
nuclear space.
With the development of new methodology and genome-wide approaches
combined with modeling to study the 3D arrangement of proteins and genomes,
it has become possible to investigate the third dimension of Polycomb
repression, and this has deepened our understanding of Polycomb action. PcG
proteins continuously surprise us on all layers of repression, by deviating from
dogmas and showing non-canonical structures, hierarchies, or mechanisms. As
the methodology is now accessible for plants as well, we look forward to the
challenge of deciphering the mechanism underlying the 3D PcG-mediated
repression in plants, which will certainly bring novel surprises.
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Abstract
The switch from vegetative to reproductive growth is a crucial decision in the
life cycle of plants. It is influenced by both endogenous and environmental cues
and affects the ability to produce offspring. In Arabidopsis thaliana the floral
transition can be rapidly induced by a shift from short-day (SD) to long-day (LD)
conditions and is associated with dramatic changes at the morphological,
physiological and molecular levels. We characterised the events associated with
the SD-LD shift using different parameters: bolting time, leaf number and
expression of key flowering genes. The bolting time, as well as the leaf number,
was dependent on the duration of the initial growth in SD. From the analysis of
the expression profile we defined the temporal window of the floral transition as
the time restricted by the early expression of CONSTANS (CO) and the floral
meristem marker APETALA1 (AP1). In this paper we focused on the leaves, as a
tissue system to investigate the flowering gene network. Based on the changes
occurring in leaves at the morphological and ploidy levels, we propose the 3rd
and 4th leaf as optimal material to investigate the transcriptional changes related
to the flowering time.
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Introduction
The transition to flowering corresponds to the switch from a vegetative to a
reproductive developmental program, and is one of the key phase transitions in
the plant life cycle, due to its crucial impact on reproductive success and
survival. Higher plants have developed diverse strategies to initiate and tightly
control successful flowering in response to different environmental cues, such as
photoperiod, light quality/intensity/quantity, nutrient resources or temperature,
depending on their growth habitats and in response to the seasonal changes.
Flowering time thus results from complex interactions between both external and
endogenous factors (McClung et al., 2016; Bratzel and Turck, 2015; Li et al.,
2016). In the past 30 years, genetic dissection of the flowering time control in the
plant model A. thaliana led to the identification of five major pathways:
photoperiod, vernalization, gibberellin hormonal, ambient temperature and
autonomous (Bernier and Périlleux, 2005; Amasino, 2010; Srikanth and Schmid,
2011). In A. thaliana, the photoperiod pathway is one of the most important to
control flowering time. In the mid-1930s, it was proposed that a florigen signal is
transmitted to the shoot apical meristem (SAM) to initiate the meristem identity
switch (Chailakhyan, 1936). Much later, the FLOWERING LOCUS T (FT)
protein was identified as a florigenic signalling molecule (Corbesier et al., 2007;
Jaeger and Wigge, 2007; Mathieu et al., 2007). In A. thaliana the florigen is
produced by the phloem companion cells of the rosette leaves in response to
inductive long days. FT gene expression is controlled by the transcription factor
CONSTANS (CO). FT moves systemically in the phloem sap towards the SAM,
where it activates flowering genes and the cascade of morphological and
molecular changes required to initiate floral primordia (Song et al., 2015; Liu et
al., 2013). The control of floral transition is highly complex since all flowering
pathways merge together at the floral integrator gene FT and SUPPRESSOR OF
OVEREXPRESSION OF CO1 (SOC1). In addition, different levels of chromatin
organization are involved in controlling flowering. Chromatin-based mechanisms
play a critical role in the control of the transcriptional state of key flowering
genes (He, 2012; Bratzel and Turck, 2015). Recently, it has been highlighted that
other molecules such as sugars or cytokinins can also promote the floral switch
and participate in florigen signalling (Ortiz-Marchena et al., 2014, 2015; Bernier
and Périlleux, 2005; Bernier, 2013; Wahl et al., 2013). A tremendous number of
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studies identified more than 300 genes involved in these processes, which
converge to the key floral integrators (Bouché et al., 2015). All these key
flowering genes have been gathered in the FLOR-ID interactive database. Most
studies focused on leaf-to-meristem signalling or meristem identity switches.
Yet, much remains to be unravelled in mature leaves and in particular the
response to the developmental switch considering the whole plant as an
integrated system.
In Arabidopsis thaliana a photoperiod change can trigger the flowering time.
A transient transfer of plants from short-day (SD) to long-day (LD) (SD-LD-SD)
conditions or displaced SD conditions have been used to induce the floral
transition in A. thaliana and in another Brassicaceae, Sinapsis alba (Corbesier et
al., 1996; King et al., 2008; D’Aloia et al., 2009). This experimental photoperiod
system allows a controlled and synchronized induction of flowering (Corbesier et
al., 1996) and gives the possibility to better analyse the early events associated
with the floral transition in the whole plant. In A. thaliana, a simple SD-LD
transfer system has been exploited to investigate genome-wide transcription
profiles in shoot meristem (Torti et al., 2012), and in roots (Bouché et al., 2016),
during floral commitment. However, changes occurring in mature leaves, besides
the classical changes in CO and FT expression were not deeply investigated.
Here we aim to quantify, analyse and characterise the morphological and
molecular changes in mature leaves in Arabidopsis thaliana that mark a single
inductive SD-LD shift. We examined the effect of LD treatment on the floral
transition taking into consideration the duration of the initial growth in SD. We
recorded morphometric flowering indicators, and by checking the sequential
expression of the main flowering genes, we defined the floral transition window.
We then studied the associated changes occurring in leaves taking into
consideration their growth and ploidy levels. We highlighted that the 3rd and 4th
leaf, due to their morphological characteristics, are most suitable for the
investigation of the floral transition events in the rosette leaves. The system
established in this work will be used to further investigate the transcription of the
flowering gene network in mature leaves. Further comparisons between
transcriptome data acquired in shoot, root and leaf using this inductive LD
system, will give a complete picture and highlight the specificity of different
organs in the integrated floral transition process.
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Results
Plant age at the time of the photoperiodic switch is critical
for bolting
To set up the photoperiodic switch for floral induction, we cultured Col-0
plants for 3, 4 or 5 weeks in SD and then transferred them in LD conditions.
Compared to previous studies, plants were older at the time of transfer and after
transfer were kept in LD. We recorded morphometric indicators of flowering
time, such as leaf number and bolting time (Table 1). Consistent with previous
works (Corbesier et al., 1996; Pouteau et al., 2006), the total leaf number was
related to the photoperiod length in SD. The earlier the switch occurred, the
earlier the plant flowered and the smaller the total and rosette leaf numbers.
Plants continuously grown in SD conditions presented a much higher number of
total and rosette leaves (81.3 ± 7.0 and 71.6 ± 7.3, respectively; our previous
study (Latrasse et al., 2011)). Furthermore, the days to bolt from transfer were
inversely correlated to the exposure time in SD, meaning that the older the plants
were at the photoperiodic switch, the faster they responded. There was a positive
correlation between either the age of the plants or the quantity of
photosynthetically active light perceived in SD and the bolting time (counting the
days from the sowing), which is in agreement with previous studies (Pouteau et
al., 2006).
The bolting time is defined as the time from sowing to the elongation of the
first internode while the floral transition is defined as the initiation of the first
flower bud; both characterise the reproductive phase change (Pouteau and
Albertini, 2009). Bolting and floral transition can be characterised by the number
of days to bolt and the total leaf number, respectively. The relationship between
the two transitions can be appreciated by the percentage of cauline leaf with
respect to the total leaf numbers, which in turn depends on the photoperiod
(Pouteau and Albertini, 2009). The percentage of cauline leaves was 11.9% and
17.6% for plants in SD and LD, respectively (our previous study (Latrasse et al.,
2011)). With the SD-LD switch, it was relatively constant, (18.1 ± 1.1)%, (16.3 ±
1.6)% and (17.7 ± 1.2)% for Col-0 plants grown 3, 4 and 5 weeks in SD,
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Number of weeks in SD

3

4

5

Light hours in SD

168

224

280

Light hours in LD

240

224

176

Total light hours

408

432

456

Rosette leaves

26.3 ± 0.1

33.6 ± 1.3

41.2 ± 1.5

Cauline leaves

5.8 ± 0.1

6.5 ± 0.1

8.8 ± 0.6

Total leaves

32.1 ± 0.2

40.2 ± 1.5

50.1 ± 1.6

% Cauline leaves

18.1 ± 1.1

16.3 ± 1.6

17.7 ± 1.2

Number of days to bolt from sowing

35 ± 1

41 ± 1

47 ± 1

Number of days to bolt from transfer

14 ± 1

13±1

12 ± 1

Table 1: Flowering time of Col-0 plants.
Rosette, cauline and total leaf numbers were recorded on bolted plants when first flower
appeared. The bolting time was recorded when the stem was 0.5 cm high. Three biological
replicates were performed with 12 plants, each.

respectively, and similar to the percentage observed for plants grown in LD. The
SD-LD switch seems to mimic LD conditions in terms of relationship between
bolting time and floral transition.
To better refine the developmental window in which the floral transition
occurred, we monitored the expression of an early marker of the floral meristem,
APETALA 1 (AP1) on the AP1::GUS transgenic line (Hempel and Feldman,
1994; Hempel et al., 1997). Col-0 and AP1::GUS plants showed similar
flowering time and morphometric indicators in the different growing conditions
(Supplemental table 1). AP1 expression was detected 8 days after transfer (dat) in
the apical shoots of 60% of AP1::GUS plants cultured 3 weeks in SD, and 5 dat
in 50% of AP1::GUS shoots, grown 4 and 5 weeks in SD (Figure 1). No
difference was observed in these last two conditions, suggesting that at 4 weeks,
the plants reached an age-dependent optimum to respond to the LD stimulus to
switch the meristem identity. These data showed that the completion of the floral
transition, corresponding to the formation of floral meristems occurred between 5
and 8 dat according to the SD period.
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Figure 1: Influence of the SD period on the expression of the AP1::GUS reporter gene.
The AP1::GUS plants were grown 3, 4 or 5 weeks in SD, and then transferred in LD. The GUS
expression was observed in the apical shoots from 5 to 8 days after transfer (dat).

Figure 1

Key flowering gene expression peaks at 3 days after the
transfer
To further characterise the floral transition events in our SD-LD switch, we
examined the expression patterns of five key flowering genes: CO and FT, which
promote flowering time in LD; SHORT VEGETATIVE PHASE (SVP), a repressor
of floral transition; SOC1, a floral integrator involved in inflorescence meristem
formation; and the floral meristem marker AP1 (Figure 2). Since FT and CO
have a circadian rhythmic expression with a peak of CO expression and an FT
increased mRNA level before the dusk in LD (Suárez-López et al., 2001; Turck
et al., 2008), we carried out our analyses on material collected just before dusk
(Zeitgeber time 15).
The expression profiles of the different genes were globally similar with 3 or
4 weeks of initial growth in SD. The expression level of CO and FT increased
after the switch in LD (Figure 2). CO expression increased at 1 day after the LD
shift for the plants grown 3 weeks in SD, whereas the activation of FT was
slightly delayed, consistently with an activating role of CO.
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Figure 2: Expression of flowering time genes.
Plants were grown during 3 (dash line) or 4 (continuous line) weeks in SD, then transferred in
LD. Plant material was harvested after transfer (0 day of transfer to 9 days after transfer (dat)),
before the dusk (ZT15). The UBIQUITIN10 gene (UBQ10) was used as reference gene. Three
biological replicates were performed with 8 plants, each. Experimental values are mean ± SEM.

Figure 2

A high level of expression for CO and FT occurred at 3 dat. The expression
of SVP and SOC1 fluctuated during the time course, with a transient decrease
after the shift. AP1 mRNAs were detected 7 dat in plants cultured 4 weeks in SD.
The discrepancy between AP1 mRNA level and the GUS assay may be due to
the detection limits of the two techniques. The GUS staining allows the
observation of the AP1 expression in only few cells, whereas mRNAs were
analysed in the whole rosette. Thus, our data allowed to better refine the timing
of the events induced by the LD shift: CO expression is rapidly induced,
followed by FT expression, and, at 5 dat, the floral transition is completed with
the production of the first floral meristems and the AP1::GUS expression.

The SD-LD switch stimulates growth in the youngest leaves
To better characterise the timing of the morphological changes in leaves
associated with the photoperiodic switch, we recorded the growth of the first six
leaves of plants grown 4 weeks in SD and transferred in LD, and we compared
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Figure 3: Growth of Col-0 rosettes in response to SD or SD-LD conditions.
a) Rosette plants before transfer (dbt), without transfer (dwt) and after transfer (dat). Scale bar, 5 mm.
b) Rosette leaf area measurement. Col-0 plants were grown in SD for 4 weeks, then kept in SD
(continuous line) or transferred in LD (dash line). Two biological replicates were performed with 10
plants, each.
Experimental
values are mean ± SEM.
Figure
3

with the leaves growth in SD. At the time of the LD shift (day 0), plants had 7
leaves, mostly under developed and with a round-elliptic shape (Figure 3).
Recording the size of the entire rosette plants we observed that during the first
days the whole-rosette area did not differ significantly between the two growing
conditions. A difference in the rosette size, between the SD and SD-LD
conditions, was found after 5 days (Figure 3). When we focused on the area of
individual leaves, we observed that the size of the first pair of leaves was already
established 2 days before transfer (dbt), independently of the photoperiodic
conditions, and no growth was detected over time (Figure 4). The 3rd and 4th leaf
(second pair) showed a slow growth rate, with only 1.6 times increase in size
from 0 to 5 dat and with no significant differences between SD and SD-LD
conditions. A difference in growth was observed only after 9 days in SD-LD
switch compared to SD conditions. However, the sizes of the second pair of
leaves at 15 days were similar, showing that the change in the light regime
impacted the growth rate with a delay from the switch of at least 5 days, without
exceeding an apparent growth size limit (Figure 4). The third pair of leaves
presented a higher growth rate compared to the second pair. For instance, the leaf
area doubled from day 0 to day 2, on both conditions.

Chapter 3

116
b)

2 dbt
L1 L2
C1 C2

L3

L4 L5 L6

300
Leaf area (mm2)

a)

200
100
0

-2 0 2 4 6 8 10 12 14 16
Leaf area (mm2)

0

2 dwt

1st leaf
2nd leaf

300

3rd leaf
4th leaf

200
100

2 dat

Leaf area (mm2)

0
300

-2 0 2 4 6 8 10 12 14 16

5rd leaf
6th leaf

200
100
0

-2 0 2 4 6 8 10 12 14 16

dbt

dat or dwt

Figure 4: Growth of rosette leaves in response to SD or SD-LD conditions.
a) Rosette leaves at 2 days before transfer (dbt), at the day of transfer, at 2 days without transfer
(dwt) or at 2 days after transfer (dat). Scale bar, 5 mm. C, cotyledon; L, leaf.
b) Leaf area measurement. Col-0 plants were grown in SD for 4 weeks, then kept in SD
(continuous line) or transferred in LD (dash line). The first six rosette leaves were analysed. Two
biological replicates were performed with 10 plants, each. Experimental values are mean ± SEM.

An accelerated growth rate was observed in the 5th and 6th leaf in response to the
SD-LD switch, starting after day 3 (Figure 4). Interestingly, no major
morphological changes were recorded in the 3rd and 4th leaf during the 0-to-5-dat
window. Because of their slow growth rate, the 3rd and 4th leaf are suitable to
investigate the molecular changes associated with floral transition in mature
leaves independently of developmental events that occur in the leaves.
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Figure 5: Ploidy distributions in leaves in response to SD or SD-LD conditions.
Plants were grown 4 weeks in SD and then either, kept in SD (dwt, continuous line) or transferred
in LD (dat, dash line) for 15 days. The ploidy level was quantified in the first four leaves. Two
biological replicates were performed. Experimental values are mean ± SEM

The SD-LD switch increases the DNA content of the leaf
cells
The growth of organs can be achieved by an increase in cell number, cell
size, or both. Endoreduplication, the increase in the DNA content in the cell
nucleus without cell division, plays also a critical role in the control of growth
processes (Kondorosi et al., 2000; Massonnet et al., 2011). We thus characterised
the ploidy levels of the second pair of leaves and compared with the one of the
first pair of leaves, which had a stunted growth. We recorded the ploidy levels
after the SD-LD switch, and under continuous SD conditions, for comparison.
Whatever the leaf position, its age and the growth conditions, the percentage of
nuclei with a 2C ploidy level was rather constant (Figure 5), suggesting a low
cell division rate in agreement with the growth analysis. The other ploidy levels
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(from 4C to 32C) evolved over time and their dynamics were dependent on the
leaf position and the growth conditions. The numbers of 4C and 8C nuclei
decreased in the 3rd and 4th leaf in both conditions, whereas the numbers of 16C
and 32C nuclei increased, suggesting that endoreduplication occurred, which was
also observed in the first pair of leaves. The decrease in 8C nuclei and the
increase in 16C nuclei were more pronounced in response to the LD shift. In the
two groups of leaves a population of 32C nuclei appeared after 15 days. This
population was more numerous in the SD-LD plants compared to SD ones, and
even more in the second pair of leaves. We also recorded the endoreduplication
factor, which was in agreement with the increase of 16C and 32C nuclei and the
difference between the growing conditions and the leaf position (Supplemental
table 2). Thus, our data showed that the photoperiodic shift was accompanied by
a significant change in endoreduplication in mature leaves. Interestingly,
previous results showed that the increase in light intensity increases the ploidy
level (Cookson et al., 2006) and more recently, a correlation between
endoreduplication and the response to UV-B radiation was demonstrated, which
might participate to an adaptation to high solar irradiation (Gegas et al., 2014).
Whether the rapid observed LD shift-dependent changes in ploidy, already
initiated at 2 dat, participates to the developmental process of the floral
transition, or whether it is an adaptation to environmental changes induced by the
switch (i.e. light duration), will be interesting to further question.

Discussion
An inductive SD-LD switch to study the floral transition in
mature leaves
The transition to flowering mainly concerns the commitment and conversion
of the shoot apical meristem. However, the plant is a complex system and the
SAM is not isolated from the other organs. For instance, the leaves perceive
stimuli that are translated and transferred towards the SAM via a complex and
still elusive systemic signalling pathway. A major difficulty in studying these
signalling mechanisms is that the floral transition is tightly and intricately
associated with other developmental processes that occur in parallel, such as
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organ growth and cell differentiation. Therefore, it is not completely understood
how the whole plant contributes to this developmental transition. Here, we used
the LD exposure system to induce flowering (Corbesier et al., 1996) and
investigate changes in a pair of mature rosette leaves, independently of growth.
A similar system has been used in apical shoots and roots to study the global
transcriptome changes. In these studies the transition was induced when 2-weekold plants were exposed transiently to 5 LDs (Torti et al., 2012) or 7-week-old
plants grown in hydroponic conditions were shifted in LD for 1 day (Bouché et
al., 2016). To investigate the physiological and molecular changes in rosette
leaves, we induced flowering with a single SD-LD switch on 4-week-old plants,
which allowed harvesting enough leaf material in a short time scale. We
confirmed that the number of total leaves did not differ significantly between
plants exposed to SD-LD conditions and plants transiently exposed to LDs (Torti
et al., 2012). In our conditions, we further recorded the expression of key
flowering genes, which enabled us to define the floral transition window between
day 0 and day 5, with the expression of the AP1::GUS reporter observed at the
end of this window, pointing at completion of the developmental switch.

SD-LD switch allows uncoupling the bolting and floral
transition
Using our transfer system, we characterised the reproductive phase change,
which is classically quantified by the leaf number and the bolting time. We
observed that the older the plants were when exposed to LD, the quicker they
initiate bolting after the transfer in LD, suggesting that the bolting process is
mainly dependent on the age of the plants. The floral transition was dependent on
the time of the LD exposure: the larger the number of light hours perceived in
LD, the smaller the total number of leaves. Thus, the bolting transition is
dependent on age-related processes and the floral transition on the LD stimulus
itself. Both transitions are involved in the reproductive phase switch but it seems
that a decoupling of the two could occur, suggesting that they could be regulated
by different factors or by the same signal but in a different temporal window.
The developmental switch requires energy due to the biogenesis processes that
take place and the capability to produce new metabolites might be directly
related to the mass or age of the plant. It was demonstrated that the LD stimulus
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increases leaf sucrose level and expression of genes regulating sucrose synthesis,
participating to the florigenic signal (King et al., 2008; Ortiz-Marchena et al.,
2015; Corbesier et al., 1998). However, sucrose is not the only metabolite
involved in the floral transition since other sources of carbon, phosphorous,
nitrogen or sulphur have been shown to impact this process (Bernier and
Périlleux, 2005; Bernier et al., 1993; Schulze et al., 1994). Whether the increased
production of metabolites is important for bolting or for the florigenic stimulus
per se is still an open question.

The floral transition window defined by the expression
pattern of key flowering genes
After the LD shift we observed a rapid increase in CO expression, starting
after 1 day, for the plants grown 3 weeks in SD, with a peak at 3 dat. This was
followed by FT expression starting at 2 dat and also peaking at 3 dat. Our data
are consistent with previous observations of FT upregulation in LD occurring
after CO expression (Kardailsky et al., 1999; Kobayashi et al., 1999; SuárezLópez et al., 2001). In response to LD, FT is upregulated but if the plants return
to SD, FT transcription is rapidly repressed (Corbesier et al., 2007). However, a
short upregulation appears sufficient to induce the flowering commitment of the
apical shoots (Torti et al., 2012). At the rosette level, we found an FT peak after
3 days, followed by a reduction of the mRNA level, thus it seems that it is not
necessary to keep a high FT expression for flowering. FT expression decreases in
young leaves in 17-day-old plants (Wigge et al., 2005), however, the decrease we
observed could also result from the production over time of new small leaves,
since we recorded the expression in the whole rosette. During the vegetative
phase FT is stably repressed by different transcription factors, among which is
the MADS-box protein SVP. The observed transient downregulation of SVP may
also participate to the FT induction (Lee et al., 2007; Jang et al., 2009; Li et al.,
2008).
SOC1 encodes a transcription factor with a major role in floral induction,
floral patterning but also floral meristem determinacy. Its expression is activated
by FT in the SAM, and coincides with the change of the meristem identity
(Samach et al., 2000; Borner et al., 2000; Lee and Lee, 2010). Following SOC1
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expression profile until 9 dat we observed small fluctuations in its expression
with a repression after 1 dat and then a weak re-activation. The increase of SOC1
mRNA level at 3 dat may reflect its expression in meristem; the less pronounced
peak may be due to the fact that only a small number of specialized cells in the
whole rosette are involved in SOC1 expression. Furthermore, SOC1 expression
depends strongly on a continuous photoperiodic stimulus (Torti et al., 2012), and
its expression is maintained over time in LD. However, our results showed that
SOC1 expression was not always maintained and we did not observe an increase
of its mRNA level. Recently, it has been demonstrated that SOC1, as FT, is
expressed in stomata guard protoplasts with a role in the enhancement of stomata
aperture (Kimura et al., 2015). The shift to LD may induce changes in the
photosynthetic activity of the leaves and thus a stomata adaptation is required.
The weak transient fluctuations of SOC1 within the first 3 days after the LD
transfer may also reflect these photosynthetic changes.

Relationship between SD-LD switch, leaf growth and
endoreduplication
The relationship between the developmental programs and endoreduplication
is still elusive. A number of studies reported links between endoreduplication
and several cell variables, such as cell size or cell number, but the different data
do not converge toward a clear consensus about the presence and nature of the
relationship. Using an extensive analysis on 200 genotypes from a mutant
collection and a RIL population, Massonnet et al., (2011) described a positive
relationship between endoreduplication factor (varying from 0.33 to 2.17) and
the area of the rosette or the area of leaf 6, but no correlation was observed
between endoreduplication and the rosette leaf number. Consistently with this
study, we found a positive correlation between leaf growth induced by LD
exposure and endoreduplication. The LD switch seems to induce an acceleration
of leaf growth after 9 days on the 3rd and 4th leaf that correlates with an increase
in the endoreduplication levels, reaching 4 endocycles (32C). This pair of leaves
shows a less pronounced growth from 0 to 5 days, yet, the average DNA content
in response to LD exposure increases. The rise in ploidy may participate to a
complementary strategy to increase leaf metabolism or to an endogenous
signalling for floral transition. Endoreduplication in plants occurs in tissues that
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develop quickly and have high metabolic activity (Inzé and De Veylder, 2006;
Kondorosi et al., 2000). The increase in cell volume without division could be
seen as a more efficient way for the leaves to maximize the surface area in order
to absorb more light during the photosynthesis and accumulate more metabolites.
We can speculate that the observed increase in endoreduplication during the
floral transition may help the plant to provide the energy required during the
developmental switch.
Recent studies have demonstrated that the cell-cycle-related genes and the
spindle-assembly checkpoint (SAC) genes are other important regulators of floral
transition (Klepikova et al., 2015; Bao et al., 2014). Bao et al., (2014) showed
that the A. thaliana SACs genes can interact with the flowering gene
SUPRESSOR OF FRIGIDA 4 (SUF4), to regulate both the flowering time
through the modulation of the transcriptional state of FLC and the endocycle
number by changing the timing of the cell cycle phases. CYCD3;1, a marker
gene of endoreduplication, is deregulated in the meristem during the floral
transition (Klepikova et al., 2015) and its mutation induces abnormal flowering
time and alterated ploidy levels in the leaves (Dewitte et al., 2007; Schnittger et
al., 2002). The two processes can be co-regulated by the same genes but further
analyses of flowering time and cell cycle mutants are required to provide more
insight about the relationship between these two processes and their direction of
causality, if there is one.

Future perspectives
Our data highlight physiological processes occurring simultaneously with the
florigenic signalling (Figure 6). Further transcriptome analysis of the
corresponding gene sets involved in endoreduplication, cell division control and
leaf differentiation as well as photosynthetic responses will precise the gene
networks that control the molecular events accompanying the inductive LD
switch on mature leaves. Comparisons with transcriptome data in shoots and
roots in the same developmental window will complete the knowledge of floral
transition at the whole-plant level.
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Figure 6: Chronological progression of the main events occurring during the SDLD switch.
Plants were grown during 4 weeks in SD and then transferred in LD. The peak of CO and FT
expression and the start of the expression of the floral meristem marker AP1 are indicated. Plants
are bolting 13 days after the transfer in LD.
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Experimental procedure
Plant materials and Growth Conditions
All Arabidopsis thaliana lines in this study were in the Col-0 background.
Plants were grown in soil, in growth chamber under white fluorescent light,
under short-day (8 hours light/16 hours dark, SD) or long-day (16 hours light/8
hours dark, LD) conditions. Temperature in SD was 21°C during the light period
and 18°C during the dark, humidity (65%) remained constant. In LD,
temperature (21°C) and humidity (70%) remained constant. Plants were cultured
for 3, 4 or 5 weeks in individual pot, in SD then transferred in LD. Plants were
analysed at different time points before and after the transfer, and material was
collected before dusk, at Zeitgeber time 15 (ZT15) considering ZT 0 the
switched on of the light.

Expression Analysis
Total RNAs were prepared from rosette material, treated and reverse
transcribed, as previously described (Le Roux et al., 2014). Quantitative realtime PCR was performed on a BioRad CFX96 apparatus using the SYBR green
Master Mix (BioRad) following manufacturer’s instructions. For each primer
pair, a dilution series was used as standard, to calculate the slope and intercept.
UBIQUITIN10 (UBQ10) was used as reference gene. Primers are in
Supplemental table 3.
For GUS histochemical staining, plants were collected in the staining
solution (1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-ß-D-glucuronide), 0.1 M
sodium phosphate buffer, pH 7.0, 2 mM potassium ferrocyanide, 2 mM
potassium ferricyanide, and 0.5% Triton X-100), infiltrated under vacuum 3
times, for 5 minutes each, and incubated at 37°C overnight. After staining,
samples were washed in 70% ethanol and observed under a light microscope.
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Leaf Growth Analysis
Individual leaves were harvested at different time points, flattened on white
paper and then digitally scanned. Leaf areas (blade and petiole) were calculated
from the binary images using ImageJ software (http://rsb.info.nih.gov/ij/).
Leaves from 10 to 15 plants were analysed.

Ploidy Analysis
Leaves 1 to 4 were harvested at different time points, chopped with a razor
blade in 800 µl of buffer (45 mM MgCl2, 30 mM sodium citrate, 20 mM MOPS,
pH 7.0, and 1% Triton X-100) (Galbraith et al., 1991), filtered over a 30 µm
mesh, and 150 µl of a propidium iodide solution (100 µg/ml) was added. The
nuclear DNA content was analysed using a CyFlow cytometer (Partec, Germany)
and the FloMax software (Partec, Germany). Endoreduplication factor was
calculated by the formula: EF= (% of 2C nuclei x 0) + (% of 4C nuclei x 1) + (%
of 8C nuclei x 2) + (% of 16C nuclei x 3) + (% of 32C nuclei x 4).
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Supporting Information
Number of weeks in SD

3

4

5

Light hours in SD

168

224

280

Light hours in LD

240

224

176

Total light hours

408

432

456

Rosette leaves

31.1 ± 1.6

35.2 ± 0.7

42.3 ± 1.5

Cauline leaves

7.1 ± 0.4

7.4 ± 0.8

8.9 ± 0.2

Total leaves

38.1 ± 2.1

42.7 ± 1.6

51.2 ± 1.7

% Cauline leaves

18.3 ± 1.6

17.4 ± 1.3

17.3 ± 1.8

Number of days to bolt from sowing

36 ± 1

42 ± 1

49 ± 1

Number of days to bolt from transfer

15 ± 1

14 ± 1

14 ± 1

Supplemental table 1: Flowering time of AP1::GUS plants.
Rosette, cauline and total leaf numbers were recorded on bolted plants when first flower
appeared. The bolting time was recorded when the stem was 0.5 cm high. Three biological
replicates were performed with 12 plants, each.
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Time

1st- 2nd leaves 3rd- 4th leaves

2 dbt

1.59 ± 0.07

1.26 ± 0.01

0

1.46 ± 0.03

1.34 ± 0.06

2 dwt

1.67 ± 0.04

1.58 ± 0.01

3 dwt

1.69 ± 0.05

1.64 ± 0.01

5 dwt

1.61 ± 0.18

1.5à ± 0.08

9 dwt

2.03 ± 0.30

1.92 ± 0.01

15 dwt

2.08 ± 0.02

1.95 ± 0.01

2 dat

1.87 ± 0.01

1.79 ± 0.05

3 dat

1.89 ± 0.02

1.77 ± 0.01

5 dat

1.86 ± 0.04

1.95 ± 0.03

9 dat

2.10 ± 0.04

2.14 ± 0.05

15 dat

2.04 ± 0.09

2.35 ± 0.03

Supplemental table 2: Endoreduplication factors of the leaves in response to SD or
SD-LD conditions.
Plants were grown 4 weeks in SD, and then either kept in SD (dwt) or transferred in LD (dat) for
15 days. Endoreduplication factor was calculated in the first two pairs of leaves.

Name
UBQ10-F
UBQ10-R
CO-F
CO-R
FT-F
FT-R
SOC1-F
SOC1-R
SVP-F
SVP-R
AP1-F
AP1-R

Sequence (5’ to 3’)
AAATCTCGTCTCTGTTATGCTTAAGAAG
TTTTACATGAAACGAAACATTGAACTT
TAAGGATGCCAAGGAGGTTG
CCCTGAGGAGCCATATTTGA
CGAGTAACGAACGGTGATGA
CGCATCACACACTATATAAGTAAAACA
CTCGAAGCTTCTAAACGTAAACTCTTGGGAGAAGGC
TCAAGCTGTTGCTCAATCTGTTGC
CAAGGACTTGACATTGAAGAGCTTCA
CTGATCTCACTCATAATCTTGTCAC
TCTCATCAGCCATCTCCTTTTCTC
ACGGGTTCAAGAGTCAGTTCG

Supplemental table 3: Primer list for RT-QPCR experiments.

Supplemental table 3
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Abstract
Flowering time results from a complex interplay between endogenous and
environmental cues. The various stimuli are sensed by the different organs,
therefore the floral transition is an integrated process that requires the whole
plant. Light is one of the important signals triggering flowering time in
Arabidopsis and is perceived by leaves. Furthermore, the leaf photosynthetic
activity produces important metabolites that participate to a florigen signal.
Despite the key role of leaves in this process, our knowledge of the global
changes in transcript expression profiles is rather limited. Here, we investigate
the early transcriptional events associated with floral transition using a
photoperiodic switch to induce flowering initiation. Our genome-wide analysis
allowed the identification of a large set of differentially expressed genes at
various time points during the transition, highlighting the dynamics of the leaf
gene-network and the molecular processes underlying this developmental phase.
This analysis provides a list of interesting new candidates involved in the floral
transition in mature leaves.
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Introduction
The flowering transition is the switch from a vegetative to a reproductive
developmental growth responding in a controlled way to various environmental
and endogenous cues (McClung et al., 2016; Bratzel and Turck, 2015; Li et al.,
2016). It is a plastic phase characterised by transcriptional reprogramming
(Srikanth and Schmid, 2011; Fornara et al., 2010) and important morphological
changes. For instance, the vegetative shoot apical meristem that produces leaves
changes its identity and becomes an inflorescence meristem that produces
reproductive organs for seed production. However, the important events for this
developmental transition are not only confined to the shoot apical meristem
(SAM). Indeed, physiological studies have shown that flowering time requires
the whole plant system. Stimuli participating in the control of flowering time can
be perceived by different organs in a complex signalling system (Bernier and
Périlleux, 2005). The transition occurs once the SAM, which can be seen as a
sink organ, integrates the signals and modifies its morphology.
The leaves are key organs in the control of floral transition. Indeed they are
the organs involved in the light perception (intensity, quality, photoperiod)
(Bernier and Périlleux, 2005; Li et al., 2016) and through their photosynthetic
activity they are the major providers of various molecules. The leaf-produced
compounds are gathered to the SAM and they trigger the floral transition trough
a long-distance florigen signalling, via the phloem, to activate the key floweringregulatory genes in the SAM (Song et al., 2015; Bernier and Périlleux, 2005; Li
et al., 2016). The leaves could thus be described as source organs. In
Arabidopsis, the photoperiod is one of the main factors inducing the
developmental switch. In the leaf companion cells of the phloem, the light
stimulus induces the expression of the CONSTANS (CO) transcription factor,
which activates downstream regulators of the flowering time. FLOWERING
LOCUS C (FT) is one of the CO targets, and is part of a long-distance signal
(florigen) produced in the leaves, which converges to the SAM to activate genes
involved in the floral transition switch. CO is also responsible for the
mobilization of sugars during the floral transition (Ortiz-Marchena et al., 2014)
and it has been demonstrated that increased levels of sucrose in leaves are
triggered by inductive day-length (King et al., 2008; Corbesier et al., 1998).
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However, sucrose is not the only metabolite involved in the floral transition,
other carbohydrates also play an important role. Indeed, proteins involved in the
carbohydrate synthesis are required during the inductive photoperiod in the
leaves, in order to activate key flowering genes, such as FT and TWIN SISTER
OF FT (TSF) (Wahl et al., 2013b). Cytokinins have also been shown to be
present in leaves and their levels increase with the light stimulus and the
induction of the floral transition (Bernier, 2013; Corbesier et al., 1998).
To decipher the complex flowering regulatory gene network, transcriptome
analyses have been carried out mostly in meristem and root tissues in response to
inductive light stimuli (Torti et al., 2012; Bouché et al., 2016; Schmid et al.,
2003). There is a lack of data concerning similar flowering gene network in the
leaf at the genome scale, despite the key role of this organ. To dissect the early
transcriptional changes related to the floral transition in the leaves, we used a
previously characterised short-day (SD) to long-day (LD) shift (Chapter 3) that
induces a synchronized flowering. Genome-wide RNA-seq approach has been
used to unravel the composition and the dynamics of the leaf gene network
during the floral transition and to highlight the main molecular processes. We
observed a large transcriptional reprogramming with major changes in
photosynthetic activity, protein metabolism, DNA replication and chromatin
organization. Interestingly, gene expression revealed a high endocycle-activity,
in agreement with the changes in ploidy levels during the transition, which we
previously recorded. Furthermore, a comparative analysis with transcriptome
data acquired in shoot and root tissues during a similar floral transition was
performed to enlarge the overview of the flowering gene networks and highlight
specificities of the different organs in the integrated floral transition process. We
highlighted common transcriptional changes in both organs pathways associated
with the flowering time. This study provides an interesting and new source of
candidate genes for further investigation of the early events of the floral
transition.
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Results
A SD-LD switch induces a large gene expression
reprogramming in the second pair of leaves
To investigate the transcriptional events associated with floral transition in
leaves we used a SD-LD shift that allows a controlled and synchronized
induction of flowering (Corbesier et al., 1996). Before and after the transfer in
LD we recorded the expression of key flowering genes to precisely define the
floral transition window (Figure 1). The expression of CONSTANS (CO) and
FLOWERING LOCUS T (FT), two key flowering time genes, peaked 3 days after
the transfer and the expression of an early marker of the floral meristem,
APETALA 1 (AP1), was detected after 5 days using an AP1::GUS transgenic
line. The expression data and the characterisation of flowering time enabled us to
define the floral transition window in this SD-LD switch between day 2 and day
5 (Figure 1). We thus chose the time points T0, T2, T3, and T5 to investigate the
early events associated with flowering time in the second pair of leaves (see
Chapter 3). We performed an RNA-seq experiment using Illumina paired-end
and oriented sequencing. More than 40 millions of 100 bp reads were generated
per sample. On average, 99% passed the quality filter and were uniquely mapped
to the TAIR 10 reference genome (Supplemental table 1).
In the second pair of leaves, we identified 20 284 genes expressed in at least
one of the four time points, corresponding to 60.4% of the 33 602 annotated
genes in the A. thaliana nuclear, mitochondrial and chloroplastic genomes
(Figure 2a). At each time point the number of expressed genes was quite similar.
The vast majority of the expressed genes were protein coding (81.6%) and we
noticed that 75.4% of the ncRNAs and 33.8% of the snoRNAs present in the
genome were also expressed (Figure 2b).
We then identified 7 680 differentially expressed nuclear genes (DEGs)
among the three comparisons T0/T2, T2/T3 and T3/T5, with the highest number
at T0/T2, and no bias between upregulated and downregulated genes (Figure 3a).
The comparison of the three gene sets allowed to identify a common set of 167
DEGs during the whole process, and three sets specific to the T0/T2, T2/T3 and
T3/T5 transitions, with 5 326, 351 and 583 genes, respectively (Figure 3b).
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Floral transition

28
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33

37
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T0

T2 T3
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Figure 1: Chronology of the main events occurring during the SD-LD switch.
Plants were grown during 4 weeks in SD and then transferred in LD. The peak of CO and FT
expression and the start of the expression of the floral meristem marker AP1 are indicated. Plants
are bolting 13 days after the transfer in LD.

a)
Time
point

Nr. of
Nuclear
genes

Nr. of
Nr. of
% total
Mitochondrial Chloroplastic expressed
genes
genes
genes

% of TAIR10
annotated genes

T0

19 831

36

73

97.8

59.0

T2

19 644

34

72

97.4

58.5

T3

19 707

37

76

97.7

58.6

T5

19 780

40

71

98.1

58.9

b)
Sequence
type
Protein coding
TE
Pseudogenes
tRNA
ncRNA
miRNA
snoRNA
rRNA
snRNA
Total

SD-LD switch
Genome (TAIR10)
Nr. of
% of total
% of class
Nr. of
% of total
expressed expressed
genes
genes
genes
genes
genes
19 515
206
200
7
297
28
24
0
7
20 284

96.2
1.0
1.0
0.0
1.5
0.1
0.1
0.0
0.0

71.2
5.3
21.6
1.0
75.4
15.8
33.8
0.0
53.8

27 416
3 903
924
689
394
177
71
15
13
33 602

81.6
11.6
2.7
2.1
1.2
0.5
0.2
0.0
0.0

Figure 2: Genes expressed in the second pair of leaves during the SD-LD switch.
a) Number and percentage of expressed nuclear, mitochondrial and chloroplastic genes at each time
point.
b) Distribution of the types of sequences compared to the entire genome.
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a)

b)
Number of DEGs
Comparison All
Up
T0/T2
6 582 3 322
T2/T3
1 012
470
T3/T5
1 673
703

Down
3 260
542
970

T0/T2T0/T2
(5326 set)

T2/T3T2/T3
(351 set)

response to organic substance

cellular component assembly

cellular component biogenesis

photosynthesis

response to carbohydrate stimulus

microtubule-based process

photosynthesis, light reaction

photosynthetic electron transport

lipid localization

microtubule-based movement

protein metabolic process

response to osmotic stress

cellular protein metabolic process

response to temperature stimulus

response to cold

cellular component biogenesis

translation

response to heat

ribosome biogenesis

ribonucleoprotein complex

plastid organization

vitamin biosynthetic process

water-soluble vitamin

response to inorganic substance

DNA replication

DNA-dependent DNA replication

starch metabolic process

response to glucose stimulus

lipid localization

18
16
14
12
10
8
6
4
2
0

post-embryonic morphogenesis

Normed Frequency

c)

T3/T5
T3/T5
(583 set)

Figure 3: Genes differentially expressed during the floral transition in the second
pair of leaves.
a) Differentially expressed genes (DEGs).
b) Venn diagram representing the overlapping and DEGs genes for each comparisons.
c) GO term enrichments analysis of the three specific DEGs sets using AgriGO tool. The top 10
biological process GO terms with the highest normed frequencies (NF) and p-value < 0.0001 are
presented.

Number of DE-lncRNAs
T0/T2
T2/T3
No filter
307
5
DE (Bonferroni)
136
4
DE (BH)
StrandStrand+

329
167
162

5
0
5

T3/T5
20
14
29
17
12

Table 1: Number of differentially expressed lncRNAs (DE-lncRNAs).
The differentially expressed lnc transcript units have been detected without or with filter process
using either Bonferroni or BH corrections.
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These data highlighted that a large gene expression reprogramming was
induced by the SD-LD shift and accompanied the floral transition in the second
pair of leaves, with the largest change occurring at the T0/T2 transition.
Since long non-coding RNAs (lncRNAs) play important regulatory functions
during development, we also searched for differentially expressed lncRNAs.
Firstly, we established a large non-redundant dataset (IJPB_lncDS) of 14 621
lncRNAs (Supplemental figure 1a) and exploited the fact that the orientation of
the transcripts was known in our RNA-seq experiment. We then remapped the
reads on this dataset. In preliminary analyses, we could identify 348 DElncRNAs among T0/T2, T2/T3 and T3/T5. As expected for genes, the largest
number of DE-lncRNAs was observed at T0/T2, without any bias in the strand
orientation (Table 1). Further analyses are currently being performed to assess
the genomic context of these DE-lncRNAs and the expression profiles of the
neighbouring genes.
To better understand the evolution of the transcriptome profiles during the
switch, we performed an analysis of the gene ontology (GO) terms of the 4 data
sets, using the Classification SuperViewer from the Bio-Analytic Resource for
Plant Biology (BAR) and the agriGO Analysis Toolkit (Figure 3c and
Supplemental figure 2). The common set of 167 DEGs was enriched in the
“response to stimulus and stress” (GO:0050896, GO:0006950, normed frequency
(NF)=2.22 ± 0.245, p-value 2.6 10-8) with for instance genes involved in
jasmonic acid (JA) biosynthesis and JA response, such as JASMONATE-ZIMDOMAIN PROTEIN 1 (JAZ1) and 5 (JAZ5), ALLENE OXIDE SYNTHASE (AOS)
and ALLENE OXIDE CYCLASE 2 (AOC2), suggesting that the entire process is
accompanied by a stress state. Interestingly, the 5 326 T0/T2 DEGs set did not
present a major enrichment in specific GO terms using the BAR tool
(Supplemental figure 2), but with agriGO the two highest terms detected were
“lipid localisation” (GO:0010876, NF=5.32, p-value 5.8 10-7) and “postembryonic morphogenesis” (GO:0009886, NF=4.66, p-value 9.3 10-8) (Figure
3c). In this data set we also found an enrichment of the GO term “DNA
replication” (GO:0006260, NF=2.61, p-value 2.9 10-7), suggesting that a cellular
reprogramming was occurring in the second pair of leaves during the
developmental switch.
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At T2/T3, enrichments in GO terms such as “ribosome biogenesis”
(GO:0042254, NF=9.3, p-value 3.7 10-14) “ribonucleoprotein complexes”
(GO:0022613 NF=8.9, p-value 8.9 10-14) and “translation” (GO:0006412,
NF=5.8, p-value 9.3 10-37) suggested that the transition is accompanied by a
strong modification of the protein metabolism. Among the 583 T3/T5 DEGs, a
high enrichment of genes involved in “lipid localisation” (GO:0010876,
NF=16.2, p-value 4.8 10-6) and “microtubule movement” (GO:0007018, NF=9.8,
p-value 1.4 10−5) was observed, suggesting the presence of modifications at the
cellular level. At T3/T5 genes involved in “photosynthesis” (GO:0015979,
NF=5.6 p-value 5 10-7) were also detected, as well as at T0/T2 (GO:0009536,
NF=1.7, p-value 1.4 10−43), thus a reprogramming of the photosynthetic
machinery was induced by the SD-LD shift.

Nine gene clusters describe the transcriptional dynamics
during the SD-LD switch
To further characterise the transcriptome profiles during the 5-day
developmental window, we performed a hierarchical cluster analysis on the
7 680 DEGs based on their expression levels, using the MeV tool (Saeed et al.,
2003). We identified 9 clusters (Figure 4), C6 and C5 being the largest ones with
3 171 and 2 369 DEGs, respectively, with contrasted opposite profiles. The
majority of DEGs in C6 was repressed at T2 and the majority of DEGs in C5
activated at T2 and during the developmental transition. To better understand the
functional specificities of the clusters, we performed a GO analysis. We found
that a few clusters had strong enrichments in specific GO terms (Figure 5). For
instance, C9 strongly differed from others with high enrichment in GO terms
associated with “electron transport and energy pathway”, suggesting a strong
rearrangement of the photosynthesis apparatus due to the SD-LD shift, already
observed in the T3/T5 and T0/T2 specific GO terms. C2 cluster had the highest
enrichment in “DNA and RNA metabolism” terms, such as “RNA processing”
(GO:0006396, p-value 4.7 10-7), “RNA metabolism” (GO:0016070, p-value
0.0012) or “ribosome biogenesis” (GO:0042254, p-value 0.0032), thus the genes
involved in the modification of gene regulation showed a rapid reversal of the
expression profiles between T2 and T5.
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0
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Figure 4: Clustering analysis of DEGs during the SD-LD developmental switch in
the second pair of leaves.
a) Hierarchical clustering of the 7 680 DEGs based on their normalized mean expression values
during the developmental transition.
b) Gene expression profiles in the nine clusters. The number of genes and the percentage of DEGs
in each cluster were reported. Grey line, transcript profile of individual gene. Pink line, mean of the
expression values of the genes present in the cluster.
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Figure 5: GO term enrichments in the nine clusters.
The BAR SuperViewer tool was used.
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A “DNA replication” GO annotation (GO:0006260, p-value 2.8 10-11) was
observed in C5. The C8 cluster characterised by transiently up- and downregulated genes was enriched in GO terms associated to “chromatin
organization” (GO:0006325, p-value 5.8 10-7) and “chromosome organization”
(GO:0051276, p-value 4.2 10−7), suggesting a remodelling of the chromatin
landscape during this short-time window. Genes downregulated two days after
the LD shift were in the small C7 cluster, which was enriched in GO terms
associated with protein metabolism such as “translation” (GO:0006412, p-value
9 10-37), “protein metabolic process” (GO:0019538, p-value 2.4 10-21) and
“ribosome biogenesis” (GO:0042254, p-value 9 10-37). C1, C3 and C4 clusters,
characterised by a continuous or transient upregulation of the genes, had similar
enrichments in GO terms related to stress response and signal transduction. For
instance, C3 was enriched in genes participating to the jasmonic (GO:0009753,
p-value 2.8 10-11) and abscisic acid (GO:0009738, p-value 5.4 10-13) signalling
pathways. Interestingly, “postembryonic development” GO annotation
(GO:0009791) was significantly represented in C5 and C6. Among the
postembryonic development genes the upregulated were related to flower
development and flowering time whereas the downregulated were mostly
involved in embryo development (GO:0009793, GO:0009553).

Specific transcription factor families involved in the
developmental switch
Transcription factors (TFs) are important players to regulate gene expression
during developmental transitions. We thus examined the distribution of TF
families among the nine clusters. The list of TFs and the families they belong to
were extracted from the Plant Transcription Factor Database (PlantTFDB
http://planttfdb.cbi.pku.edu.cn), which contains 1 717 TFs classified into 58
families. Among the 7 680 DEGs of the three comparisons, we identified 518
TFs (i.e. 30% of the TFs database) belonging to 51 families. We thus highlighted
some co-regulation of these different TFs during the developmental switch. The
C1, C3, C4, and C5 clusters, which corresponded to continuous or transiently
upregulated genes, contained the highest number of DE-TFs (Figure 6a).
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a)

b)
Cluster Nr. gene
C1
168
C2
157
C3
493
C4
175
C5
2 369
C6
3 171
C7
192
C8
719
C9
236

Nr. TFs
15
3
45
18
215
170
3
36
9

% TFs
8.9
1.9
9.1
10.3
9.1
5.4
1.6
5.0
3.8

0

3

C1 C2 C3 C4 C5 C6 C7 C8 C9
ARR-B
BBR-BPC
CO-like
CPP
NF-YA
S1Fa-like
SBP
TALE

Figure 6: Distribution of transcription factors (TFs) in the nine clusters.
a) Number and percentage of TFs in each cluster.
b) Heat map of the TF families present in each cluster based on a normed frequency score taking
into account the number of TFs in each class and the total number of TFs in the genome.

We observed that a few TF families were more represented in some clusters than
in others (Figure 6b). For instance, C1 was characterised by the presence of
RESPONSE REGULATOR 10 (AAR10) TF involved in the cytokinin signal
transduction, which is important for the light response and shoot initiation
(Argyros et al., 2008), SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
3 (SPL3), which is a floral developmental regulator involved in the vegetative
phase change, and four NAC TFs among which ARABIDOPSIS NAC DOMAIN
CONTAINING PROTEIN 18 (ANAC018), which is involved in shoot
development. The NF-YA TFs, involved in stress response in an abscisic-acid
(ABA)-dependent manner, were present in cluster C3 with 6 members out of the
10 present in this family, confirming an alteration of the ABA metabolism during
the SD-LD shift in the mature leaves. Indeed, it has been show that the ABA is
an important flowering regulator in LD conditions (Riboni et al., 2014). BPC
proteins were present among the differentially expressed TFs. Interestingly,
BASIC PENTACYSTEINE 6 (BPC6) and BPC7, involved in a wide range of
biological processes, were upregulated during the floral transition in the leaves
(present in clusters C3 and C4, respectively). The S1FA-like DNA-binding
protein belonging to a novel class of TFs was present in C4, suggesting a
possible new role of these TFs in floral transition. In C4 we found Homeodomain
proteins belonging to the TALE TF family, such as KNOTTED1-LIKE
HOMEOBOX GENE 4 (KNAT4) regulated by light and prominently expressed
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in leaves, and surprisingly, BEL1-LIKE HOMEODOMAIN 9 (BELL1), which
participates to the ovule identity. The clusters C5, C6, C8 and C9 were also
enriched in CO-like TFs family that are involved in the integration of the
photoperiodic signal and in the regulation of CO. CONSTANS-LIKE 9 (COL9)
and COL5 are regulators of CO and FT expression and were present in C5 and
C6, respectively. Another CO-like TF important for the light perception, COL1
was upregulated during the transition. The cysteine-rich polycomb-like (CPP) TF
family was present in the C8 cluster, with TSO1-like proteins SOL1
(AT3G22760) and TCX2 (AT4G14770). TSO1 is involved in the control of cell
growth and division and in the development of reproductive organs (Hauser et
al., 2000; Lu et al., 2013), therefore, SOL1 and TCX2 may be interesting
candidates to participate to the floral transition. Among the differentially
expressed TFs, even if less represented, we also observed TFs from the GRAS or
BES1 families that mediate brassinosteroid gene regulation, as well as TFs of
TCP and E2F families, important for cell proliferation. The TFs of these families
were mostly upregulated in C5. Surprisingly, only a small percentage of MADS
TFs was found among DEGs.

Expression of flowering genes in leaves in response to the
SD-LD switch
To better characterise our leaf transcriptome, we established a 352-gene
dataset, hereafter dubbed FIORE, related to flowering time based on FLOR-ID
(Bouché et al., 2015), ThaleMine resource (ARAPORT) and bibliography
(Figure 7a). The FIORE flowering genes (FLGs) are involved in different
regulatory pathways and were organised in classes according to the pathway they
belong to, as described in FLOR-ID and bibliography. In our dataset a small
percentage (5% of the FIORE dataset) corresponded to genes involved in flower
meristem identity and flower development. Among the 20 284 loci expressed in
the second pair of leaves, we identified 307 FLGs expressed during the
developmental switch (87% of the FIORE dataset) and a total of 127
differentially expressed genes (DE-FLGs) in the three main T0/T2, T2/T3 and
T3/T5 comparisons, with no bias between up- and down-regulated genes (Figure
7b). The largest transcriptional reprogramming occurred between T0/T2, with
111 DE-FLGs involved in all regulatory pathways.
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a)
Database
FLOR-ID
ThaleMine
Complement dataset
FIORE

Nr. AGI
306
82
18
352

References
Bouché et al.. 2015
www.araport.org
Based on bibliography
Non redundant AGIs from the 3 datasets. This work.

b)
Number of DE-FLGs
Comparison
T0/T2
T2/T3
T3/T5

All
111
19
16

Up
59
12
7

Down
52
7
9

c)
Nr. Genes
in FIORE

Pathways name
Photoperiod
General & Autonomous
Hormones
Circadian Clock
Aging
Flower Dev. & Meristem Id.
Flowering Time Integrators
Vernalization
Sugar
Ambient Temperature

DE-FLGs % DEGs % DEGs % DEGs
in leaves
T0/T2
T2/T3
T3/T5

119
127
33
23
22
18
8
27
9
7

52
28
18
15
7
6
6
3
3
3

39.5
21.3
45.5
56.5
31.8
11.1
50.0
11.1
33.3
42.9

5.9
1.6
9.1
21.7
0.0
5.6
25.0
3.7
0.0
0.0

3.4
0.8
15.2
4.3
0.0
16.7
25.0
0.0
11.1
0.0

d)
Cluster
C1
C2
C3
C4
C5
C6
C7
C8
C9

Nr.
% in the
Gene symbols
FLGs cluster
7
1
3
4
47
49
2
11
3

6
1
2
3
37
39
2
9
2

AT4G36590, BFT, FT, MYR2, SPL3, TSF
CCA1
AGL8, CPK6, GID1B
ELF4, FUS9, GID1A, MAF5
AGL24, AP2, CO, LHY, RVE2, SPA3, SPA4, TEM1,
AGL20, GI, PRR5, PRR7, SMZ, SPL4, SPL9, SVP, TOE, GID1C
AGL87, AT1G69570
AT1G75060 , ATH1, COL2, GAMT2, MYB30, RBP-DR1, ULT1, VIM1, VIM3
AT5G14920, FBH4, GASA6

Figure 7: Flowering genes and their expression during SD-LD switch.
a) Composition of the FIORE data set and associated references of the databases used to establish
FIORE.
b) Number of differentially expressed genes related to flowering (DE-FLGs).
c) Distribution of the flowering genes in pathway classes.
d) Distributions of the DE-FLGs in the nine clusters. A selection of FLGs is given for each cluster.
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A large subset was involved in the photoperiodic pathway (39.5% of the class)
and one of the most represented pathways was the circadian clock class with
56.5% genes of the class (Figure 7c). Minor changes were observed in terms of
gene number in the T2/T3 and T3/T5 comparisons (Figure 7b). Interestingly, the
representation of the “flower-development and meristem identity” class
increased during the developmental window, which was expected in meristem
but not in the leaf tissues. The aging and ambient-temperature classes were only
associated with the T0/T2 transition, possibly due to the environmental change
and the transient stress response (Figure 7c).
We then investigated more precisely the expression profiles of the 127 DEFLGs (Figure 7d). In cluster C1, FT was co-regulated with 5 other TFs, such as
BROTHER OF FT (BFT), TWIN SISTER OF FT (TSF), SPL3 but also some new
TFs such as the homeobox MYR2 TF or the MADS-box AT4G36590 TF. CO
was co-regulated with 46 other genes in cluster C5. Sixteen genes were
downregulated with different kinetics during the process, belonging to clusters
C7, C8 and C9, such as the epigenetic regulators of the flowering time VIM1 and
VIM3. Among this small set of genes we found AT1G75060, which encodes an
unknown protein and, based on Panther Classification prediction, belongs to the
histone deacetylase complex subunit SAP30L subfamily. These data provide new
regulatory candidates in leaf involved in floral transition signalling beside the
well-described CO and FT regulators. Among the “flowering integrator” class,
the positive flowering regulators FT, TSF, AGL24 were activated whereas
AGL20/SOC1, another positive regulator, was surprisingly downregulated and
showed a similar profile to the negative regulator SVP. MAF5, a negative
regulator of the vernalization pathway, was transiently downregulated in the first
two days after the transfer and then upregulated from T2 to T5. Among the clock
components the CCA1, LHY and RVE2 negative flowering regulators were
upregulated whereas the GI, PRR5 and PRR7 positive flowering regulators were
downregulated. Half of the members of the photoperiod pathway (25) were
present in cluster C5: they were activated by the light shift and expressed during
the entire developmental process.
During the switch, the genes involved in gibberellin (GA) biosynthesis were
mainly downregulated, while enzymes involved in the GA catabolism or GA
modifications were activated, suggesting a change in GA level and composition,
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whereas negative regulators of GA responses were upregulated (Supplemental
table 2). Two gibberellin receptors were detected, which were upregulated with
different kinetics, GID1A and GID1B, belonging to clusters C4 and C3,
respectively, suggesting that they may be required during the transition and that
they have some specialized functions regarding the developmental switch. In
parallel, we observed the activation of genes involved in cytokinin (CK)
biosynthesis and of the SOB FIVE-LIKE 1, 2 genes, which led to the increase of
CK levels (Zhang et al., 2009). Genes involved in CK catabolism (CKK4, CKK6)
were downregulated consistently with the role of CK in flowering (Supplemental
table 2). Interestingly, whereas gibberellins were proposed to promote floral
transition, our data suggest that during the floral transition induced by the SD-LD
switch, the balance between GAs and CKs and the composition in the different
forms, rather than their absolute levels, was likely to be critical.
We then compared our data with differentially expressed genes identified in
meristem (Torti et al., 2012) and roots (Bouché et al., 2016) during a similar
developmental window, where a photoperiodic switch induced the flowering
time. Torti et al. (2012) established a list of 202 genes upregulated after the LD
shift in micro-dissected meristems committed to floral transition. A comparison
with the DEGs identified in leaves allowed to extract 28 genes upregulated both
in committed meristems and in leaves at the T0/T2 transition (Table 2),
suggesting some common mechanism in the two tissues resulting from the SDLD shift. One third of these genes were unknown, thus their upregulation in both
tissue during the transition suggests that they have a function in this switch.
Among them, 5 were encoding TFs such as: WOX3/PRESSED FLOWER (PRS),
a plant-specific WUSCHEL-related homeobox involved in flower and leaf
development (Costanzo et al., 2014); POPEY, a TF involved in iron-deficiency
response (Long et al., 2010); and RGA-LIKE1 (RGL1), a DELLA protein
interacting with WRKY12 and WRK13, two TFs involved in the control of
flowering under SD conditions (Li et al., 2016).
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Locus Up regualted in meristem and in T0/T2 transition
Function
GAMMA RESPONSE GENE 1 (ATGR1)
Cell cycle, endoreduplication, DNA damage
INFLORESCENCE MERISTEM RECEPTOR-LIKE KINASE 2 (IMK2) Leucine-repeat receptor kinase
NITRATE REDUCTASE 2 (NIA2)
Nitrate metabolism
AMINOPHOSPHOLIPID ATPASE 1 (ALA1)
Putative aminophospholipid translocase
WUSCHEL RELATED HOMEOBOX 13 (WOX13)
TF
WRKY16
TF
POPEYE (PYE)
TF (bHLH)
RGA-LIKE 1 (RGL1)
TF (GRAS)
AT4G32670
TF (RING/FYVE/PHD zinc finger)
AT4G22770
TF (AT hook motif)
AT1G11380
PLAC8 family
AT1G34110
Leucine-rich receptor-like protein kinase family protein
AT1G58848
Disease resistance protein (CC-NBS-LRR class) family
AT1G66180
Putative aspartyl protease
AT1G71180
6-phosphogluconate dehydrogenase family
AT3G10840
Alpha/beta-Hydrolases superfamily
AT3G25600
Calcium-binding EF-hand family
AT5G25170
PPPDE putative thiol peptidase family protein;
AT1G70480
Unknown
AT2G40820
Unknown
AT2G47820
Unknown
AT4G15545
Unknown
AT4G22130
Unknown
AT5G05240
Unknown
AT5G10150
Unknown
AT5G56120
Unknown
AT5G65990
Unknown
AT4G33560
Wound-responsive family protein

Table 2: List of genes upregulated both in meristem and leaves during the SD-LD
developmental switch.
The upregulated genes in dissected meristem were extracted from Torti et al. (2012).

In the work of Bouché et al. (2016), 595 genes were differentially expressed
in roots 22 hours after the SD-LD floral inductive shift. We searched for
common pathways in both tissues involved in the early events of the floral
transition and identified 350 genes present in Bouché’s dataset and in the T0/T2
comparison with similar or opposite expression profiles (Figure 8). For instance,
92 genes were downregulated in roots and upregulated in leaves and mostly
involved in metabolic processes and in the regulation of transcription. Five out of
14 TFs detected in this subset of genes were MYB-related genes, such as LCL1
and RVE1 regulators of the circadian rhythm and synergistically working with
CCA1 and LHY. Among the 350 genes, 52 genes were upregulated in both
tissues (Figure 8), highlighting some coordinated regulation in the two tissues in
response to the shift. Interestingly, three TFs were identified: HY5, participating
to the photoperiod response and with a putative role on ABA responses;
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-3

0

Root

3

Leaves
65 Genes
AT1G49560, AT2G44940,
AT3G19360, BBX8,
bHLH093, ELF4, GI,
HDA3

52 Genes
BARD1, CMT3,
DREB26, G6PD3,
GATA15, HY5, RFNR1,
RFNR2 , TPPA , TCH2
96 Genes
AT3G54500, CDF3, ATCTH,
COL5, EPR1, WRKY26,
AT5G47390, STO, RAP2.1,
MYB59, NAC1, TCP14
92 Genes
ARR1, AT1G22190,
AT3G13040, BBX19, bZIP3,
CDF2, DEAR2, HSFA7A,
LCL1, LHY, MYB6, RVE1,
RVE2, WRI4

Figure 8: Heat map of the DEGs in root and leaves during the SD-LD developmental
switch.
Log2 (Fold-Change) of the T0/T2 transition for leaf and root (Bouché et al., 2016) have been used.
The number of genes with a specific expression profile in both tissues is indicated. Transcription
factors (in green), FLGs (in red), TFs and FLGs (in blue) are reported for the four main gene
clusters.

DEHYDRATION RESPONSE ELEMENT-BINDING PROTEIN 26 (DREB26),
belonging to the ERF/AP2 transcription factor family involved in the response to
external stimuli; and GATA15, involved in cytokinin signalling (Ranftl et al.,
2016).
These 52 upregulated genes in both root and leaf tissues were enriched in genes
participating to catalytic activity. Among them we can cite: G6PD3, a glucose
phosphatase; RFNR1 and RFNR2, root specific ferredoxin NADP(H)
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b)
DE-Chromatin-associated genes
All
Down
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Comparison
T0/T2
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63

T2/T3
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4
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4

Number of genes

a)
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0
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c)
Dataset
DEGs at T0/T2
DEGs at T2/T3
Class
Total number
All
Down
Up
All
Down
Histone code
70
11
3
8
4
3
Histone
55
33 (60.0%) 4 29 (52.7%) 0
0
CR machine
49
6
1
5
2
1
Transcription
44
8
3
5
0
0
Structure
37
13 (35.1%) 6
7
0
0
Silencing
26
8 (30.8%)
2
6
0
0
DNA modif
15
3
0
3
0
0
Others
13
0
0
0
0
0
Total
309
82
19
63
6
4

Up
1
0
1
0
0
0
0
0
2

DEGs at T3/T5
All
Down
1
0
15 (27.3%) 14
0
0
1
0
4
3
1
1
0
0
0
0
22
18

Up
1
1
0
1
1
0
0
0
4

Figure 9: Chromatin-associated genes and their expression during the SD-LD switch.
a) Number of differentially expressed genes related to chromatin (CA).
c) Number of CA-DEGs in the nine clusters.
d) Distribution of CA-DEGs in the different chromatin classes

oxidoreductases, whose expression is induced by nitrogen and carbon
metabolites (Girin et al., 2007); and TPPA, involved in trehalose biosynthesis
and regulated by light stimuli and sucrose levels (Van Houtte et al., 2013).

Chromatin-associated genes deregulated during the SD-LD
switch
Since chromatin plays a critical role in the control of gene expression during
developmental phase transitions, in our dataset we analysed the expression
profiles of genes associated with chromatin. Among the 309 chromatinassociated genes (CAGs) organised in 8 classes according to their functions
(Chupeau et al., 2013), 90 were differentially expressed and most of them (91%)
were present in T0/T2, suggesting a rapid modification of the epigenome
concomitant with the transcriptional reprogramming. Minor changes were
observed in T2/T3 (6 genes) and T3/T5 (22 genes). The balance between up- and
down-regulated genes was not conserved in T0/T2 and T3/T5, suggesting
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specific expression patterns among the differentially expressed chromatinassociated genes (DE-CAGs) (Figure 9a). For instance, most of the DE-CAGs
(34) were in cluster C8, suggesting that a transient change of their expression
profiles accompanies the environmental changes and the floral transition (Figure
9b). The DE-CAGs in C6 (18) and C7 (4) were mostly downregulated, meaning
that their functions were not required during the process. However, we detected
28 CAGs in the C5 cluster, which were upregulated and thus putatively involved
in the developmental switch.
All classes of chromatin-associated genes were present in T0/T2 DEGs
(Figure 9c) with some classes more represented such as histones (60%),
chromatin structure grouping proteins involved in nucleosome/chromatin
assembly (35.1%) and the silencing class (30.8%), with genes participating to the
transcriptional silencing. Genes encoding histones were also well represented in
T3/T5 DEGs (27.3%), but most of the histone genes were upregulated at T0/T2
and downregulated at T3/T5 (Figure 9c). Only few histone variants were
downregulated at T0/T2 and interestingly, the histone H3-1 variants were mostly
upregulated during this early phase (Table 3). These data suggest a drastic
change in histone composition during the floral transition.
The class of DEGs involved in histone modifications was enriched in histone
deacethylase (HDAC) encoding genes. Five HDACs (out of the 16 present in the
dataset) were deregulated, namely HDA2, HDA5, HDA8, HDT1 and HDT4
(Supplemental table 4). HDA5 was upregulated at T0/T2 (belonging to the C5)
and HDA8 was continuously upregulated over time (belonging to the cluster C1
as FT). The HDT1 (also named HD2A or HDA3) histone deacetylase involved in
development (leaf polarity, embryo, seedling) showed an opposite expression
profiles between T2 and T5. The two histone acetyltransferases HAC5 and HAG2
had antithetical expression profiles. It has been shown that modifications in DNA
methylation to accompany the early events of floral transition. Consistently, we
detected an upregulation of MET1, CMT3 but also of DEMETER-LIKE2
(DML2), encoding a DNA glycosylase involved in active DNA demethylation.
Interestingly, CMT3 was activated both in leaf and root tissues (Supplemental
table 3). Some of the genes encoding Polycomb and Trithorax proteins were also
deregulated such as EMF1, SDG4 or ULT1.
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Gene ID

Symbol Family

AT2G18050
AT5G59870
AT2G38810
AT3G54560
AT1G51060
AT3G20670
AT5G27670
AT4G27230
AT5G54640
AT1G08880
AT5G22880
AT5G02570
AT3G53650
AT3G46030
AT3G45980
AT5G59910
AT1G01370
AT5G65360
AT5G10400
AT1G09200
AT5G10390
AT3G27360
AT5G59690
AT3G46320
AT3G45930
AT5G59970
AT2G28740
AT1G07820
AT3G53730
AT5G02560
AT2G30620
AT5G08780
AT2G28720
AT1G07790
AT2G37470

HON3
HTA6
HTA8
HTA11
HTA10
HTA13
HTA7
HTA2
HTA1
HTA5
HTB2
HTB10
HTB6
HTB11
HTB9
HTB4
HTR12
HTR1
HTR13
HTR2
HTR9
HTR3
HFO2
HFO1
HFO7
HFO6
HFO3
HFO4
HFO5
HTA12
HON2
HON8
HTB3
HTB1
HTB5

histone H1-3
histone H2A
histone H2A
histone H2A
histone H2A
histone H2A
histone H2A
histone H2A
Histone H2A (RAT5)
Histone H2A-X
histone H2B
histone H2B
histone H2B
histone H2B
histone H2B
histone H2B
Histone H3 (CENH3)
Histone H3 (H3.1)
Histone H3 (H3.1)
Histone H3 (H3.1)
Histone H3 (H3.1)
Histone H3 (H3.1)
histone H4
histone H4
histone H4
histone H4
histone H4
histone H4
histone H4
histone H2A
histone H1
histone H1
histone H2B
histone H2B
histone H2B

T0/T2
T2/T3
T3/T5
log2Fold log2Fold log2Fold
Change Change Change
1.01
1.12
1.03
0.91
0.64
0.61
0.58
0.53
0.52
0.32
1.37
1.01
0.93
0.43
0.34
0.33
0.67
1.07
1.03
0.98
0.96
0.92
1.03
0.85
0.85
0.78
0.72
0.45
0.35
-0.39
-0.39
-0.52
-1.75
0.30
0.29

0.15
0.02
-0.03
-0.12
0.13
0.00
0.09
0.10
0.19
0.07
0.01
-0.13
0.18
0.00
-0.04
0.10
0.10
0.06
0.12
0.08
0.08
-0.07
0.06
0.14
0.04
0.01
0.11
0.09
0.06
0.11
0.14
0.02
0.13
0.08
-0.01

0.78
-0.49
-0.31
-0.23
-0.44
-0.34
-0.41
-0.31
-0.37
-0.11
-0.19
-0.38
-0.50
-0.29
-0.34
-0.17
-0.30
-0.30
-0.46
-0.39
-0.05
-0.57
-0.30
-0.46
-0.31
-0.43
-0.54
-0.35
-0.32
0.10
-0.13
0.01
-0.05
-0.40
-0.47

Table 3: List of histone-related genes deregulated during the developmental switch.
Log2 (Fold-Change) are reported. Black cells indicate non-statistically significant fold change
values. Yellow and blue cells indicate statistically significant positive and negative fold change
values, respectively.
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Gene ID

Symbol

Name

T0/T2
T2/T3
T3/T5
log2Fold log2Fold log2Fold
Cluster
Change Change Change

GO:0042023 - DNA endoreduplication
AT1G47870
AT3G19150
AT3G48160
AT3G50630
AT1G15570
AT2G27960
AT2G42260

E2Fc
KRP6
DEL1
KRP2
CYCA2;3
CKS1
UVI4

KIP-related protein 6
DP-E2F-like 1
KIP-related protein 2
CYCLIN A2;3
cyclin-dependent kinase 1
UV-B-INSENSITIVE 4

0.58
0.71
0.83
0.53
-0.79
-0.51
1.16

-0.01
0.14
-0.09
0.19
-0.31
0.32
0.03

0.15
0.25
-0.01
-0.31
-0.94
-0.10
-0.39

C5
C5
C5
C5
C6
C6
C8

0.68
-0.94
0.50

-0.09
-0.11
-0.18

0.12
-0.09
-0.37

C5
C6
C8

1.17
0.87
0.34
0.33

0.29
0.14
-0.02
-0.11

-0.23
-0.04
0.12
0.03

C5
C5
C5
C8

0.65
-0.95
-0.39
0.47

-0.05
0.07
-0.08
-0.35

-0.12
0.18
-0.04
-0.68

C5
C6
C6
C9

GO:0032876 - negative regulation of endocycle
AT3G15150 HPY2
AT2G18290 APC10
AT1G33240 GTL1

HIGH PLOIDY2
anaphase promoting complex 10
GT-2-like 1

GO:0032877 - positive regulation of endocycle
AT3G10525
AT3G24810
AT4G02980
AT1G55350

LGO
ICK3
ABP1
DEK1

LOSS OF GIANT CELLS FROM ORGANS
Cyclin-dependent kinase inhibitor 3
ER auxin binding protein 1
DEFECTIVE KERNEL 1

GO:0032875 - regulation of endoreduplication
AT1G78770
AT1G19270
AT1G69380
AT5G11510

APC6
DA1
RRG
MYB3R-4

anaphase promoting complex 6
DA1
RETARDED ROOT GROWTH
myb domain protein 3r-4

Table 4: List of differentially expressed DNA endoreduplication-related genes.
Log2 (Fold-Change) is reported. Black cells indicate non-statistically significant fold change
values. Yellow and blue cells indicate statistically significant positive and negative fold change
values, respectively.

Endoreduplication is enhanced during the inductive SD-LD
switch in leaves
We previously characterised the leaf growth during the inductive SD-LD
shift and observed a significant increase of the endoreduplication factor in the
second pair of leaves (see Chapter 3). We thus examined the profiles of genes
related to endoreduplication using annotations from the ThaleMine database.
Eighteen genes were deregulated among the 37 DNA endoreduplication-related
genes present in the database and associated to the following GO terms
GO:0042023, GO:0032876, GO:0032877, GO:0032875. The positive-endocycle
regulators were mainly upregulated, such as ER AUXIN BINDING PROTEIN1
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(ABP1), LOSS OF GIANT CELLS FROM ORGANS (LGO) and E2Fc, a mitotic
inhibitor. Consistent with the deregulation of genes associated with
endoreduplication, the deregulation of the major cell-cycle markers suggested an
alteration of the mitotic cell-cycle. The E2Fb TF, involved in the activation of S
phase was upregulated, along with TIL1 another positive regulator of the S phase
and TSO2, known to be predominantly transcribed during the S-phase and
involved in the dNDP biosynthesis during DNA replication. Genes involved in
the progression of the G2/M phase, such as NRP2, CDKB2.1, CYCA1;1 were
downregulated, while WEE1, a negative regulator of the entrance in the M phase,
was upregulated, suggesting the arrest of cytokinesis. Interestingly, the KRP2
and KRP6 cell cycle inhibitor genes, shown to be involved in the progression of
the endocycles through inhibition of CDKA (Verkest et al., 2005), were also
upregulated. Finally, it was previously shown that the onset of endocycles
requires the down regulation of CYCA2;3 and CYCD3.1 (Dewitte et al., 2003;
Imai et al., 2006). Consistently with these data and the observation of
endoreduplication in leaves, the two cyclin genes were indeed downregulated at
T0/T2. Thus, our transcriptome data suggested an active DNA replication with
predominant endocycles, consistent with our cell sorter analysis.

Discussion
Complexity of the floral transition process at the leaf level
The SD-LD exposure switch allows to study the early events triggering floral
transition. The combination of this inductive system with the use of the highthroughput RNA-seq approach supplied for the lack of transcriptional data in
mature leaves during this developmental switch. A large set of differentially
expressed genes were detected and grouped in nine clusters with peculiar
expression patterns and characterised by specific GO-terms enrichment. The
floral transition induced by the SD-LD switch is accompanied by a
transcriptional reprogramming of genes that are involved in photosynthesis, lipid
localisation, protein metabolism and stress response, highlighting the complexity
of this developmental switch. Photosynthetic components were shown to be
required for flowering responses (Ortiz-Marchena et al., 2015; Wahl et al.,
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2013a; Bernier and Périlleux, 2005). Furthermore, Corbesier et al. (1998)
showed that the leaf carbohydrate level increases rapidly but transiently after the
LD exposure. Some photosynthates affect the expression of key flowering genes
such as FT (Wahl et al., 2013a), thus they are probably produced in an early
phase of the transition. In agreement with these data, the genes involved in the
photosynthetic processes and in the response to glucose stimulus in leaves were
activated just after the SD-LD switch. Fatty acids and lipids are important
molecular players involved in growth and development. In this work, we
surprisingly identified DEGs associated with lipid-location GO-terms, suggesting
a putative role of these genes in the floral transition. Interestingly, FT belongs to
the phosphatidyl ethanolamine-binding protein (PEBP) family. It would be
interesting to investigate whether other proteins encoded by genes belonging to
the “lipid localisation” GO term participate to a florigen signalling in leaf.
Reverse genetic approaches could bring preliminary data to select the best
candidates based on their flowering-time phenotypes.
We reported a complex array of 518 TFs forming a transcriptional network
possibly associated with floral transition. A large diversity of TFs involved in the
regulation of various processes was identified, consistently with the molecular
processes highlighted with the GO analysis. Numerous TFs involved in the
regulation of homeotic genes were detected such as BPC6, which works in
concert with LIKE HETEROCHROMATIN PROTEIN1 (LHP1), a PRC1
subunit, to regulate homeotic genes involved in the reproductive development
(i.e. AG, SEP3) (Hecker et al., 2015). The BPC6 upregulation detected in the
leaves could suggest its participation in the regulation of the early phase of this
developmental transition. TFs and genes involved in the phytohormone ABA
signalling were, as well, upregulated during the switch, suggesting an alteration
of the ABA pathway. ABA signalling proteins involved in the control of
flowering time have been previously described and it was shown that ABA is an
important factor influencing flowering time in LD conditions, by regulating key
flowering genes, such as FT, CO and GIGANTEA (GI) (Riboni et al., 2014,
2013). Moreover, we also observed the upregulation of the flowering gene HY5,
both in leaves and in root (Bouché et al., 2016), whose transcript level is
modulated by an ABA treatment (Carrio-Seguı et al., 2016). The atlas of TFs
identified as deregulated during the floral transition in the leaves, as well as, the
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unknown proteins identified in both meristem and leaf, provide new candidates
with putative roles in the SD-LD switch.
This transcriptional reprograming is likely accompanied by chromatin
reorganization as suggested by deregulated genes involved in chromatin
composition and remodelling, histone code or DNA methylation. Chromatin
rearrangements at the nuclear level were observed during the floral transition in
leaves and reported by Tessadori et al. (2007). Here, we highlight the actors of
these chromatin rearrangements.

Specific expression patterns of flowering genes in leaves
Resetting of the phase of the clock with the SD-LD switch seems to have a
large impact on circadian clock genes. Indeed, 65.2% of the circadian-associated
genes of FIORE were deregulated, with major upregulation of REV8 and the
MYB-like TF LHY (log2 fold changes of 4.5 and 3.9, respectively) and
downregulation of GI, PRR3, 5, 7, and PRR9, consistently with the repressive
role of PRR5, PRR7 and PRR9 on LHY expression. Furthermore circadian clock
genes are also regulated by the accumulation of photosynthates and different
metabolites (Haydon et al., 2013). Whether this deregulation is due to a change
in photosynthesis activity or in the clock itself remains to be established.
Interestingly, other studies also showed that after the photoperiodic switch there
is an alteration on the rhythmicity of gene expression (Bouché et al., 2016). It is
known that LHY can stimulate flowering under LD conditions by activating FT
expression (Fujiwara et al., 2008), while, the role of the clock-gene activator TF
REVEILLE 8 in floral transition and florigen signalling is interesting to
challenge.
Besides FT and CO, the key flowering genes TSF and AGL24 were among
the most upregulated genes at T0/T2, suggesting a strong co-regulation during
the switch. The expression patterns of CO, FT and SVP (Supplemental figure 4)
were in agreement with literature as well as our previous results (see Chapter 3).
SOC1 expression was firstly repressed at T0/T2 and then slightly activated.
Recently, it has been demonstrated that SOC1, is also expressed in protoplasts of
stomata guard cells with a role in the enhancement of stomata aperture (Kimura
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et al., 2015). Since the photosynthetic activity enhances the stomata aperture, the
slight SOC1 activation may be due to this process. Besides these well-known
integrators, other FLGs could be classified according to their expression patterns,
thus highlighting the timing of their roles during the switch.
From our transcriptional comparative analysis between leaves, root and
meristem tissues during similar floral transition window, we highlighted some
common deregulated genes with a role on the early phase of the floral transition.
Genes involved in catalytic activity were detected, such as PYE, that helps to
maintain the iron homeostasis and is involved in the response to iron-deficiency
(Long et al., 2010). The homeostasis of iron is strictly regulated since it can
impact plant growth and development, as well as the length period of circadian
rhythm (Chen et al., 2013). For instance, clock components such as CCA1, LHY,
and GI modulate their expression in response to iron availability (Chen et al.,
2013). Therefore, the deregulation of the clock genes, which is concomitant with
PYE upregulation, both in leaves and meristem, could suggest a new role for
PYE in flowering time.

Changes in endocycles activity
The histone transcript levels in the leaves increased during the first two days
in LD. Similar changes were observed in 11-day-after-germination apical
meristems (M5 stage), which showed a peak of cell-division activity and histonegene expression during the floral transition window (Klepikova et al., 2015).
Interestingly, several genes encoding H3.1 histone variants, which are
incorporated during DNA replication, were upregulated, suggesting an active
replication activity in the leaves during the T0/T2 transition. During our floral
window the global upregulation of histone genes occurred concomitantly with
the upregulation of other S phase markers, suggesting a burst of DNA replication
in the early phase of floral transition. The overexpression of genes involved in
DNA replication can lead the cell progression towards the mitotic cell-cycle or
endocycle (Castellano et al., 2004; Schnittger et al., 2002), the two processes
sharing common DNA replication machinery. In our data set we also observed
the upregulation of specific markers associated with endocycle, suggesting a
redirection of leaf cells towards endoreduplication, in agreement with the
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increased ploidy level observed during the switch in the leaves (see Chapter 3)
and with the increase in nuclear volume (data not shown). Therefore, despite
some common traits between meristem and leaf, during the floral-transition
window the two organs differ in their strategy after DNA replication. It remains
to be established how and to which extent endoreduplication, which participates
to cell size, differentiation and more metabolically active cells (Lee et al., 2009;
Orr-weaver, 2016), contributes to floral transition.

Future perspectives
Our data highlighted gene networks that control the molecular events
accompanying the floral transition on mature leaves and provided a set of new
candidate genes. Further characterisation at the molecular level and by reversegenetic approaches will clarify the role of these candidates on flowering. Using
our RNA-seq data, we initiated an analysis of the differentially expressed
lncRNAs, and identified new lncRNA candidates whose regulatory role in
flowering time will be investigated. Finally, our leaf-specific transcriptome data
provides a new resource for large-scale computational data-mining analysis to
further understand the sophisticated relationships of the gene regulatory network
during development and in response to external cues.
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Experimental procedure
Plant material and growth conditions
Plants of A. thaliana ecotype Col-0 were grown in soil, in growth chamber
with white fluorescent light, under short-day (8 hours light/16 hours dark, SD)
for 4 weeks and then transferred in long-day (16 hours light/8 hours dark, LD).
Temperature in SD was 21°C during the light period and 18°C during the dark,
humidity (65%) remained constant. In LD, temperature (21°C) and humidity
(70%) remained constant. Plants were analysed at different time points before
and after the transfer, and leaf material was collected before dusk, at Zeitgeber
time 15 (ZT15), considering ZT 0 as the ON switch of the light.

RNA extraction, library preparation and sequencing
Total RNA from the 3rd and 4th was extracted with the Plant RNeasy Mini
kit (QIAGEN). 10 µg of RNA was treated with TURBO DNA-free kit (Ambion
Ref. AM1907) and cleaned-up from enzymatic reactions with RNeasy MinElute
Cleanup Kit (QIAGEN Ref. 74204), following the manufacture instructions.
RNA integrity and concentration was analysed with the Agilent 2100
Bioanalyzer using the Agilent RNA 6000 Nano Kit (Ref. 5067-1511). To
produce one replicate, the second pairs of leaves were dissected from 20 plants
and pooled. Three independent replicates were performed for each time point.
100-bp oriented paired-end sequencing was performed on an Illumina
HiSeq2000 machine. The oriented libraries were prepared from polyA RNAs
using the Illumina Tru-Seq RNA sample preparation v2 kit and multiplexed.
Four libraries were sequenced per lane.

RNA-seq data analysis
Each RNA-seq sample followed the same pipeline from trimming to count of
transcript abundance as follows. The read preprocessing criteria included
trimming library adapters and performing quality control checks using FastQC.
The raw data (fastq) were trimmed by fastx toolkit for Phred Quality Score > 20,
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read length > 30 bases. The mapper Bowtie version 2 (Langmead and Salzberg,
2012) was used to align reads against the A. thaliana transcriptome. We
extracted 33 602 genes from TAIR10 version database (Lamesch et al., 2012),
with one isoform per gene corresponding to the representative gene model
(longest CDS) given by TAIR10. The abundance of each gene was calculated by
a local script which parses SAM files and counts only paired-end/single reads for
which both reads map unambiguously one gene, removing multi-hits. According
to these rules, around 96% of PE reads were associated to a gene, 2% PE reads
unmapped and 2% of PE reads with multi-hits were removed.
For differential analysis, we discarded genes, which did not have at least 1
read after a count per million (CPM) normalization, in at least one half of the
samples. The library sizes were normalized using the method TMM and the
count distribution was modeled with a negative binomial generalized linear
model where the harvest date was taken into account. Dispersion was estimated
by the edgeR method (McCarthy et al., 2012) in the statistical software ‘R’ (R
Core team, 2015). The p-values were adjusted by the Benjamini-Hochberg
procedure to control FDR and a gene was declared differentially expressed if its
adjusted p-value was lower than 0.05.

Transcriptome analysis
BAR (http://www.bar.utoronto.ca/) and its Classification SuperViewer Tool
(Provart et Zhu, 2003), based on the GO functional classifications, was used to
calculate normed frequencies of the classes, bootstrap standard deviations, and P
values. AgriGO (Du et al., 2010) was also used for detailed analysis of GO term
enrichment. Genes related to flowering time were extracted from the FLOR-ID
interactive database (Bouché et al., 2015) and the ThaleMine data mining of the
ARAPORT project (https://apps.araport.org/thalemine/). For the analysis of the
transcription factors we used the PlantTFDB 4.0 (Plant Transcription Factor
Database, http://planttfdb.cbi.pku.edu.cn/). The genes related to chromatin were
identified as in Chupeau et al (2013). Hierarchical clustering was performed
using the Multiple Experiment Viewer tool (MeV), the Pearson correlation
metric and average linkage clustering as linkage method (Saeed et al., 2003).

Early transcriptional events associated with floral transition in
Arabidopsis leaves induced by a short-day to long-day switch

163
Venn diagrams were constructed using the
(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

tool

VENNY

2.1

Long non-coding RNAs (lncRNAs) analysis
We built a non-redundant dataset (IJPB_lncDS) of 14 621 putative long noncoding RNAs (lncRNAs) sequences based on the assembling of lincRNAs or
lncRNAs datasets resulting from previous studies (Supplemental figure 1a). In
case of an overlap of contiguous transcription units (TUs) annotated as lncRNAs,
the largest TU was assembled, named lncRNA_merge_AIx and conserved. We
kept the strand information of the transcripts, when available. After removal of
the redundant TUs, we established three fasta files of putative lncRNAs: one
with 5 055 putative TUs on positive strand, another one with 4 851 putative TUs
on negative strand and the last one of 4 715 TUs with no strand information.
We then remapped all reads against IJPB_lncDB using Bowtie version 2. The
abundance of each TU was calculated by a local script using Sam2 tool and we
counted only reads mapped unambiguously, removing multi-hits. Despite the
96% of the paired-end reads mapped to the TAIR10 genome, the mean mapping
percentage to the lncRNA dataset was only 0.78% (Supplemental figure 1b). To
establish the differentially expressed lncTUs we used GLM edger without or
with filter using either Bonferroni or BH corrections.
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Supporting Information
a)
Data set
A
B
C
D
E
F
G
H
I
J
K

Number
36
469
995
278
36
32
61
6480
5049
4396
98

Reference
Liu et al., 2012
Di et al., 2014
Di et al., 2014
Liu et al., 2012
Liu et al., 2012
Liu et al., 2012
Liu et al., 2012
Liu et al., 2012
NONCODEv4
Di et al., 2014
FLAGdb++

b)
Replicate

Paired reads

T0 BR1
T0 BR2
T0 BR3
T2 BR1
T2 BR2
T2 BR3
T3 BR1
T3 BR2
T3 BR3
T5 BR1
T5 BR2
T5 BR3

45 542 220
48 165 370
42 134 256
44 506 108
47 126 174
45 078 232
44 073 307
44 189 464
41 052 667
41 046 783
43 207 137
44 543 187

Min
Max
Median

41 046 783
48 165 370
44 347 786

% mapping % multihits
reads
removed reads
0.69
6.14
0.67
6.17
0.70
6.48
0.78
6.21
0.78
6.60
0.79
6.18
0.76
6.19
0.82
7.33
0.77
6.17
0.83
6.11
0.83
6.55
0.81
6.13
0.67
0.83
0.78

% counted
pairs
0.58
0.56
0.59
0.64
0.66
0.65
0.64
0.69
0.65
0.69
0.70
0.68

6.11
7.33
6.19

0.56
0.70
0.65

Supplemental figure 1: Long non-coding RNAs (lncRNAs) analysis.
a) Composition of the IJPB_lncDS data set and associated references of the databases used.
b) LncRNAs statistics with generated and mapped reads in each biological replicate
.
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Supplemental figure 2: GO term enrichments within the specific T0/T2, T2/T3 and
T3/T5 DEGs sets using BAR SuperViewer tool.
CHR38
HDA8

HDT4
CHR27
SDG18

CPH1
HFO1,3,4,6
HON3
HTA6,7,10
HTB9
HTR1,2,3,9
MFP1
SGF1

HDA3

HTB1,5
MBD11
NFA6
NFD6

Supplemental figure 3: Venn diagram highlighting the chromatin-associated genes
in the three comparisons.
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Supplemental figure 4: Expression profiles of flowering-time genes. The maximum
normalization of the counted reads was used to obtain the expression values.
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Library
T0 BR1
T0 BR2
T0 BR3
T2 BR1
T2 BR2
T2 BR3
T3 BR1
T3 BR2
T3 BR3
T5 BR1
T5 BR2
T5 BR3

Total paired
reads
45 542 220
48 165 370
42 134 256
44 506 108
47 126 174
45 078 232
44 073 307
44 189 464
41 052 667
41 046 783
43 207 137
44 543 187

Overall
alignment rate
98.97
99.23
99.20
99.03
99.08
99.09
99.12
98.78
99.15
99.07
99.04
99.08

Supplemental table 1: RNA-seq statistics with generated and mapped reads in each
biological replicate.
.

Gene ID

Symbol

Name

Giberellin (GA) associated genes
AT5G56300
GAMT2
GA METHYLTRANSFERASE 2
AT1G80340
GA3OX2
GA 3-OXIDASE 2
AT1G30040
GA2OX2
GA 2-OXIDASE
AT1G66350
RGL1
RGA-like 1
AT3G03450
RGL2
RGA-like 2
AT1G74670
GASA6
GA-STIMULATED ARABIDOPSIS 6
AT4G32980
ATH1
homeobox protein
AT3G63010
GID1B
GA INSENSITIVE DWARF1A
AT3G05120
GID1A
GA INSENSITIVE DWARF1A
AT5G27320
GID1C
GA INSENSITIVE DWARF1C
AT1G79460
GA2/KS1
ENT-KAURENE SYNTHASE
AT1G15550
GA3OX1
GA 3-OXIDASE 1
AT4G25420
GA20OX1
GA 20-OXIDASE 1
AT1G78440
ATGA2OX1 GA 2-beta-DIOXYGENASE
AT1G22690
AT1G22690 Unknown
AT5G14920
GASA14
GA-STIMULATED IN ARABIDOPSIS 14
Cytokinin (CK) associated genes
AT5G06300
LOG7
LONELY GUY 7
AT5G11950
LOG8
LONELY GUY 8
AT5G20040
IPT9
tRNA ISOPENTENYLTRANSFERASE9
AT4G29740
CKX4
CYTOKININ OXIDASE 4
AT3G63440
CKX6
CYTOKININ OXIDASE/DEHYDROGENASE 6
AT5G21482
CKX7
CYTOKININ OXIDASE 7
AT1G26210
SOFL1
SOB FIVE-LIKE 1
AT1G68870
SOFL2
SOB FIVE-LIKE 2

T0/T2
log2Fold
Change

T2/T3
log2Fold
Change

T3/T5
log2Fold
Change

GA metabolism
GA9 to bioactive GA4 tranformation
GA4 catabolism
GRAS TF, Negative regulator of GA responses
GRAS TF, Negative regulator of GA responses
GA-regulated family protein
TF, regulating GA biosynthesis
GA receptor
GA receptor
GA receptor
GA biosynthesis
GA biosynthesis
GA biosynthesis
GA metabolism
GA-regulated family protein
GA-regulated family protein

2.40
2.80
0.90
1.54
1.05
0.57
0.31
0.57
-0.47
-0.91
-1.50
-1.15
-1.24
-4.38
-1.23
0.13

0.79
0.62
-0.17
0.02
0.04
-0.04
0.14
0.40
0.14
0.29
-0.22
-1.01
-0.43
-0.54
0.03
-0.09

-0.89
-0.06
0.02
-0.23
-0.14
-1.28
-0.29
0.67
0.12
0.02
0.47
-0.37
-0.26
0.50
-0.87
-0.71

cytokinin biosynthesis
cytokinin biosynthesis
cytokinin biosynthesis
cytokinin catabolism
cytokinin catabolism
cytokinin catabolism
regulator of cytokinin levels
regulator of cytokinin levels

0.90
0.67
-0.71
-0.89
0.14
1.05
0.70
1.41

0.35
0.01
-0.22
-0.37
-0.21
-0.19
0.25
-0.03

1.11
-0.13
-0.29
-0.09
-0.66
-0.07
-1.35
-0.59

Function

Supplemental table 2: List of the differentially expressed gibberellin and cytokinin
related genes.
Log2 (Fold-Change) is reported
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Locus Up regualted in root and in T0/T2 transition
Function
ADP/ATP CARRIER 2 (AAC2)
ADP/ATP carrier 2
ALPHA-AMYLASE-LIKE 2 (AMY2)
Alpha-amylase-like 2
ASPARAGINE SYNTHETASE 2 (ASN2)
Asparagine synthetase 2
AT1G03820
E6-like protein
AT1G33260
Protein kinase superfamily protein
AT1G55210
Disease resistance-responsive (dirigent-like protein) family protein
AT1G58170
Disease resistance-responsive (dirigent-like protein) family protein
AT1G59740
Major facilitator superfamily protein
AT1G66620
Protein with RING/U-box and TRAF-like domain
AT1G67360
Rubber elongation factor protein (REF)
AT2G44670
Senescence-associated family protein (DUF581)
AT3G02910
AIG2-like (avirulence induced gene) family protein
AT3G13560
O-Glycosyl hydrolases family 17 protein
AT3G15650
Alpha/beta-Hydrolases superfamily protein
AT3G25290
Auxin-responsive family protein
AT3G62060
Pectinacetylesterase family protein
AT5G26790
Transmembrane protein
AT5G42860
Late embryogenesis abundant protein, group 2
AT5G48460
Actin binding Calponin homology (CH) domain-containing protein
AT5G51310
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein
AT5G59480
Haloacid dehalogenase-like hydrolase (HAD) superfamily protein
ATMPK13
Protein kinase superfamily protein
TREHALOSE-6-PHOSPHATE PHOSPHATASE A (TPPA)
Haloacid dehalogenase-like hydrolase (HAD) superfamily protein
BREAST CANCER ASSOCIATED RING 1 (BARD1)
Breast cancer associated RING 1
CHLORIDE CHANNEL B (CLC-B)
Chloride channel B
CHROMOMETHYLASE 3 (CMT3)
Chromomethylase 3
CELLULOSE SYNTHASE LIKE D5 (CSLD5)
Cellulose synthase-like D5
CYTOCHROME C-2 (CYTC-2)
Cytochrome c-2, electron carrier
DEHYDRATION RESPONSE ELEMENT-BINDING PROTEIN 26 (DREB26)
Integrase-type DNA-binding superfamily protein
EMBRYO DEFECTIVE 2813 (EMB2813)
DNA primase, large subunit family
EXORDIUM LIKE 5 (EXL5)
EXORDIUM like 5
FLAVIN-MONOOXYGENASE GLUCOSINOLATE S-OXYGENASE 3 (FMO GS-OX3)
Flavin-monooxygenase glucosinolate S-oxygenase 3
GLUCOSE-6-PHOSPHATE DEHYDROGENASE 3 (G6PD3)
Glucose-6-phosphate dehydrogenase 3
GATA TRANSCRIPTION FACTOR 15 (GATA15)
GATA transcription factor 15
GLUTATHIONE S-TRANSFERASE TAU 20 (GSTU20)
Glutathione S-transferase TAU 20
ELONGATED HYPOCOTYL 5 (HY5)
Basic-leucine zipper (bZIP) transcription factor family protein
2,3-BIPHOSPHOGLYCERATE-INDEPENDENT PHOSPHOGLYCERATE MUTASE 2 (iPGAM2) Phosphoglycerate mutase, 2,3-bisphosphoglycerate-independent
RESPONSE TO LOW SULFUR 2 (LSU2)
Response to low sulfur 2
ENDO-BETA-MANNASE 7 (MAN7)
Glycosyl hydrolase superfamily protein
MITOGEN-ACTIVATED PROTEIN KINASE KINASE KINASE 14 (MAPKKK14)
Mitogen-activated protein kinase kinase kinase 14
MANNAN SYNTHESIS RELATED 1 (MSR1)
O-fucosyltransferase family protein
NICOTIANAMINE SYNTHASE 1 (NAS1)
Nicotianamine synthase 1
PDI-LIKE 2-2 (PDIL2-2)
PDI-like 2-2
PLASMODESMATA-LOCATED PROTEIN 2 (PDLP2)
Plasmodesmata-located protein 2
CITY PHOSPHATASE 1 (PFA-DSP1)
Phosphotyrosine protein phosphatases superfamily protein
PHOSPHOGLYCERATE/BISPHOSPHOGLYCERATE MUTASE (PGM)
Phosphoglycerate/bisphosphoglycerate mutase
PHOSPHOENOLPYRUVATE CARBOXYLASE 1 (PPC1)
Phosphoenolpyruvate carboxylase 1
ROOT FNR 1 (RFNR1)
Root FNR 1
ROOT FNR 2 (RFNR2)
Root FNR 2
SAH7
Pollen Ole e 1 allergen and extensin family protein
SERINE CARBOXYPEPTIDASE-LIKE 46 (scpl46)
Serine carboxypeptidase-like 46
TOUCH 2 (TCH2)
EF hand calcium-binding protein family

Supplemental table 3: List of genes upregulated both in root and leaves during the
SD-LD developmental switch.
The upregulated genes in root were extracted from Bouché et al. (2012).
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Cluster
C1
C2
C3
C5
C6
C7
C8

Nr. of
DEGs
2
2
2
28
18
4
34

Gene Symbols
CHR38, HDA8
HDT1, NFA6
HON3, MBD11
DML2, HAG2, HDA5, HFO2, HTA5, HTB2, HTB4, HTR1, HTR3, SDG4, EMF1
HAC5, HDA2, HON2, HON8, HTA12, HTB3
CHR27, HDT4, NFD6, SDG18
CMT3, HFO1, HFO3, HFO4, HFO5, HFO6, HFO7, HTA1, HTA10, HTA11,
HTA13, HTA2, HTA6, HTA7, HTA8, HTB1, HTB10, HTB11, HTB5, HTB6, HTB9,
HTR12, HTR2, HTR3, HTR9, MET1, ULT1

Supplemental table 4: Deregulated chromatin-associated genes in the nine clusters.
The number of DEGs and a selection of CA-DEGs are given for each cluster.
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Abstract
Like Heterochromatin Protein 1 (LHP1) belongs to the HP1 family and is
one of the subunits of the PRC1-like complex in Arabidopsis. LHP1 recognizes
through its chromo domain the H3K27me3 mark deposited by PRC2, and
participates to the chromatin dynamics and thus to the regulation of the gene
expression that controls different developmental transitions. Here, we investigate
the LHP1 dosage effect at the chromatin and transcriptional levels. To approach
LHP1 function, we developed transgenic lines to conditionally alter LHP1
quantity in a specific temporal window. The system used, based on
dexamethasone induction, allowed a rapid knockdown or overexpression of
LHP1. We observed that a short-term modulation of LHP1 dosage alters the
LHP1 distribution on target genes, with a broader enrichment along the analysed
loci. We also showed that high levels of LHP1 induce an increased deposition of
H3K27me3 but also of H3K4me3. Moreover, LHP1 seemed to regulate the
spreading of these two histone marks at the gene level. Despite the altered LHP1
binding and the associated modified deposition of histone marks only transient
transcriptional changes of LHP1 target genes were detected. Our work suggests a
LHP1 dosage-dependent effect on chromatin features and a role for LHP1 in a
specific chromatin-state formation with bivalent characteristics.
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Introduction
The developmental control of gene expression is tightly regulated by
different players and pathways and is linked to the dynamic changes occurring at
the chromatin level. Polycomb Group proteins (PcG) are part of chromatinprotein complexes involved in transcriptional gene-repression. These Polycomb
Repressive Complexes (PRCs) have impact on different levels of chromatin
organization, mediating biochemical and biophysical chromatin modifications
(Del Prete et al., 2015; Simon and Kingston, 2013). PcG function is antagonized
by chromatin complexes formed by Trithorax group proteins (TrxG), which are
involved in the deposition of active methyl marks on lysine 4 and 36 residues of
the histone H3 (H3K4me3 and H3K36me2/3) (Kleinmanns and Schubert, 2014;
Pu and Sung, 2015). The transcriptional state thus mainly results from a balance
between these two types of complexes, which play critical roles in the control of
the developmental transitions occurring during the entire plant-life cycle.
Two major PcG complexes were originally identified in Drosophila: Polycomb
Repressive Complex 1 (PRC1) and PRC2, each one being formed by the
combination of different regulatory and catalytic subunits. The four subunits of
the animal PRC2 complexes are conserved in Arabidopsis thaliana, whereas the
PRC1 subunits are less conserved (Derkacheva and Hennig, 2014; Molitor and
Shen, 2013). Through protein-sequence analysis five PRC1 homologs have been
identified in A. thaliana: two AtRING1 proteins (AtRING1A and AtRING1B)
and three AtBMI1 proteins (AtBMI1A, AtBMI1B, and AtBMI1C) (SanchezPulido et al., 2008). Two other plant-specific proteins with a PRC1-like function,
Embryonic Flower 1 (EMF1) (Calonje et al., 2008) and Like Heterochromatin
Protein 1 (LHP1) (Gaudin et al., 2001; Sung et al., 2006; Turck et al., 2007;
Zhang et al., 2007) have been described. So far, the in vivo PRC1 complex has
not been biochemically purified, but different studies showed physical and
genetic interactions between AtBMI1, AtRING1, EMF1 and LHP1 (Xu and
Shen, 2008; Bratzel et al., 2010), suggesting that they participate in plant PRC1
complexes.
LHP1 belongs to the HETEROCHROMATIN PROTEIN 1 (HP1) family,
whose founder member was isolated in Drosophila, and which is characterised
by a carboxy-terminal chromo-shadow domain involved in protein-protein
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interactions and an amino-terminal chromo domain (Gaudin et al., 2001). In
Drosophila and mammals the HP1 family proteins are involved in formation and
maintenance of constitutive heterochromatin, as well as of repressive chromatin
states at euchromatic genes, according to the HP1 isoforms, mainly through the
interaction with the H3K9me marks (Nishibuchi et al., 2014; Meier and Brehm,
2014). In vitro binding studies demonstrated a high affinity of the LHP1 chromo
domain for both H3K27me3 and H3K9me3. A co-localisation between LHP1
binding regions and genomic regions characterised by the presence of
H3K27me3 (Zhang et al., 2007; Turck et al., 2007), as well as LHP1 interactions
with PRC1 components, suggest that LHP1 has a Polycomb-like function in
plant PRC1-like complexes. LHP1 also physically interacts with several PRC2
subunits, MULTICOPY SUPPRESSOR OF IRA 1 (MSI1), FERTILIZATION
INDEPENDENT ENDOSPERM (FIE) and VERNALIZATION 2 (VRN2)
(Derkacheva et al., 2013; Hecker et al., 2015; Wang et al., 2016), suggesting a
complex interplay between PRC1 and PRC2, mediated by LHP1.
PRC1 and PRC2 often co-occupy the same genomic regions and can work in
a sequential manner, with the PRC2-dependent H3K27 trimethylation preceding
PRC1-dependent H2A monoubiquination. Alternative models in A. thaliana
have been recently proposed such as a PRC1-dependent ubiquitination activity
upstream of the PRC2 trimethylation (Merini and Calonje, 2015; Förderer et al.,
2016). Furthermore, the recruitment of PRCs is still an open question and several
scenarios have been proposed (Förderer et al., 2016). PRC recruitment can
involve cis-regulatory DNA elements, transcription factors (Yang et al., 2013;
Förderer et al., 2016), non-coding RNAs (ncRNAs) or structural properties of the
chromatin (Del Prete et al., 2015). For instance, the binding sites of LHP1, as
well as of FIE are enriched in GAGA DNA motif (Deng et al., 2013; Molitor et
al., 2016; Hecker et al., 2015). Moreover, LHP1 recognizes the telo-box motif, as
does CURLY LEAF (CLF), another PRC2 involved in the trimethylation of
H3K27 (Molitor et al., 2016; Wang et al., 2016). These specific motifs are also
present in the Polycomb Response Elements (PREs), through which Drosophila
PRCs are recruited. LHP1 also interacts with different transcription factors such
as SHORT VEGETATIVE PHASE (SVP), SCARECROW (SCR), VP1/ABI3LIKE (VAL) and ASYMMETRIC LEAVES 1 (AS1) and AS2, which may
participate in the recruitment of LHP1 to specific target genes to establish a
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repressive transcriptional state (Liu et al., 2009; Li et al., 2016; Cui and Benfey,
2009).
The role played by LHP1 in chromatin dynamics is not fully understood. Up
to now, null lhp1 mutants have been used to analyse LHP1 function, with the
limitation that some of the observed effects on gene transcription and chromatin
properties could be caused by indirect and compensatory mechanisms. Altered
level and distribution of the H3K27me3 repressive mark were conflictingly
reported in the lhp1 mutant (Wang et al., 2016; Derkacheva et al., 2013; Turck et
al., 2007). Therefore, getting access to early chromatin events resulting from
modulated LHP1 function could bring some new elements. In this chapter, we
exploited induced transient-changes of LHP1 dosage in a defined developmental
window to approach how LHP1 impacts chromatin dynamics and the
transcriptional state of its targets and investigate the maintenance of chromatin
homeostasis. We developed new A. thaliana transgenic lines to increase or
decrease the LHP1 protein levels in response to a dexamethasone treatment. This
original material was used to monitor the phenotypic alterations, the changes on
gene expression, the dynamics of histone marks and the LHP1 binding, which
are associated with a dosage-dependent LHP1 activity. We showed that it was
possible to transiently alter the spreading of LHP1 binding with consequences on
the deposition of histone marks. Our results suggest that short-term alterations of
LHP1 binding had only weak and transient effect on gene transcription and that
LHP1 could not only participate to the PRC2 recruitment and H3K27me3
deposition, but also increase locally H4K4me3. These data suggest a role of
LHP1 in bivalent region formation or a TRX-dependent counteracting
mechanism, which balances LHP1 activity.
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Results
Dexamethasone-inducible lines to modulate LHP1 dosage
To study the molecular and phenotypic consequences of LHP1 dosage, two
types of dexamethasone-inducible transgenic lines were generated in order to
conditionally down- or up-regulate LHP1 (Figure 1a). Upon dexamethasone
(Dex) treatment, the inducible and bidirectional pOp6/LhGR promoter (Craft et
al., 2005) activates the expression of both a GUS reporter-gene and the sequence
of interest (Figure 1a). For LHP1 downregulation RNAi constructs were
generated using three LHP1 regions (Figure 1a) in order to get at least one
construct with an efficient silencing. Transgenic lines bearing one of the three
LHP1 regions were named OFF 1 to OFF 3. For LHP1 upregulation the genomic
sequence of LHP1, without its regulatory regions and followed by 3 copies of the
HA epitope (LHP1:HA), was inserted into the pOpON2.1 vector (Figure 1a). All
constructs were transferred into the lhp1-4 null mutant background
complemented with the LHP1:HA construct (Molitor et al 2016) to be able to
trace and quantify LHP1 protein using an antibody against the HA tag.
To further characterise the transgenic lines and control the efficiency of the
inducible system, we monitored the expression of the GUS reporter-gene. Using
a histochemical assay, GUS expression was detected in the roots, shoot apical
meristems, leaf hydathodes and leaf vascular tissues of the OFF and ON
transgenic seedlings grown in vitro on Dex medium for 12 days (Figure 1b). No
GUS expression was detected in the ON and OFF seedlings grown on medium
without Dex (Mock medium), indicating that the promoter was not leaky. GUS
transcripts were quantified in 12-day-old ON and OFF seedlings transferred on
Dex medium for one day, showing that the two constructs were rapidly induced,
and thus functional (Figure 1c). The GUS expression slowly decreased after 2
days of Dex treatment, but remained detectable after 7 days of induction. In the
ON lines the decrease of GUS expression was more pronounced after 5 days of
Dex. Different levels of GUS expression were observed in the transgenic lines.
As expected, no GUS transcripts were detected neither in the control LHP1:HA
line, nor in the transgenic seedlings grown on Mock medium.
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We then analysed the LHP1 transcript levels. In all transgenic lines the
activation of the constructs through the Dex treatment had a significant effect on
the LHP1 mRNA level (Figure 1d). In the OFF lines, after 1 day of Dex
treatment, we observed 80% reduction of LHP1 transcripts compared to the
control line. Low LHP1 transcript levels were still detected after 7 days.
The RNAi lines with fragment 1 were less responsive to the Dex treatment
(Supplemental figure 1), suggesting a different efficiency of the hairpin RNA
molecules carrying this LHP1 region. Such a target-dependent response has been
demonstrated in previous studies (Kerschen et al., 2004).
For the ON transgenic lines, ON 5, ON 23 and ON 7, the change in LHP1
expression was respectively 2, 3 and 21 times stronger than in the reference
LHP1:HA line (Figure 1d). Remarkably, the high levels of LHP1 transcripts
slightly decreased after 5 days of Dex treatment, but not as much compared to
the one observed for the GUS expression (Fig 1c). Indeed, except for the ON 7
line, after 5 days of Dex, the LHP1 transcript levels in the ON lines were similar
to the ones of the LHP1:HA line. This result suggests a possible control
mechanism to maintain a wild-type expression level during long-term Dex
treatments.
Interestingly, the GUS expression levels in the OFF lines did not correlate
with the LHP1 transcript levels, whereas, the ON line with the highest expression
of GUS also had the highest expression level of LHP1. The variability observed
for the levels of LHP1 and GUS transcripts, could be related to regulatory
elements or chromatin structure surrounding the site of transgene integration.
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Figure 1: Molecular characterisation of inducible transgenic lines with transient
modulations of LHP1 expression level.
a) Schematic representation of the pOpOFF2-LHP1 and pOpON2.1-LHP1 constructs to
conditionally down- and up-regulate LHP1, respectively. Three fragments of the LHP1 cDNA
(grey striped bars) were used to construct the pOpOFF2-LHP1-RNAi vectors. Different elements
of the constructs: LB and RB, T-DNA left and right borders; nos::nptII, kanamycin resistance gene
(white arrow); CaMV 35S promoter (black arrow); LhGR, synthetic transcription factor
recognizing pOp6 (white box); PolyA signal (downward black arrow); GUS, reporter gene (grey
box); TMV, omega translation enhancer (Ω); CaMV 35S minimal promoter (grey arrow); pOp6,
bidirectional promoter.
b) GUS histochemical staining on pOpOFF-LHP1 (OFF) and pOpON-LHP1 (ON) seedlings grown
in vitro for 12 days on medium supplemented with Dex (10 µM).
c) Relative GUS transcript levels in response to 1 to 7 days of Dex treatment. nd: expression not
detected
d) LHP1 expression fold change in response to 1 to 7 days of Dex treatment. The expression fold
change was calculated relative to the Mock condition.
For c) and d), three biological replicates were performed with 10 plants, each. Experimental values
are mean ± SEM.

The inducible LHP1 misregulation affects flowering time
and leaf morphology
The lhp1/tfl2 mutant has a pleiotropic phenotype with a dwarf rosette, small
and curly leaves and an early flowering time (Gaudin et al., 2001; Larsson et al.,
1998; Kotake et al., 2003). Hence, we analysed the phenotypic effects due to the
misregulation of LHP1 upon Dex treatment.
We first quantified the flowering time in plants grown on soil after a
continuous Dex treatment. A reduction of leaf number was observed in both
transgenic OFF and ON lines, except for the ON 5 line, pointing at early
flowering phenotype (Figure 2a). When plants were grown in vitro, five out of
six OFF lines showed an early flowering phenotype, whereas only three out of
six ON lines presented a reduced leaf number (Supplemental figure 2a). When
different Dex concentrations were used, the same results were observed for the in
vitro OFF seedlings (Supplemental figure 2b). The data indicate that continuous
DEX treatment shortens flowering time in a Dex-dose-independent manner.
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Figure 2: Phenotypic characterisation of the ON and OFF inducible transgenic lines.
a) Flowering time expressed as total leaf number. Recorded on bolted plants when the first flower
appeared. Plants were grown on soil and watered continuously with Mock or Dex solutions, from
sowing to bolting. Student’s t-test used to analyse the differences between Mock- and Dex-treated
plants. *, p≤0.05; **, p≤0.01.
b) Mock- and Dex-treated rosette plants. Plants were grown for 2 weeks and then sprayed with
Mock or Dex solutions during 2 additional weeks. The 2-week-old plants had only 5 developed
leaves. The leaves at position 6 to 10 developed during the treatment. Scale bar, 1 cm.
c) Cotyledons and first rosette leaves of plants treated as described above, showing early
senescence features. Scale bar, 5 mm.
d) Leaf area measurement on the first ten rosette leaves. Plants were grown as described in b).
Continuous line: Mock-treated plants; dash line: Dex-treated plants.
For a) and c), two biological replicates were performed with 10 plants, each. Experimental values
are mean ± SEM.

We then analysed leaf growth by measuring the leaf area in plants sprayed
with Mock or Dex solutions during two weeks. We observed that the total rosette
area of the Dex-treated OFF and ON transgenic lines was smaller than the
control line, pointing at a dwarf phenotype (Figure 2b and Supplemental figure
3c). A similar reduction in leaf area was observed for individual leaves, both for
OFF and for ON Dex-treated plants (Figure 2c and Supplemental figure 3b).
Strong differences between Mock- and Dex-treated plants were observed for
leaves 6 to 8, which start to develop after two weeks of on-soil growth and
concurrently to the beginning of the Dex treatment (Supplemental table 1). No
differences were observed for the leaves 9 and 10 when comparing LHP1:HA
and Dex-treated OFF plants. These results were confirmed by a two-way
ANOVA test. The effect on leaf growth was surprisingly strong in the ON lines,
possibly due to a silencing of the pOpON2.1-LHP1 construct caused by the longterm Dex treatment. This interpretation would be in agreement with the
progressive decrease of the LHP1 transcript levels observed in the ON lines
(Figure 1d).
The cotyledons and first leaves of Dex-treated transgenic plants showed
yellowish areas, suggesting an altered chlorophyll turnover and an earlier
senescence. This effect is probably due to the misregulation of LHP1, since it
was not observed in the control lines. A variety of responses depending on the
lines and constructs were observed, probably related to the dosage effect of
LHP1. For instance, the line ON 7 had the highest LHP1 expression level in
response to Dex, associated with the strongest phenotype. Dex-treated ON 7
plants were very small, early flowering with curled rosette leaves, and they had a
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very slow leaf growth rate. This phenotype was surprisingly similar to lhp1
mutant.
Both the up- and down-regulation of LHP1 cause an early flowering
phenotype, a reduced leaf growth and altered leaf morphology. This phenotype,
similar to lhp1 mutant, was expected for the OFF lines with a knockdown of
LHP1. On the other hand, for the ON lines, the phenotype is likely to attribute to
a silencing of the construct due to the continuous Dex treatment, as shown by the
decreased level of transcripts after 5 days of induction. This phenotypic
characterisation allowed us to select among the different transgenic lines, two
OFF and two ON lines with a clear response to Dex treatment.

Transient induced misregulation of LHP1 protein level
To check whether the alteration of the LHP1 transcript levels lead to an
altered LHP1 protein levels, we performed an immunoblot analysis with anti-HA
antibody, on 12-day-old in vitro seedlings treated during 1 to 7 days with Dex.
All LHP1 molecules produced in the OFF and ON lines were tagged with HA
and have a theoretical molecular weight of 53 kDa. In all samples, we detected a
band at 100 kDa (Supplemental figure 4), which corresponds to the dimer form
of LHP1 (Gaudin et al., 2001).
In the control line, the LHP1:HA protein level was similar in treated and nontreated samples, showing that the Dex treatment had no major effect on the
protein levels. Moreover, the LHP1 level did not changes over time, suggesting
that a Dex treatment had no influence on LHP1:HA protein stability.
In the OFF 2-3 line, we detected a reduction of the LHP1 protein level after
one day of Dex treatment, which stayed at a similar reduced level for all the 7
days of induction (Figure 3 and Supplemental figure 4a). This result was
consistent with the observed decrease in transcript levels (Figure 1d). In the OFF
3-6 line, the reduction of LHP1 protein level appeared delayed and was
detectable only after 2 days of Dex treatment (Supplemental figure 4b). These
differences in LHP1 levels were not predicted by the transcripts analysis, which
showed similar transcript levels in the two OFF lines (Figure 1d).
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Figure 3: Modulation of the LHP1 protein level in the inducible lines.
LHP1 protein levels in response to Dex after 1 to 7 days of treatment. The fold change, relative to
the Mock condition, was quantified by densitometry from western blot images. The intensity of the
LHP1:HA signal was normalized by the signal intensity on the Coomassie-Blue gel (Supplemental
figure 4). Three blots were analysed. Experimental values are mean ± SEM. nd: analysis not done.

In the ON 23 line, we observed a transient LHP1 increase of almost a factor
2 after 1 day of Dex treatment followed by a decrease to normal levels after 2
days (Figure 3 and Supplemental figure 4a). The decrease of the protein level
occurred before the observed decrease of the transcripts (Figure 1d). This result
suggests that two different mechanisms with different kinetics could be involved
in the silencing of LHP1 when overexpressed. Hence, in this line putative posttranslational mechanisms may arise quickly to reduce the LHP1 protein level. In
the ON 7 line, we observed a remarkable protein profile with a 100 kDa band,
representing LHP1-HA, and three additional bands at about 70, 35 and 25 kDa
(Supplemental figure 4c). The smaller bands likely reflect post-translational
modification or truncated forms of LHP1, pointing to an LHP1 regulation at the
protein level, rather than at the transcriptional level. The intense signal of the
bands is consistent with the high LHP1 expression (Figure 1d). The lhp1-like
phenotype in ON 7 could be explained by the fact that a fraction of LHP1 that
was overexpressed after Dex treatment is not functional.
The activation of the RNAi and overexpressing systems allows modulating
not only the LHP1 transcript but also the LHP1 protein levels. A reduced LHP1
protein level, during the Dex treatment, was detected for the OFF 2-3, whereas
the ON 23 line had only a 1-day transient LHP1 overexpression. Based on their
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transcript and protein levels we selected the OFF 2-3 and ON 23 lines, to study
dosage effects on the transcriptome and epigenome in response to a transiently
modulation of LHP1 levels.

An alteration of LHP1 level affects the transcription of
some of its targets
We examined if the transient modulation of LHP1 at both the transcriptional
and protein levels impacts the expression of LHP1 target genes. We selected 7
target genes encoding transcription factors involved in different regulatory
pathways. In addition, the microRNA-encoding gene MIR156C, which has been
identified as LHP1 target (Molitor et al., 2016) was also analysed. The
expression profile of these LHP1 target genes was previously studied in the lhp1
mutant (Latrasse et al., 2011; Kotake et al., 2003; Nakahigashi et al., 2005) and
summarised in Supplemental table 2. We quantified their expression in the OFF
2-3 and ON 23 in vitro seedlings in response to different periods of Dex
treatment (Figure 4 and Supplemental figure 5 and 6).
FLOWERING LOCUS T (FT) is a well-known target of LHP1. Its expression
is upregulated in the lhp1 mutant. FT expression decreased during the 7 days of
induction both in the transgenic and in the LHP1:HA lines Mock-treated
(Supplemental figure 6). Dex treatment did not have a significant effect on FT
expression in LHP1:HA line. However, after 2 days of Dex treatment the
decrease in LHP1 protein level in the OFF 2-3 line (Figure 3) led to an
upregulation of FT (Figure 4), consistently with a LHP1 repressor function on
this gene (Kotake et al., 2003). Moreover, the transient LHP1 increase in the ON
23 line induced a downregulation of FT after 1 day of treatment (Figure 4).
Hence, a different time response of FT misregulation after the Dex treatment was
observed in the OFF and ON lines, that is related to the transient change in
LHP1:HA protein level. After 7 days, the misregulation in both the OFF and ON
lines vanished, suggesting a transient deregulation of FT, in response to the
transient change of LHP1.
Like FT, the transcription factors AGAMOUS (AG) and FRUITFUL (FUL)
are upregulated in the lhp1 mutant (Supplemental table 2). Surprisingly, in the
Dex-treated transgenic lines the effects of LHP1 modulation on AG and FUL
were different compared to FT.
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Figure 4: Expression of LHP1 target genes in response to Dex-induced LHP1 modulations.
LHP1:HA and transgenic, OFF 2-3 and ON 23 seedlings were transferred for 1 to 7 days on Dex
medium. For each line, control plants were grown on Mock medium. The UBIQUITIN10 gene
(UBQ10) was used as reference gene for a first internal normalisation and the expression fold
change relative to Dex was calculated relative to the control LHP1:HA line. Three biological
replicates were performed with 10 plants, each. Experimental values are mean ± SEM. Student’s ttest used to analyse the differences between control and transgenic lines. *, p≤0.05; **, p≤0.01.

The expression of FUL and AG in the OFF 2-3 decreased after 1 and 2 days,
respectively. The reduction was transient and followed by a significant increase
after 7 days, in line with the expected effect of LHP1 downregulation (Figure 4).
Intriguingly, in the ON 23 line, significant changes in expression of AG and
FUL were observed only after 7 days of treatment. Moreover, their expression
resembled the levels in the OFF 2-3 line (Figure 4). Since it is a late effect, it
might be due to a silencing effect in the ON 23 line. Furthermore, AG and FUL
are transcriptionally activated during floral development. Thus, their
upregulation might also result from a change in the developmental time of the
transgenic lines due to the early flowering phenotype, being an indirect effect of
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the change in LHP1 protein level. To test this hypothesis, the expression of CO,
which is not a LHP1 target, could be monitor to check whether plants are still in
the vegetative phase.
A different effect is shown for SHORT VEGETATIVE PHASE (SVP), which
is downregulated in lhp1 mutant (Supplemental table 2). This transcription factor
did not change in response to Dex in any of the transgenic lines (Supplemental
figure 5). The same accounts for the transcription factors MADS AFFECTING
FLOWERING 5 (MAF5), SQUAMOSA PROMOTER BINDING PROTEIN LIKE
9 (SPL9), CYCLING DOF FACTOR 4 (CDF4) and MIR156C, whose
transcriptional states are not altered in lhp1 mutant (Supplemental table 2). Only
minor changes in expression were observed in the first two days, with the same
tendency in both ON and OFF lines, suggesting that they were not due to the
direct effect of LHP1 protein modulation.
The results show that short-term modulation of LHP1 allows to observe
transient changes on the transcriptional state of some targets with a clear effect
on FT, confirming the repressive role of LHP1 on FT transcription (Kotake et al.,
2003; Libault et al., 2005). Hence, to investigate the effect related to the transient
misregulation of LHP1 and avoid indirect effects, for the followed experiments
we chose to perform a short-term Dex treatment.

LHP1-dose-dependent-effects on the binding of its target
gene
We then questioned how a transient change in LHP1 level impacts LHP1
presence and distribution on the chromatin of its target genes. We analysed four
target genes (FT, MAF5, SPL9, CDF4) with different lengths and structures (i.e.,
with or without introns), and with LHP1 binding regions located at various
positions along the loci, as identified in our previous ChIP-Seq analysis (Molitor
et al., 2016). We examined different regions along the loci by performing ChIPQPCR experiments on the control (LHP1:HA) and transgenic in vitro seedlings
grown for 12 days on Mock medium and induced by one day of Dex treatment
(Figure 5 and Supplemental figures 7 and 8).
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Figure 5: Dynamics of LHP1 binding on the FT and MAF5 loci in response to Dexinduced modulation of LHP1 dosage.
Chromatin immunoprecipitation (ChIP) assays to determine the relative level of LHP1 binding in
the LHP1:HA, OFF 2-3 and ON 23 lines.
a) And d) schematic representations of the loci and the amplified regions used in ChIP assays.
Black boxes, exons; white boxes, 5’- and 3’-UTRs. The grey profile below each gene corresponds
to the LHP1 distribution by ChIP-seq (Molitor2016). Red line, threshold of the input level. Red
rhombus, telo-box motif in MAF5 (our ChIP-Seq data, Molitor2016). Scale bar, 300 bp.
b) And e) the LHP1 enrichments was shown as percentages of input in FT and MAF5, respectively.
c) And f) fold enrichments in response to Dex calculated relative to the control LHP1:HA line.
For b), c), e) and f) a representative biological experiment is presented here, a second one is present
in Supplemental figure 7. Experimental values are mean ± SEM.

LHP1 binding in the control (LHP1:HA) line showed high levels at the
regions corresponding to the maximum LHP1 enrichment (summit) in agreement
with Molitor et al. 2016 (Figure 5 and Supplemental figure 8). For FT, the
highest LHP1 recovery was at the FT-4 region and a lower level was detected at
regions between FT-1 and FT-3. On MAF5 the highest values were found at
MAF5-3 and MAF5-4 and the lowest in the regions between MAF5-6 and
MAF5-10. No differences were detected comparing Mock and Dex conditions,
meaning that the Dex treatment per se did not impact the LHP1 distribution.
In the OFF 2-3 line, we observed a decreased LHP1 occupancy along the
four selected loci, in response to Dex, (Figure 5 and Supplemental figure 8). For
FT a reduction of 90% of LHP1 binding was observed from FT-1 to FT-3
regions, whereas a decrease of 60% was detected at the FT-4 region. For MAF5
the highest changes occurred at the MAF5-4 and MAF5-10 regions with a
decrease of 91% and 88%, respectively. At the telo-box the change in LHP1
binding level was less important compared to other regions of the locus. For
SPL9 the decrease did not differ between the two selected regions whereas for
CDF4 the highest change was at CDF4-2, corresponding to the region with a
lower LHP1 binding (Supplemental figure 8).
In the Dex-treated ON 23 line, we observed a high enrichment in all analysed
regions, suggesting LHP1 spreading along the locus (Figure 5). The changes of
LHP1 binding levels were in the same ranges at different FT regions. The
increase in LHP1 binding after 1 day of Dex treatment was consistent with FT
transcriptional repression (Figure 4).
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For MAF5 the largest effect was detected in the regions located after the telobox motif (MAF5-4 and MAF5-6), whereas at the telo-box region (MAF5-3) a
less remarkable change was observed. High fold enrichments were also observed
in response to Dex at SPL9 and CDF4 (Supplemental figure 8).
The short-term misregulation of LHP1 determined changes in its distribution
on chromatin. These results highlight an LHP1-dose dependent spreading along
the analysed loci with less pronounced effects at regions corresponding to the
LHP1 maximal enrichment.

LHP1-dose-dependent-effects on the histone marks
distribution
To gain insight into chromatin changes associated with LHP1 binding
alterations, we monitored the levels of H3K4 and H3K27 trimethylation in
response to one day of Dex treatment, at the FT and MAF5 loci (Figure 6,
Supplemental figures 9 and 10).
The deposition of the two marks was not affected in the OFF 2-3 line in
response to Dex, on both genes. LHP1 decreased binding, either in the 5’ or the
3’ of the gene, was independent from the level of H3K4me3 and H3K27me3.
Moreover, no change in transcription at FT and MAF5 was observed after one
day of Dex (Figure 4), suggesting that the eviction of LHP1 may be a
prerequisite for the transcriptional reactivation, but it is not sufficient.
Interestingly, with the overexpression of LHP1 in the ON 23 line, relatively
high levels of both H3K4me3 and H3K27me3 were detected on FT and MAF5
genomic regions (Figure 6). The increase in LHP1 dosage led to an increase of
both marks along the FT locus. In line with the changes on LHP1 binding, the
highest change on FT was observed from FT-1 to FT-3 regions, both for the
active and the repressive mark (Supplemental figure 9).
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Figure 6: Dynamics of H3K4me3 and H3K27me3 histone marks in response to Dexinduced modulation of LHP1 dosage.
ChIP-QPCR analyses were performed at the FT and MAF5 loci in the LHP1:HA, OFF 2-3 and ON
23 lines. The histone mark enrichments correspond to percentages of input. The schemas of the
analysed regions are presented in Figure 5. A representative biological experiment is presented
here, a second one is presented in Supplemental figure 8. Experimental values are mean ± SEM.

For MAF5 the highest increase was observed between MAF5-3 and MAF5-5
for H3K27me3 and at MAF5-5 and MAF5-8 for H3K4me3. At the telo-box
region (MAF5-3) the effect was of lower intensity for the active mark.
These results suggest a strong relationship between LHP1 up-regulation and
the altered histone marks deposition.
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Discussion
Transient changes of the level of a chromatin-associated
protein to dissect chromatin dynamics
The transitions from one chromatin state to another are difficult to
characterise since the changes are transient and usually due to a cascade of
events involving different chromatin proteins. Up to now to study the effects on
chromatin dynamic and gene expression driven by chromatin protein,
constitutive null mutants or overexpressing lines have been used with the
limitation that some of the observed effects could be indirect and related to some
misregulation of target or downstream genes. Here, we report for the first time a
conditional inducible system to directly modulate the level of a chromatinassociated protein and follow the early changes occurring at the chromatin level.
The rationale for such conditional changes in chromatin protein levels is to avoid
the potential compensatory effects that the constitutively knockdown and
enhanced expression may cause. This system allows to monitor the homeostasis
at the chromatin level and the induced counteracting mechanisms. With the
transgenic LHP1-inducible OFF 2-3 and ON 23 lines we succeeded to rapidly
induce variation from 0.5 to 1.7 times of LHP1 protein levels, within one day of
dexamethasone treatment, in young seedlings. The induced decrease in LHP1
protein levels was stable over 7 days, whereas the induced protein increase was
transient with a return to normal quantity within 2 days, suggesting a possible
and rapid feedback loop regulation at the protein level. Interestingly, LHP1 gene
expression level, after two days, was still higher in ON 23 than in wild-type
plants, highlighting different timing of control for LHP1 transcript and LHP1
protein. Thus, these lines are powerful tools to study how LHP1 dosage affects
chromatin landscape and gene expression processes and to question the
spreading of LHP1-mediated chromatin state in vivo.

Chapter 5

196

Dosage-dependent spreading of LHP1 on chromatin
In the OFF 2-3 line, a decreased level of LHP1 induced a reduction in LHP1
binding across the FT and MAF5 loci, demonstrating for the first time the
temporal and dynamics of LHP1 binding on chromatin.
High levels of LHP1 in ON 23 line gave rise to a broader enrichment
spanning all along the locus. The enrichment along FT was equal on all the
analysed regions, whereas highest changes in LHP1 binding levels were recorded
in specific MAF5 regions (i.e. MAF5-4 region compare to MAF5-3). The MAF53 region corresponds to a maximum enrichment (summit) in wild-type condition
and it is characterised by the presence of the telo-box motif. Hence, the observed
results suggest that a preservation of the enrichment levels at the summit region
may exist and that the binding can not be increased more than a certain level,
possibly due to the stoichiometry between the LHP1 dimers and nucleosomes or
to the interference with other proteins recognizing the same DNA motif.
Furthermore, despite similar distance from the LHP1 summit, MAF5-1 and
MAF5-4 regions were differently enriched suggesting either an orientated
spreading of LHP1 or a genomic-context dependent enrichment. This may
suggest the presence, also in plants, of mechanisms based on barrier elements,
which for instance, have been described in Drosophila, mammals and yeast
(Tadeo et al., 2013; Wang et al., 2014; Tamaru, 2010), to limit inappropriate
chromatin-associated proteins spreading and the propagation of chromatin
modifications. Specific DNA sequences, histone modifications or interference
with transcriptional machinery and other chromatin-associated proteins may
prevent LHP1 spreading.
Investigation of LHP1 spreading to larger distances and adjacent loci is
required to confirm these observations. A study at the genome scale would be
interesting to test the impact of the genomic contexts on LHP1 spreading, the
directionality of the spreading and the putative correlations with the presence of
structural elements.
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LHP1 plays a role in H3K27me3 deposition
In this study, the transient overexpression of LHP1 led to an increased
H3K27me3 level along the FT and MAF5 loci. This result showed a direct and
dynamic effect of LHP1 on H3K27me3 deposition, since it was observed already
after one day and thus probably independent of DNA replication or indirect
effects.
No direct interaction has been reported between CLF, the major H3K27me3
writer protein during vegetative development, and LHP1, but LHP1 physically
interacts with subunits of the EMF2-PRC2 complex, such as MULTICOPY
SUPRESSOR OF IRA 1 (MSI1) and FERTILIZATION INDEPENDENT
ENDOSPERM (FIE) (Derkacheva et al., 2013; Wang et al., 2016), to which CLF
belongs. These interactions may explain the observed increase in H3K27me3.
Hence, the increased level of LHP1 protein may enhance and facilitate the
recruitment of PRC2 to the target sites and the deposition of the repressive mark.
This result is in line with recent findings. Studies focused on specific PRC2
target loci (Derkacheva et al., 2013; Liu et al., 2009) revealed that a loss of LHP1
is linked with a decrease in H3K27me3. Inconsistently and probably due to
limitation of technical resolution (ChIP-chip), Turck et al., (2007) showed that
LHP1 is not responsible for the H3K27me3 deposition, but a genome-wide
approach (ChIP-Seq) in lhp1 mutant confirmed the relationship between LHP1
and H3K27me3 levels (Wang et al., 2016). Furthermore, the H3K27me3 profile
in lhp1 was similar to the one observed in clf. In both mutants the H3K27me3
was mainly reduced in the surrounding regions of the summit, suggesting LHP1
as an important factor, besides PRC2, in H3K27me3 deposition (Schubert et al.,
2006; Wang et al., 2016).
However, after one day of induced loss of LHP1, no alteration of the
H3K27me3 level was observed in the OFF line, suggesting a certain stability of
the histone mark or a H3K27me3 maintenance by other chromatin-proteins and
mechanisms. The short-term removal of LHP1 could have enhanced somehow
the recruitment of other proteins involved in the deposition and/or maintenance
of H3K27me3 levels. For instance, TELOMERE REPEAT BINDING
PROTEIN1 (TRB1) shares with LHP1 different H3K27me3 target genes and its
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binding on these targets is prevented by the presence of LHP1 (Zhou et al.,
2015). TRB1 could be a putative candidate taking the LHP1 role on maintaining
H3K27me3 level, when there is a transient LHP1 removal. Alternatively, the
reduced level of LHP1 may be still sufficient to maintain H3K27me3. Moreover,
since the H3K27me3 was analysed after one day, the number of mitotic cycles
may not be enough to observe a passive dilution of the histone marks. These data
demonstrated that H3K27me3 deposition and removal in response to LHP1
dosage have different kinetics. To decipher between these hypotheses,
H3K27me3 levels should be analysed during a longer period. In this context it
would be interesting to examine expression of histone methyltransferases and
demethylases involved in H3K27me3 profiling, in response to altered LHP1
protein levels.

An unexpected function of LHP1 in H3K4me3 deposition
Surprisingly, we showed that LHP1 which is generally associated with
repressive marks positively affects the deposition of the active H3K4me3 mark.
The increased level and broader distribution of the two marks were observed
when high LHP1 protein levels were induced. Dynamic switches that mediate the
transition between active and inactive chromatin states involve the PRC and
TRX complexes. CLF physically interacts with a TRX protein, ARABIDOPSIS
HOMOLOG OF TRITHORAX (ATX1) involved in the deposition of the
H3K4me3 active mark on the chromatin (Saleh et al., 2007). Due to the
increased level of LHP1 and its interaction with PRC2, a downstream
recruitment of CLF to the target sites, may thus also enhance the ATX1
recruitment and H3K4me3 deposition. The altered level of LHP1 may destabilize
the balance between TRX and PRC and the histone marks that are usually
mutually exclusive. Interestingly, LHP1-INTERACTING FACTOR2 (LIF2), an
RNA binding protein, which interacts and co-localises with LHP1 at some target
genes (Molitor et al., 2016), is associated with H3K4me3 active mark and was
proposed to have a Trithorax-like function (Molitor et al., 2016). Furthermore,
LHP1 and LIF2 were shown to co-localise at genomic regions carrying the active
and inactive marks, suggesting a putative role in maintaining/regulating bivalent
chromatin states (Molitor et al., 2016). The bivalent chromatin features were
originally identified on silent genes poised for transcription and activated upon
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developmental cues (Bernstein et al., 2006; Saleh et al., 2007). In A. thaliana 3%
of the genome is characterised by bivalent chromatin states mainly present at the
promoter and intergenic regions (Roudier et al., 2011; Sequeira-Mendes et al.,
2014), but also present at the telomeric regions (Vrbsky et al., 2010; VaqueroSedas et al., 2012). Genome-wide studies compared the chromatin profiles and
transcriptome data, in two different cell types of the root (Deal and Henikoff,
2010) and in entire seedlings (Sequeira-Mendes et al., 2014), and associated the
co-occurrence of the two marks with genes highly expressed and genes with a
low level of expression, respectively. Using sequential ChIP analysis for these
two histone marks, AG and FT have been identified as bivalent loci and the
presence of the two marks has been associated with a low expression of the
genes, rather than silencing (Saleh et al., 2007; Jiang et al., 2008). The effect of
the deposition of the two marks on the transcriptional state of the genes is at this
moment not fully understood and will require further investigation.
The increase on LHP1 dosage suggests a role for LHP1 on bivalent
chromatin state formation, in agreement with our previous study (Molitor et al.,
2016). Moreover, these results highlight the importance of maintaining a proper
LHP1 protein dosage as a determinant of the chromatin dynamic.

Chromatin dynamics and gene expression
In our study we observed an increased deposition of the two antagonistic
histone marks in response to an enhanced binding of LHP1 on both FT and
MAF5 genes. Despite the same chromatin modifications carried by the 1-dayincreased LHP1 dosage, the consequences on the transcriptional state differ in
timing. In the ON 23 line a reduced FT expression was observed after 1-day
induction, whereas for MAF5 the transcriptional change occurred after two days
of LHP1-induced overexpression. In the OFF 2-3 line, no change on MAF5
expression was detected and the major impact was on FT gene expression. These
results may suggest that the genomic contexts and other epigenetic modifications
present at the loci could buffer and reduce the impact of LHP1 alterations or
modulate its dynamics. For instance, MAF5 is a longer gene than FT, is located
downstream the closely related MAF4 gene and the third intron of MAF5.1 has
homologies with a transposon element. Furthermore, the binding sites of LHP1
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are on the 3’ and the 5’ regions of FT and MAF5, respectively. A LHP1 binding
on the 5’ region may induce a more stable chromatin state than in the 3’ region,
with a greater interference for instance with the transcriptional machinery.
According to the LHP1 localisation along the gene, there might be a different
response in time, due to the LHP1 dosage modulation, that differently regulates
the gene. A genomic-context-dependent role has been shown for the mammalian
HP1 proteins, which in this way led to contrasting effects on the position-effect
variegation (PEV) (Festenstein et al., 1999; Timms et al., 2016). The expression
of the analysed genes in Arabidopsis is controlled by complex regulatory
networks, among which there may also be putative LHP1 targets. Hence, the
observed transcriptional response possibly involves a crosstalk of LHP1 with the
other regulatory mechanisms. Moreover, with the inducible system we altered
the level of LHP1 in a specific developmental window. The genes analysed are
fine-tuned in time, therefore the timing of response may also be dependent on
that and thus differ among target gene. Investigation of other epigenetic marks
and enlargement of the timing of the analysis would help to decipher the
relationship between chromatin dynamics led by LHP1-dosage modulations and
gene expression.

Conclusion
Our data suggest a dosage-dependent effect of LHP1 on its chromatin
distribution and on the deposition of the histone marks, highlighting the role of
LHP1 on chromatin dynamic. Dosage-dependent effects have been observed for
HP1 proteins, in Drosophila, mammals and yeast on gene silencing by
heterochromatin spreading into flanking regions (position-effect variegation
(PEV)) (Festenstein et al., 1999; Tadeo et al., 2013; Eissenberg et al., 1992). This
is the first demonstration in plants.
Here, we demonstrate that one important way to regulate histone marks
spreading along the gene body is by controlling the quantity of LHP1. HP1
through its chromo domain binds the H3K9me mark triggering the
heterochromatin and the H3K9me spreading into neighbouring regions (Grewal
and Jia, 2007). This spreading occurs through positive feedback, the histonemodifying enzymes are recruited to genomic regions with the modifications
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they catalyse, gathering additional chromatin proteins and facilitating the
spreading of nucleosome modifications along the chromatin fibre. The
recruitment of PRC2 can be triggered via such positive feedback and the
H3K27me3 repressive mark propagated in a manner similar to the speading of
HP1 and H3K9me (Kwon and Workman, 2008; Schubert et al., 2006). It is
tempting to speculate the possibility for LHP1 to install a spreading mechanism
and a chromatin reshape through such a feedback. These findings point to the
importance of maintaining a proper chromatin-associated-protein dosage as a
determinant of the chromatin landscape. This is the first report in plants and the
first time that the temporal distribution and the effects of a chromatin-associated
protein are investigated when a transient knockdown and enhanced expression
are induced.
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Experimental procedure
Plant materials and growth conditions
All Arabidopsis thaliana lines were in the Col-0 background. Plants were
grown on soil, in growth chamber under white fluorescent light, under long-day
(16 hours light/8 hours dark, LD) conditions. The temperature (21°C) and
humidity (70%) were constant. In vitro growing conditions were also used,
plantlets were grown at 20°C, 70% humidity under LD. For dexamethasone
(Dex) treatment, a Dex (Sigma-Aldrich, D1756) stock solution (10 mM in
Ethanol) was prepared and stored at -20°C. For the in vitro seedlings two
inducible treatments were used. The continuous Dex-treatment, seedlings were
sawn directly on Mock or 10 µM Dex-supplemented medium for all the duration
of the experiment. The transient Dex-treatment, seedlings were sawn on filter on
Mock medium for 12 days and then transferred on 10 µM Dex-supplemented
medium for 1 to 7 days.

Plasmid constructs
To get the constructs allowing a LHP1:HA transient suppression, we
amplified three LHP1 fragments by PCR from the LHP1 cDNA, ranging from
196 bp to 278 bp (Figure 1a), using specific primers with attB1 and attB2 sites at
the 5’ end of the forward and reverse primers, respectively (Supplemental table
3). After purification, the PCR fragments were inserted into the pDONR207
Gateway vector. The cassette was then transferred into the pOpOFF2
(Kanamycin resistant) Gateway binary vector (Wielopolska et al., 2005), leading
to the pOpOFF2-LHP1-RNAi 1 to 3 constructs (Figure 1a). The constructs were
checked by PCR using primers flanking the insertion sites and by enzyme
digestion for the presence of the inserted sequences and their correct orientation.
To get the constructs allowing a transient LHP1:HA overexpression, we
purified the 3 230 bp DraI/NcoI fragment of the gLHP1:HA pCaSSP binary
plasmid (Molitor et al 2016) bearing the genomic region of LHP1:HA without
the regulatory regions, made it blunt end and cloned it into the DraI/EcoRV
digested pENTR1A Gateway vector, leading to the pENTR1A-∆LHP1:HA
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vector. The ∆LHP1:HA cassette was then transferred into the pOpON2.1
(Kanamycin resistant) Gateway binary vector (Craft et al 2005, Moore et al
2006) (Figure 1a).
All constructs were checked by sequencing, then introduced into
Agrobacterium tumefaciens and the LHP1::LHP1:HA complemented line in
lhp1-4 background (Molitor et al. 2016) was used for transformation by floral
dip. Twenty-five T2 plants, for each construct, have been generated and analysed
for segregation. Six independent T3 homozygous plants for each construct were
selected with a wild-type phenotype and used for further experiments.

Phenotype analyses
For leaf growth analysis, plants were grown on soil for 2 weeks in long-days
(LD), and then sprayed with Mock (Nutritive solution supplemented with 0.03%
of ethanol) or Dex solution (Nutritive solution supplemented with 20 µM Dex in
ethanol) for 2 additional weeks. Individual leaves were harvested, flattened on
white paper and then digitally scanned. Leaf areas (blade and petiole) were
calculated
from
the
binary
images
using
ImageJ
software
(http://rsb.info.nih.gov/ij/).
For flowering time analysis, plants were grown on soil in LD and watered
with Mock or 30 µM Dex solution three times per week. Prior to sowing the soil
was soaked with either one or the other solution. For in vitro flowering time
analysis, the continuous Dex-treatment was used. Rosette, cauline and total leaf
number were recorded when the first flower appeared.

Expression Analysis
Total RNAs were prepared from in vitro seedling, treated and reverse
transcribed, as previously described (Le Roux et al., 2014). Quantitative realtime PCR was performed on a BioRad CFX96 apparatus using the SYBR green
Master Mix (BioRad) following manufacturer’s instructions. For each primer
pair, a dilution series was used as standard, to calculate the slope and intercept.
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UBIQUITIN10 (UBQ10) was used as reference gene. Primers are listed in
Supplemental table 4.
For GUS histochemical staining, seedlings were collected in the staining
solution (1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-ß-D-glucuronide), 0.1 M
sodium phosphate buffer, pH 7.0, 2 mM potassium ferrocyanide, 2 mM
potassium ferricyanide, and 0.5% Triton X-100), infiltrated under vacuum 3
times, for 5 minutes each, and incubated at 37°C overnight. After staining,
samples were washed in 70% ethanol and observed under a light microscope.

Protein extraction and Western Blot
Nuclear proteins were extracted from 1 g of in vitro seedlings. Material was
grounded in liquid nitrogen and blended in Extraction buffer 1 (0.4 M Sucrose,
10 mM Tris-HCl pH 8.0, 10 mM MgCl2, 5 mM ß-mercaptoethanol, 0.1 mM
PMSF, Protease Inhibitors). The homogenate was filtered and centrifuged for 20
min at 2,800 x g at 4°C. The pellet was resuspended in Extraction buffer 2 (0.25
M Sucrose, 10 mM Tris-HCl pH 8.0, 10 mM MgCl2, 1% Triton X-100, 5 mM ßmercaptoethanol, 0.1 mM PMSF, Protease Inhibitors) and centrifuged again for
10 min at 12,000 x g at 4°C. The pellet was resuspended in a high sucrose (1.7
M) buffer and loaded on a sucrose gradient, centrifuged for 1 hour at 16,000 x g
at 4°C. The pellet of nuclei was homogenized in the lysis buffer (50 mM TrisHCl pH 8.0, 10 mM EDTA, 1% SDS, Protease Inhibitors, 400 mM NaCl) and
sonicated using the Bioruptor UCD-200 (Diagenode, Liege, Belgium) (30 s
On/30 s Off pulses, at high intensity for 30 min).
The nuclear proteins were quantified using the 2-D Quant Kit (GE
Healthcare) and solubilized in Laemmli buffer. The same quantity of proteins for
all genotypes and conditions was loaded on 12% (w/v) SDS-PAGE gels and
blotted onto PVDF membranes. At the same time a Coomassie-Blue-stained gel
was also performed, and used as loading control. Immunostaining was performed
by blocking the membrane with PBS and 0.1% Tween 20 (PBS-T) containing
5% non-fat milk, followed by overnight incubation at 4°C with the anti-HA
antibody (Roche, Ref. 11867423001) diluted 1:250 in PBS-T containing 5%
milk. After extensive washing with PBS-T, the membrane was incubated for 2 h
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at room temperature with goat anti-rat antibody conjugated to peroxidase (Santa
Cruz, Ref. sc2006) diluted 1:5000 in PBS-T containing 5% milk. Detection of
antibody binding was performed using the ECL-Clarity (Biorad) and the Las4000 Image Reader digital imaging system (Fujifilm). The densitometry
quantification was performed using the Image Quant TL Software (GE
Healthcare Life Sciences).

Chromatin immunoprecipitation analysis
ChIP assays were performed on 3 g of in vitro seedlings after 1 day of Dex
induction. ChIP experiments were performed as previously described
(molitor2016, latrasse 2011). Chromatin was immunoprecipitated using high
affinity anti-HA antibody (Roche, Ref. 11867423001), anti-Histone H3 antibody
(Abcam ab1791), H3K27me3 antibody (Millipore, Ref. 07-449) and H3K4me3
antibody (Abcam ab8580). The immunoprecipitated DNA and the input DNA
control from Mock and Dex conditions were analysed by quantitative real-time
RT-PCR. Three biological replicates were used for all ChIP assays and RT-PCRs
were performed in triplicate. Primers are listed in Supplemental table 4.
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Supplemental figure 1: GUS and LHP1 expression in the transgenic lines.
a) Relative GUS transcript levels in response to 1 and 7 days of Dex treatment. nd: expression not
detected.
b) Relative LHP1 expression levels in Mock- and Dex-treated in vitro seedlings.
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Supplemental figure 2: Phenotypes of the transgenic lines grown in vitro.
a) Flowering time expressed as total leaf number. Recorded on bolted plants when the first flower
appeared. Plants were cultured on Mock or Dex (10 µM) medium. Student’s t-test used to analyse
the differences between Mock- and Dex-treated plants. *, p≤0.05; **, p≤0.01.
b) Flowering time of two OFF lines treated with different concentrations of Dex.
c) 15-day-old plantlets grown on Mock or Dex medium. Plantlets cultured on Dex (10 µM)
medium showed a dwarf phenotype. Scale bar, 5 mm.
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Supplemental figure 3: Phenotypes of the transgenic lines grown on soil.
a) Pictures of 2-week-old rosette plants before the treatment. Scale bar, 5 mm.
b) Leaf area measurement on the first ten rosette leaves. Plants were grown for 2 weeks and then
sprayed with Mock or Dex solutions during 2 additional weeks. The 2-week-old plants had only 5
developed leaves. The leaves at position 6 to 10 started to develop during the treatment.
Continuous line: Mock-treated plants; dash line: Dex-treated plants.
c) Rosette leaf area measurement. Plants were grown as described in b).
For b) and c), two biological replicates were performed with 10 plants, each. Experimental values
are mean ± SEM.
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Supplemental figure 5: Expression fold changes of LHP1 target genes in response to
Dex-induced modulation of LHP1 dosage.
LHP1:HA and transgenic, OFF 2-3 and ON 23 seedlings were transferred for 1 to 7 days on Dex
medium. For each line, control plants were grown on Mock medium. The UBIQUITIN10 gene
(UBQ10) was used as reference gene for a first internal normalisation and the expression fold
change in response to Dex was calculated relative to the control LHP1:HA line. Three biological
replicates were performed with 10 plants, each. Experimental values are mean ± SEM. Student’s ttest used to analyse the differences between control and transgenic lines. *, p≤0.05; **, p≤0.01.
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Supplemental figure 7: Dynamics of LHP1 binding on the FT and MAF5 loci in
response to Dex-induced modulation of LHP1 dosage.
ChIP-QPCR analysis of LHP1 binding in the LHP1:HA, OFF 2-3 and ON 23 lines.
a) And c) the LHP1 enrichments was shown as percentages of input in FT and MAF5, respectively.
b) And d) fold enrichments in response to Dex calculated relative to the control LHP1:HA line.
The second representative biological experiment is presented. The schema of the analysed regions
is presented in Figure 5. Experimental values are mean ± SEM.
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Supplemental figure 8: Dynamics of LHP1 binding on the SPL9 and CDF4 loci in
response to Dex-induced modulation of LHP1 dosage. ChIP assays to determine the
relative level of LHP1 binding in the LHP1:HA, OFF 2-3 and ON 23 lines.
a) Schematic representations of the loci and the amplified regions used in ChIP assays. Black
boxes, exons; white boxes, 5’- and 3’-UTRs. The grey profile below each gene corresponds to the
LHP1 distribution by ChIP-seq (Molitor2016). Red line, threshold of the input level.
b) And c) the LHP1 enrichments was shown as percentages of input. Two representative biological
experiments are presented here.
d) Fold enrichments in response to Dex calculated relative to the control LHP1:HA line.
For b), c) and d) Experimental values are mean ± SEM.
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Supplemental figure 9: H3K4me3 and H3K27me3 fold enrichments in response to
Dex-induced modulation of LHP1 dosage.
ChIP-QPCR analyses were performed at the FT and MAF5 loci in the LHP1:HA, OFF 2-3 and ON
23 lines. Fold enrichments of the two histone marks in response to Dex is calculated relative to the
control (LHP1:HA) line. The schema of the analysed regions is presented in Figure 5.
Experimental values are mean ± SEM.
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Supplemental figure 10: Dynamics of H3K4me3 and H3K27me3 histone marks in
response to Dex-induced modulation of LHP1 dosage.
ChIP-QPCR analyses were performed at the FT and MAF5 loci in the LHP1:HA, OFF 2-3 and ON
23 lines. The histone marks enrichments correspond to percentages of input. The second
representative biological experiment is presented here. The schema of the analysed regions is
presented in Figure 5. Experimental values are mean ± SEM.
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modulation of LHP1 dosage.
Histone H3 distribution at FT and MAF5 loci in the LHP1:HA, OFF 2-3 and ON 23 lines. The
histone H3 enrichments correspond to percentages of input. Two representative biological
experiments are presented here. The schema of the analysed regions is presented in Figure 5.
Experimental values are mean ± SEM.
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Student’s t-test p-value Mock VS Dex
Leaf
LHP1:HA
ON 7
ON 23
position

Student’s t-test p-value Mock VS Dex
Leaf
LHP1:HA OFF 2-3 OFF 3-6
position
1
7.6E-01
5.5E-05 7.2E-01
2
5.5E-01
8.9E-02 7.2E-01
3
2.0E-01
3.0E-06 1.9E-01
4
3.5E-01
2.1E-03 4.4E-05
5
1.6E-01
9.6E-03 3.9E-04
6
1.2E-01
4.6E-04 1.7E-03
7
4.5E-01
3.5E-05 8.8E-04
8
9.3E-01
7.8E-03 1.7E-02
9
6.6E-02
1.4E-04 5.8E-02
10
1.2E-01
6.1E-02 1.2E-01

1
2
3
4
5
6
7
8
9
10

5.4E-03
1.5E-01
7.8E-03
1.6E-02
5.1E-02
3.6E-01
2.2E-01
1.9E-01
2.5E-01
1.4E-01

5.5E-04
4.4E-01
2.8E-07
1.8E-04
3.0E-05
6.3E-08
1.4E-07
4.2E-11
2.8E-08
2.6E-05

3.7E-07
2.4E-01
2.2E-04
8.3E-08
4.6E-07
6.1E-08
6.3E-08
8.7E-09
5.7E-07
2.2E-07

Supplemental table 1: Tables with p-value of Student’s t-test comparing the leaf
area in Mock and Dex conditions.

Genotype
Dex treatment (days)
AT1G65480 (FT)
AT4G18960 (AG)
AT1G06040 (FUL)
AT5G65080 (MAF5)
AT2G34140 (CDF4)
AT2G42200 (SPL9)
AT4G31877 (MIR156C)
AT2G22540 (SVP)

OFF 2-3 line
1
down
down
-

2
UP
down
UP
-

ON 23 line
7
UP
UP
-

1
down
UP
down
-

2
UP
-

7
UP
UP
-

lhp1 mutant Microarrays lhp1 mutant RNA-Seq
(Latrasse et al., 2011)
(Wang et al., 2016)
no
no
UP (leaves & plantlets)
UP
UP in leaves
UP
UP in leaves
No change
Not on microarrays
UP
No change
No change
Not on microarrays
No change
down (leaves & plantlets)
No change

Supplemental table 2: Expression profiles of LHP1 target genes in the Dex-treated
transgenic lines and lhp1 mutant.
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Name

Sequences (5' to 3')

Application

LHP1 RNAi1_F1

GGGGACAAGTTTGTACAAAAAAGCAGGCTGTGGAGAGTCGATTCTTCGC

PCR for RNAi1

LHP1 RNAi1_R1

GGGGACCACTTTGTACAAGAAAGCTGGGTGCCTTTTCGAACTCTCTTACGA

PCR for RNAi1

LHP1 RNAi2_F2

GGGGACAAGTTTGTACAAAAAAGCAGGCTCTGAGAAATCTGACTCTTCTACG

PCR for RNA2

LHP1 RNAi2_R2

GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTCTCATTGTCAATCAAACGAAC

PCR for RNA2

LHP1 RNAi3_F3

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGACATCACGAAGATACTTAAACC

PCR for RNAi3

LHP1 RNAi3_R3

GGGGACCACTTTGTACAAGAAAGCTGGGTGCTAGAATAAAGAAGCCATCTAATC

PCR for RNAi3

attL1

TCGCGTTAACGCTAGCATGGATCTC

Cloning

attL2

GTAACATCAGAGATTTTGAGACAC

Cloning

MAV04

AGCTTTGGCCTTTCCTCT TGC

Cloning

MAV05

CGATTGTACTTGAGATGTTGCT

Cloning

PDK-pHELLSGATE

CTTCGTCTTACACATCACTTGTCA

Cloning

CAT-pHELLSGATE

GATGATAACTGCAGCGCAAG

Cloning

FRAG1-LHP1pOpOFF2

CCTACGGAGGATGGAGATGA

Cloning

FRAG2-LHP1pOpOFF2

AGCCTTCCTGACATTCCTGA

Cloning

FRAG3-LHP1pOpOFF2

CCAGGAAGTGTTGGTGACCT

Cloning

Supplemental table 3: Primer list for the constructs of the transgenic lines.
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Name
CDF-F1
CDF-R1
CDF-F2
CDF-R2
SPL-F1
SPL9-R1
SPL-F2
SPL9-R2
FT-F1
FT-R1
FT-F2
FT-R2
FT-F3
FT-R3
FT-F4
FT-R4
MAF5-F1
MAF5-R1
MAF5-F2
MAF5-R2
MAF5-F3
MAF5-R3
MAF5-F4
MAF5-R4
MAF5-F5
MAF5-R5
MAF5-F6
MAF5-R6
MAF5-F7
MAF5-R7
MAF5-F8
MAF5-R8
MAF5-F9
MAF5-R9
MAF5-F10
MAF5-R10
CDF4-F1
CDF4-R1
MIR156C-F1
MIR156C-R1
FUL-F1
FUL-R1
SPL9-F1
SPL9-R1
MAF5-01
MAF5-02
AG-01
AG-02
SVP-F
SVP-R

Sequences (5' to 3')
TACCCCCAACAAACTTTGGA
ACGGCTATTGTGGCTTCTTG
TGCATTAGTATAGTGGCGTGTG
TGGAATAACACAACAACCGACT
TCTTTCAGTGGAGGGCTCAT
CCACTTGGCACCTTGGTATC
ACCCAAAACAGTCAAAATCAGG
TCCATGTTGGTTTCCTCTTACTC
TGTTGGAGACGTTCTTGATCC
CCTGAGGTCTTCTCCACCAA
CCACGCTTTCCTTTTCTCTG
TGCAAGAAGTTGGTGGAAAA
CCTTTTGCTTTCTTGATTTCTTTG
TGAGGGTTGCTAGGACTTGG
GATCTACAATCTCGGCCTTCC
GCATCATCACCGTTCGTTACT

Application
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR and RT-QPCR
ChIP-QPCR and RT-QPCR
ChIP-QPCR
ChIP-QPCR
ChIP-QPCR and RT-QPCR
ChIP-QPCR and RT-QPCR
ChIP-QPCR
GGATTGTGCTAGAAAACAACTGG
ChIP-QPCR
AACTGGTCGGAGATCCTGAA
ChIP-QPCR
GTGAAGCCATGGGAAGAAGA
ChIP-QPCR
GACGGAGGATCCACAGAGAA
ChIP-QPCR
CCGGCAAACTCTACAACTCC
ChIP-QPCR
ATTCGAAGGGGGCAAAAA
ChIP-QPCR
CACGTGGTGGTAATCCGTAA
ChIP-QPCR
CACCCAAGGTGCATTGAACT
ChIP-QPCR
GACCTAAAGGCGCCATCATA
ChIP-QPCR
GCCAAATTGGACAACTGAAAA
ChIP-QPCR
GCATGGCCAAGATCATCAGT
ChIP-QPCR
CCATGCCAGGGACTAGATTG
ChIP-QPCR
GGGATCGGCGTAGAGTTCTT
ChIP-QPCR
TGCGTTTCCAAGAGACGTAA
ChIP-QPCR
ACGTCTCTTGGAAACGCAAG
ChIP-QPCR
ACGAAGAGGGGAAAGGATCT
ChIP-QPCR
CCGAATTGTGACGAGGATTT
ChIP-QPCR
CCTCGCTAGCTAGAACCTTGTT
ChIP-QPCR
CATCAACGGCTGATTTTTCA
ChIP-QPCR
CAGGGGGAGAAGAGGATTTT
RT-QPCR
GATGCAAGAGCATGGAGACA
RT-QPCR
CATACCAACCACGACACGAC
RT-QPCR
GATGAGGGAGTTTTGGGACA
RT-QPCR
CAGTGAGCACGCAAGAGAAG
RT-QPCR
CGTCCTACCACTACGAACGAG
RT-QPCR
ACGTCTCGACAACGGAGTTC
RT-QPCR
TGGCAGATCAATCCAATGAA
RT-QPCR
GAGTCGCCAATTCCCTTGTA
RT-QPCR
GGAAACAGGGGATGAAAGAGC A
RT-QPCR
TGCAGGGGGAGAAGAGGATTT
RT-QPCR
ATCTCAACCGTTTGATTCACG
RT-QPCR
CACTAACTGAGAGCGGTTTG
CAAGGACTTGACATTGAAGAGCTTCA RT-QPCR
RT-QPCR
CTGATCTCACTCATAATCTTGTCAC

Supplemental table 4: Primer list for RT-QPCR and ChIP-QPCR experiments.

Chapter 5

220

References
Bernstein, B.E. et al. (2006). A Bivalent Chromatin Structure Marks Key
Developmental Genes in Embryonic Stem Cells. Cell 125: 315–326.
Bratzel, F., López-Torrejón, G., Koch, M., Del Pozo, J.C., and Calonje, M. (2010).
Keeping cell identity in arabidopsis requires PRC1 RING-finger homologs that
catalyze H2A monoubiquitination. Curr. Biol. 20: 1853–1859.
Calonje, M., Sanchez, R., Chen, L., and Sung, Z.R. (2008). EMBRYONIC FLOWER1
participates in polycomb group-mediated AG gene silencing in Arabidopsis. Plant
Cell 20: 277–291.
Craft, J., Samalova, M., Baroux, C., Townley, H., Martinez, A., Jepson, I., Tsiantis,
M., and Moore, I. (2005). New pOp/LhG4 vectors for stringent glucocorticoiddependent transgene expression in Arabidopsis. Plant J. 41: 899–918.
Cui, H. and Benfey, P.N. (2009). Interplay between SCARECROW, GA and LIKE
HETEROCHROMATIN PROTEIN 1 in ground tissue patterning in the Arabidopsis
root. Plant J. 58: 1016–1027.
Deal, R.B. and Henikoff, S. (2010). A simple method for gene expression and chromatin
profiling of individual cell types within a tissue. Dev. Cell 18: 1030–1040.
Deng, W., Buzas, D.M., Ying, H., Robertson, M., Taylor, J., Peacock, W.J., Dennis,
E.S., and Helliwell, C. (2013). Arabidopsis Polycomb Repressive Complex 2
binding sites contain putative GAGA factor binding motifs within coding regions of
genes. BMC Genomics 14: 593.
Derkacheva, M. and Hennig, L. (2014). Variations on a theme: Polycomb group
proteins in plants. J. Exp. Bot. 65: 2769–2784.
Derkacheva, M., Steinbach, Y., Wildhaber, T., Mozgová, I., Mahrez, W., Nanni, P.,
Bischof, S., Gruissem, W., and Hennig, L. (2013). Arabidopsis MSI1 connects
LHP1 to PRC2 complexes. EMBO J. 32: 2073–85.
Eissenberg, J.C., Morris, G.D., Reuter, G., and Hartnett, T. (1992). The
heterochromatin-associated protein HP-1 is an essential protein in Drosophila with
dosage-dependent effects on position-effect variegation. Genetics 131: 345–352.
Festenstein, R., Sharghi-Namini, S., Fox, M., Roderick, K., Tolaini, M., Norton, T.,
Saveliev, a, Kioussis, D., and Singh, P. (1999). Heterochromatin protein 1
modifies mammalian PEV in a dose- and chromosomal-context-dependent manner.
Nat. Genet. 23: 457–61.
Förderer, A., Zhou, Y., and Turck, F. (2016). The age of multiplexity: Recruitment
and interactions of Polycomb complexes in plants. Curr. Opin. Plant Biol. 29: 169–
178.

Alteration of LHP1 dosage and its impacts
on gene regulation and chromatin marks

221
Gaudin, V., Libault, M., Pouteau, S., Juul, T., Zhao, G., Lefebvre, D., and
Grandjean, O. (2001). Mutations in LIKE HETEROCHROMATIN PROTEIN 1
affect flowering time and plant architecture in Arabidopsis. Development 128:
4847–58.
Grewal, S.I.S. and Jia, S. (2007). Heterochromatin revisited. Nat. Rev. Genet. 8: 35–46.
Hecker, A., Brand, L.H., Peter, S., Simoncello, N., Kilian, J., Harter, K., Gaudin, V.,
and Wanke, D. (2015). The Arabidopsis GAGA-Binding Factor BASIC
PENTACYSTEINE6 Recruits the POLYCOMB-REPRESSIVE COMPLEX1
Component LIKE HETEROCHROMATIN PROTEIN1 to GAGA DNA Motifs.
Plant Physiol. 168: 1013–24.
Jiang, D., Wang, Y., Wang, Y., and He, Y. (2008). Repression of FLOWERING
LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive
Complex 2 Components. PLoS One 3.
Kerschen, A., Napoli, C.A., Jorgensen, R.A., and Müller, A.E. (2004). Effectiveness
of RNA interference in transgenic plants. FEBS Lett. 566: 223–228.
Kleinmanns, J.A. and Schubert, D. (2014). Polycomb and Trithorax group proteinmediated control of stress responses in plants. Biol. Chem. 395: 1291–1300.
Kotake, T., Takada, S., Nakahigashi, K., Ohto, M., and Goto, K. (2003). Arabidopsis
TERMINAL FLOWER 2 gene encodes a heterochromatin protein 1 homolog and
represses both FLOWERING LOCUS T to regulate flowering time and several
floral homeotic genes. Plant Cell Physiol. 44: 555–64.
Kwon, S.H. and Workman, J.L. (2008). Minireview The Heterochromatin Protein 1
( HP1 ) Family : Put Away a Bias toward HP1.: 217–227.
Larsson, A., Landberg, K., and Meeks-Wagner, D. (1998). The TERMINAL
FLOWER2 (TFL2) Gene Controls the Reproductive Transition and Meristem
Identity in Arabidopsis thaliana. Genetics 149: 597–605.
Latrasse, D. et al. (2011). Control of flowering and cell fate by LIF2, an RNA binding
partner of the polycomb complex component LHP1. PLoS One 6: e16592.
Li, L., Li, X., Liu, Y., and Liu, H. (2016). Flowering responses to light and temperature.
Sci. China Life Sci. 59: 403–408.
Libault, M., Tessadori, F., Germann, S., Snijder, B., Fransz, P., and Gaudin, V.
(2005). The Arabidopsis LHP1 protein is a component of euchromatin. Planta 222:
910–25.
Liu, C., Xi, W., Shen, L., Tan, C., and Yu, H. (2009). Regulation of Floral Patterning
by Flowering Time Genes. Dev. Cell 16: 711–722.
Meier, K. and Brehm, A. (2014). Chromatin regulation: How complex does it get?
Epigenetics 9: 1485–1495.
Merini, W. and Calonje, M. (2015). PRC1 is taking the lead in PcG repression. Plant J.:
n/a-n/a.

Chapter 5

222
Molitor, A., Latrasse, D., Zytnicki, M., Andrey, P., Houba-Hérin, N., Hachet, M.,
Battail, C., Del Prete, S., Alberti, A., Quesneville, H., and Gaudin, V. (2016).
The Arabidopsis hnRNP-Q Protein LIF2 and the PRC1 subunit LHP1 function in
concert to regulate the transcription of stress-responsive genes. Plant Cell:
tpc.00244.2016.
Molitor, A. and Shen, W.H. (2013). The Polycomb Complex PRC1: Composition and
Function in Plants. J. Genet. Genomics 40: 231–238.
Nakahigashi, K., Jasencakova, Z., Schubert, I., and Goto, K. (2005). The Arabidopsis
heterochromatin protein1 homolog (TERMINAL FLOWER2) silences genes within
the euchromatic region but not genes positioned in heterochromatin. Plant Cell
Physiol. 46: 1747–56.
Nishibuchi, G., Machida, S., Osakabe, A., Murakoshi, H., Hiragami-Hamada, K.,
Nakagawa, R., Fischle, W., Nishimura, Y., Kurumizaka, H., Tagami, H., and
Nakayama, J. ichi (2014). N-terminal phosphorylation of HP1α increases its
nucleosome-binding specificity. Nucleic Acids Res. 42: 12498–12511.
Del Prete, S., Mikulski, P., Schubert, D., and Gaudin, V. (2015). One, two, three:
Polycomb proteins hit all dimensions of gene regulation. Genes (Basel). 6: 520–542.
Pu, L. and Sung, Z.R. (2015). PcG and trxG in plants – friends or foes. Trends Genet.:
1–11.
Roudier, F. et al. (2011). Integrative epigenomic mapping defines four main chromatin
states in Arabidopsis. EMBO J. 30: 1928–1938.
Le Roux, C., Del Prete, S., Boutet-Mercey, S., Perreau, F., Balagué, C., Roby, D.,
Fagard, M., and Gaudin, V. (2014). The hnRNP-Q protein LIF2 participates in the
plant immune response. PLoS One 9.
Saleh, A., Al-Abdallat, A., Ndamukong, I., Alvarez-Venegas, R., and Avramova, Z.
(2007). The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste
(CLF) establish “bivalent chromatin marks” at the silent AGAMOUS locus. Nucleic
Acids Res. 35: 6290–6296.
Sanchez-Pulido, L., Devos, D., Sung, Z.R., and Calonje, M. (2008). RAWUL: a new
ubiquitin-like domain in PRC1 ring finger proteins that unveils putative plant and
worm PRC1 orthologs. BMC Genomics 9: 308.
Schubert, D., Primavesi, L., Bishopp, A., Roberts, G., Doonan, J., Jenuwein, T., and
Goodrich, J. (2006). Silencing by plant Polycomb‐group genes requires dispersed
trimethylation of histone H3 at lysine 27. EMBO J. 25: 4638–4649.
Sequeira-Mendes, J., Aragüez, I., Peiró, R., Mendez-Giraldez, R., Zhang, X.,
Jacobsen, S.E., Bastolla, U., and Gutierrez, C. (2014). The Functional
Topography of the Arabidopsis Genome Is Organized in a Reduced Number of
Linear Motifs of Chromatin States. Plant Cell 26: 2351–2366.
Simon, J. a. and Kingston, R.E. (2013). Occupying Chromatin: Polycomb Mechanisms
for Getting to Genomic Targets, Stopping Transcriptional Traffic, and Staying Put.
Mol. Cell 49: 808–824.
Alteration of LHP1 dosage and its impacts
on gene regulation and chromatin marks

223
Sung, S., He, Y., Eshoo, T.W., Tamada, Y., Johnson, L., Nakahigashi, K., Goto, K.,
Jacobsen, S.E., and Amasino, R.M. (2006). Epigenetic maintenance of the
vernalized state in Arabidopsis thaliana requires LIKE HETEROCHROMATIN
PROTEIN 1. Nat. Genet. 38: 706–10.
Tadeo, X., Wang, J., Kallgren, S.P., Liu, J., Reddy, B.D., Qiao, F., and Jia, S. (2013).
Elimination of shelterin components bypasses RNAi for pericentric heterochromatin
assembly. Genes Dev. 27: 2489–2499.
Tamaru, H. (2010). Confining euchromatin/heterochromatin territory: Jumonji crosses
the line. Genes Dev. 24: 1465–1478.
Timms, R.T., Tchasovnikarova, I.A., and Lehner, P.J. (2016). Position-effect
variegation revisited: HUSHing up heterochromatin in human cells. BioEssays:
333–343.
Turck, F., Roudier, F., Farrona, S., Martin-Magniette, M.-L., Guillaume, E.,
Buisine, N., Gagnot, S., Martienssen, R. a, Coupland, G., and Colot, V. (2007).
Arabidopsis TFL2/LHP1 specifically associates with genes marked by
trimethylation of histone H3 lysine 27. PLoS Genet. 3: e86.
Vaquero-Sedas, M.I., Luo, C., and Vega-Palas, M.A. (2012). Analysis of the
epigenetic status of telomeres by using ChIP-seq data. Nucleic Acids Res. 40: 34–
39.
Vrbsky, J., Akimcheva, S., Watson, J.M., Turner, T.L., Daxinger, L., Vyskot, B.,
Aufsatz, W., and Riha, K. (2010). siRNA-mediated methylation of Arabidopsis
Telomeres. PLoS Genet. 6: 1–12.
Wang, H., Liu, C., Cheng, J., Liu, J., Zhang, L., He, C., Shen, W.H., Jin, H., Xu, L.,
and Zhang, Y. (2016). Arabidopsis Flower and Embryo Developmental Genes are
Repressed in Seedlings by Different Combinations of Polycomb Group Proteins in
Association with Distinct Sets of Cis-regulatory Elements. PLoS Genet. 12: 1–25.
Wang, J., Lawry, S.T., Cohen, A.L., and Jia, S. (2014). Chromosome boundary
elements and regulation of heterochromatin spreading. Cell. Mol. Life Sci. 71:
4841–4852.
Xu, L. and Shen, W.-H. (2008). Polycomb silencing of KNOX genes confines shoot
stem cell niches in Arabidopsis. Curr. Biol. 18: 1966–71.
Yang, C., Bratzel, F., Hohmann, N., Koch, M., Turck, F., and Calonje, M. (2013).
VAL-and AtBMI1-Mediated H2Aub initiate the switch from embryonic to
postgerminative growth in arabidopsis. Curr. Biol. 23: 1324–1329.
Zhang, X., Germann, S., Blus, B.J., Khorasanizadeh, S., Gaudin, V., and Jacobsen,
S.E. (2007). The Arabidopsis LHP1 protein colocalizes with histone H3 Lys27
trimethylation. Nat. Struct. Mol. Biol. 14: 869–71.
Zhou, Y., Hartwig, B., Velikkakam James, G., Schneeberger, K., and Turck, F.
(2015). Complementary activities of TELOMERE REPEAT BINDING proteins
and Polycomb Group complexes in transcriptional regulation of target genes. Plant
Cell 28: TPC2015-00787-RA.
Chapter 5

Chapter 6
Molecular Determinants of the 3D
Nuclear Organization in Arabidopsis

Javier Arpona, Kaori Sakaia, Stefania Del Pretea,b,
Philippe Andreya, Valérie Gaudina

Author affiliations
a

Institut Jean-Pierre Bourgin, INRA, AgroParisTech, CNRS, Université ParisSaclay, F-78000 Versailles, France
b
Department of Plant Development and (Epi)Genetics, Swammerdam Institute
for Life Sciences, University of Amsterdam, Amsterdam, the Netherlands

This chapter is part of a paper in preparation.

226

Abstract
The interphase cell nucleus is a dynamic organelle in terms of size, shape,
composition and spatial organisation. Despite impacts on gene regulation, the
mechanisms and the molecular determinants controlling the tridimensional
nuclear organisation are still elusive. Here we searched for determinants involved
in the heterochromatin distribution in the plant model Arabidopsis thaliana. We
used confocal microscopy coupled with innovative 3D spatial statistical tools and
a reverse genetic approach with three candidates proteins, CRWN1, CRWN2 and
KAKU1, located at the periphery of the cell nucleus and involved in nuclear
shape. The crwn1 and crwn2 mutations affect constitutive heterochromatin
features and impact the spatial positioning of chromocenters relative to each
other, whereas kaku1 mutations predominantly impact nuclear shape in
mesophyll cells, but not the spatial distribution of chromocenters
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Introduction
In eukaryotes, the cell nucleus is a specialized and well-organized organelle
(i) ensuring the critical genome keeper function; (ii) hosting the functions
involved in cellular responses and (iii) involved in a dynamic transmission of the
genome throughout the cell cycle. Beyond the historical partitioning of the
genome into euchromatic and heterochromatic compartments (Heitz, 1929) and
chromosome territories (Boveri, 1909; Cremer and Cremer, 2010), the
development of 3C-derivative technologies has revealed that the nuclear genome
is compartmentalized into topological chromatin units, which are based on
spatial proximity or interactions with non-DNA nuclear structures (Dixon et al.,
2016; Gonzalez-Sandoval and Gasser, 2016; Sati and Cavalli, 2016). For
instance, topologically associated domains (TADs), lamina-associated domains
(LADs) (Pickersgill et al., 2006; Guelen et al., 2008), nucleolus-associated
chromatin domains NADs (Nemeth et al., 2010; van Koningsbruggen et al.,
2010; Pontvianne et al., 2016), and more recently, pericentromere-associated
domains (PADs) (Wijchers et al., 2015) have been reported. Most of them are
largely invariant and conserved among the different cell types (i.e. TADs)
(Dixon et al., 2016), while some have a tendency to be constitutive (i.e. LADs,
PADs) (Meuleman et al., 2013), for others cell-type specificities have been
reported (i.e. LADs, PADs) (Wijchers et al., 2015). These recent data question (i)
the relationship between the genome scaffolding and its biological functions, (ii)
the organization of the genome in the 3-dimensional (3D) space of the interphase
cell nucleus, and (iii) the molecular actors involved in this process. Furthermore,
the interphase cell nucleus is a dynamic and plastic organelle, in terms of shape,
size, composition, and even, positioning in the cellular volume (Tamura et al.,
2013; Del Prete et al., 2014), thus questions about the mechanism behind the
dynamics of its organization are arising.
The rules governing the genome organization in the 3D nuclear space have
been investigated but remain elusive. Radial and conserved positioning of
chromosomes were described in human and primate nuclei (Tanabe et al., 2002;
Cremer and Cremer, 2010). In plants a frequent pairwise association of
chromosome arms has been documented in A. thaliana triploid endosperm nuclei
(Baroux et al., 2016), whereas a random arrangement of chromosome territories
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(CTs) was observed in Arabidopsis somatic cell nuclei (Pecinka et al., 2004;
Schubert et al., 2012). At a smaller scale, the spatial patterning of chromocenters
(CCs), which is a constitutive heterochromatic compartments visible by DAPI
staining and mainly enriched in centromeric DNA repeats and pericentromeric
regions, was described as more regular than under a completely random model,
suggesting an underlying organization (Andrey et al., 2010). Recently, it was
shown that during mouse cell differentiation, regions associated with the
pericentromeric satellites increasingly overlap with LADs, suggesting a
displacement towards the repressive nuclear peripheral compartment (Wijchers
et al., 2015). This observation is in agreement with a bunch of data suggesting
that the nuclear periphery has a repressive role. The 3D nuclear landscape indeed
impacts the transcriptional gene activity. For instance, the oscillation of the
transcriptional status of clock-regulated genes seems to correlate with their
movement towards the nuclear periphery (Aguilar-Arnal et al., 2013; Zhao et al.,
2015). During vernalization, the cold exposure required by some plant species in
order to flower, the transcriptional repression of the flowering repressor
FLOWERING LOCUS C (FLC) by Polycomb proteins is associated with a
clustering of the FLC loci in the nuclear space (Rosa et al., 2013).
The nucleus is delineated by the nuclear envelope (NE) and by a filamentous
protein network located to the inner surface of the NE, the lamina. On the outer
surface of the NE, the cytoskeleton interacts with NE-associated proteins, some
of which are connected with the lamina, thus forming an intricate protein
network between the outside and the inside of the nucleus (Ciska and Moreno
Diaz de la Espina, 2014). The nuclear periphery (NP) plays important roles in the
mechanical properties of the nucleus and in cell migration. It mediates responses
to cellular stress and is also involved in the exchange with the outside of the
nucleus. Furthermore, NP-associated proteins participate to the control of nuclear
size and morphology both in animals and plants. In Arabidopsis thaliana,
mutations in components of the linker of nucleoskeleton and cytoskeleton
(LINC) complex (Gruenbaum and Medalia, 2015; Tamura et al., 2015; Zhou et
al., 2015) or in the Nuclear Matrix Constituent Protein1 (NMCP1) (Ciska and
Moreno, 2013) family affect nuclear morphology. The four A. thaliana
CROWDED NUCLEI proteins (originally named LITTLE NUCLEI, LINC) are
coiled-coil proteins belonging to NMCP family. The CRWN proteins play
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crucial role in nuclear morphology and organization although having a different
localization (Masuda et al., 1997; Dittmer et al., 2007; Ciska and Moreno, 2013;
Wang et al., 2013). CRWN1/LINC1 and CRWN4 are mainly located at the
nuclear periphery, and some interaction between CRWN1 and components of the
LINC complex were reported at the nuclear envelope, but small CRWN1 and
CRWN4 nucleoplasmic fractions were also reported, according to cell types
(Sakamoto and Takagi, 2013; Graumann, 2014; Zhao et al., 2016). CRWN2 and
CRWN3 are mainly localized in the nucleoplasm (Sakamoto and Takagi, 2013).
Plant nuclear envelope-associated proteins (NEAP), interacting with LINC
components, have been recently identified, which also participate to nuclear
morphology (Pawar et al., 2016). Finally, KAKU1 is a plant-specific class-XI
myosin phylogenetically distant from the other members of this family, located
at the nuclear periphery, which also controls nuclear shape and organization
(Tamura et al., 2013; Haraguchi et al., 2016). To which extend the genome
organization is impacted in mutants with altered nuclear size and morphology
remains to be established to further decipher the interplay between the 3D space
and the plant genome organization.
Here, we thus investigated the relationship between the cell nuclear
morphology and the genome organization by focusing on the Arabidopsis
constitutive heterochromatin compartment, which is a structural, dynamic and
functional compartment (Del Prete et al., 2014). Indeed, the Arabidopsis
chromocenters serve as anchorage sites for chromatin loops in a rosette model
(Fransz et al., 2002) and studies have reported that these structures vary in size,
shape, number or compaction depending on cell differentiation and various
developmental and environmental cues (Del Prete et al., 2014). Since the
components of the nuclear periphery largely impact nuclear morphology, we
extensively characterized the 3D nuclear organizations of the CCs in crwn1,
crwn2, crwn1 crwn2 and kaku1 mutants using 3D image analyses, spatial
statistics and modelling approaches. Morphological parameters of the cell
nucleus obtained in 3D in the different genetic backgrounds were compared to
wild-type nuclei and discussed relatively to previous 2D studies. The CC
distributions were characterized by using four spatial descriptors in the different
mutant backgrounds and allowed to identify some critical molecular
determinants. We show that the loss-of-function of CRWN proteins family
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determines a large-scale remodelling of the 3D nuclear landscape wherease for
kaku1 mutant the main change was detected on nuclear shape.

Results
The crwn1 and crwn2 mutations have globally similar and
additive effects on 3D nuclear size and shape
The nuclear morphology is sensitive to various cellular parameters such as
cell type, cell differentiation and developmental stage of plants. To minimize
possible developmental effects on the nuclear morphology and get a population
of nuclei as homogeneous as possible, we analysed mesophyll cell nuclei from
rosette leaves of plants after bolting. This choice allowed us to get observations
independently of the differences in flowering time between wild-type and mutant
plants. We performed cryosections to identify cell types and performed confocal
microscopy image acquisition on a quite homogeneous cell nuclei population.
From the quantification of the nuclear size in 3D we observed that the nuclear
volume of crwn1 and crwn2 was similar, but significantly reduced compared to
the wild-type plants (Figure 1A). Furthermore, the nuclear volume in the double
mutant crwn1 crwn2 was significantly smaller compared with each of the single
mutants (Figure 1A). Interestingly, a reduced variability in the nuclear size was
observed in the single and double mutants compared to the control line. Overall,
our 3D size analysis was in agreement with a previous report based on 2D area
measurements (Dittmer et al., 2007). However, different studies also reported
absence of size alteration in crwn2 nuclei (Sakamoto and Takagi, 2013; Wang et
al., 2013). The discrepancy between our results with these last two studies may
be due to the use of 3D versus 2D approaches, but also on the different biological
material used.
To evaluate the impact of the crwn1 and crwn2 mutations on nuclear shape,
we measured the nuclear sphericity defined as a normalized measure of the
similarity between an arbitrary 3D shape and a perfect sphere. All mutants
presented an increased nuclear sphericity, but at varying degrees (Figure 1B).
The smallest increase was observed in crwn2 while the largest in crwn1 crwn2,
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Figure 1: Morphology of mesophyll cell nuclei in crwn1 and crwn2 single and double
mutants.
A) DAPI-stained nuclei in wild-type plants and crwn1, crwn2, and crwn1 crwn2 mutants. The
images show maximum intensity projections of 3D confocal image stacks. Scale bar, 5 µm.
B) Distributions of nuclear size and shape parameters in the four genotypes. Wilcoxon test used to
analyse the differences between wild-type and mutants lines. ns, p > 0.05; *, p < 0.05; **, p < 0.01;
***, p < 0.001.

suggesting additive effects on nuclear shape of the crwn1 and crwn2 mutations,
as observed for nuclear size. The 3D shapes of these mutants were in agreement
with previous reports, which measured the 2D circularity (Dittmer et al., 2007;
Wang et al., 2013).
We then examined whether the observed changes in nuclear shape and size
were accompanied by other morphological alterations. We computed for each
nucleus the length of the three main axes of the equivalent inertia ellipsoid. The
three mutants exhibited a marked reduction in the length of the major (i.e.,
longest) and intermediate (second longest) axes, with an increased homogeneity
in the distribution of these two parameters (Figure 1B). There was no difference
between the two single mutants but the lengths of the major and intermediate
axes were smaller in the double compared to the single mutants, thus strongly
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supporting the hypothesis that the two single mutations had additive effects on
nuclear size. Only crwn1 nuclei presented a significantly altered minor axis
length, which was larger compared to the wild-type nuclei. Overall, the global
reduction of the first two axis lengths and the unchanged or increased length of
the minor axis suggested that the observed increased sphericity was at least
partially due to changes in the global shape of crwn nuclei.

The crwn1 and crwn2 mutations affect constitutive
heterochromatin features
To quantify the impact of the crwn mutations on constitutive
heterochromatin, we measured the number of chromocenters (CCs). There was
no significant alteration of the CCs number per nucleus in the crwn1 mutant
compared to wild type plants but this number decreased in the crwn2 mutant and
dropped even more in the crwn1 crwn2 mutant (Figure 2A). However, the
density (average number of chromocenters per nuclear volume unit) was actually
increased in the three mutants (Figure 2B). This result suggested that,
proportionally to nuclear volume, there was more chromocenters in the mutants
than in the wild-type plants, a counter-intuitive result given the reduction in the
raw number of chromocenters (Figure 2A; (Wang et al., 2013)). In addition, we
found that the CC density increased to a comparable level in the three mutants
(two-sided Wilcoxon test: crwn1 vs. crwn2: P=0.38; crwn1 vs. crwn1 crwn2:
P=0.16; crwn2 vs. crwn1 crwn2: P=0.73). Thus, these mutants shared a common
proportionality law between nuclear volume and the absolute number of
chromocenters.
We next quantified the nuclear space occupied by the constitutive
heterochromatin fraction. The two single mutants exhibited pronounced opposite
differences compared to the wild-type plants in the volume of individual
chromocenters, with an increase in crwn1 and a decrease in crwn2 (Figure 2C).
Normalizing chromocenter volume by nuclear volume abolished the difference
observed between wild-type and crwn2 plants, suggesting that chromocenter size
was strongly correlated to nuclear size in crwn2 (Figure 2D). In the double
mutant, the reduction of the absolute chromocenter volume was less pronounced
than in crwn2, and the increase of relative size was similar to that in crwn1,
possibly suggesting an additive effect of the two single mutations on
Molecular determinants of the 3D nuclear organization in Arabidopsis
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chromocenter size. We then examined the proportion of total nucleus intensity in
chromocenters, intensity heterochromatin fraction (IRHF). The IRHF was
significantly higher in crwn1 compared to wild-type (Figure 2E), in agreement
with having similar numbers of chromocenters, but larger, and in smaller nuclei.
By contrast, the IRHF was smaller in crwn2 compared to the wild-type, again
a consistent result with having a smaller number of chromocenters with an
unaltered relative individual volume. Both effects were cancelled in the double
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mutant, for which there was no IRHF difference to wild-type plants. The same
results were observed when computing the relative heterochromatin fraction by
weighting voxels by their intensities. Overall, these results point to strong effect
of the single mutations on different heterochromatin features, leading to opposite
variations in the relative amounts of heterochromatin.

crwn1 and crwn2 impact the relative positioning of
chromocenters in the nuclear space
Given the large and diverse changes that we observed in the crwn mutants,
we questioned whether the spatial organization of heterochromatin was also
affected. We compared the spatial patterns of chromocenters observed in each
genotype to expectations under a completely random distribution model. This
was achieved by virtually randomizing, for each nucleus, the chromocenter
positions within its corresponding nuclear shape. Comparisons between observed
and randomized patterns were performed using spatial descriptors based on
distance measurements. The variations between nuclei morphology and
heterochromatin features were taken into account by computing a Spatial
Distribution Index (SDI) for each nucleus and each descriptor. The SDI is a
normalized measure that quantifies the agreement between an observed
chromocenter pattern and the random model (Andrey et al., 2010).
We first compared observed chromocenter patterns to a completely random
model of chromocenter distribution by measuring empty spaces between
chromocenters. To this end, we measured the F-function, the cumulative
distribution function of the distance between arbitrary nuclear position and the
nearest chromocenter. In wild-type nuclei, the distribution of the F-based SDI
was concentrated towards 0 (Figure 3A), meaning that empty spaces between
chromocenters tended to be smaller than expected under a completely random
distribution. This showed that chromocenters in mesophyll cells had a more
regular spatial distribution as compared with complete randomness, in agreement
with our previous results on isolated leaf cell nuclei (Andrey et al., 2010). While
the same trend was observed in the crwn1 mutant, there was no difference in the
observed F-SDI distribution and the distribution expected under a completely
random organization in crwn2, revealing an unaltered spatial distribution of
Molecular determinants of the 3D nuclear organization in Arabidopsis
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completely random organization of the chromocenters.

chromocenters compared to wild-type nuclei. In the crwn1 crwn2 mutant, the
distribution of the F-SDI was slightly shifted towards 1, suggesting a reversed
trend in this spatial organization with a tendency towards chromocenters
clustering.
Next, we used the G-function, which is the cumulative distribution function
of the distance between each chromocenter and its closest neighbour, to further
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validate these results. The G-based SDI distribution (Figure 3B) confirmed a
more regular organization of chromocenters compared to complete randomness
in both wild-type and crwn1 nuclei. As opposed to F-SDI results, the G-SDI
analysis revealed that there was a significant difference between the
chromocenter distribution in crwn2 and complete randomness. Chromocenters in
this mutant exhibited a trend towards regularity as in Col-0 and crwn1 genotypes.
In the crwn1 crwn2 mutant, the G-SDI distribution showed smaller distances to
the nearest chromocenter compared to complete randomness, confirming the
tendency towards clustering of chromocenters, contrary to the wild-type plants.
Both the F- and the G- functions are descriptors that provide a local scale
quantification of spatial organizations. To determine whether there were also
alterations at global scale in the spatial distribution of chromocenters, we
compared observed patterns to model expectations using the H-function, the
cumulative distribution function of all inter-distances between chromocenters
(Figure 3C). In the wild-type plants as in all three mutants, the H-based SDI was
condensed towards 1, corresponding to larger inter-distances between
chromocenters compared to complete randomness. As opposed to the results
obtained with the local descriptors, nuclei in the double mutant showed the same
trend than wild-type nuclei, suggesting that alterations in the spatial distribution
of chromocenters in the crwn1 crwn2 mutant were at a local scale and did not
affect the large-scale organization.
Since the SDI is structurally equivalent to a p-value, it may potentially be
affected by variations in the number of objects in the analysed patterns.
Therefore, we examined to what extent differences in SDI distributions between
wild-type and mutant nuclei could result from observed differences in the
numbers of chromocenters, since crwn1 crwn2 had a much reduced number of
chromocenters (Figure 2A). We re-ran the spatial analyses after removing two
randomly selected chromocenters in Col-0 and crwn1 nuclei and one
chromocenter in crwn2 nuclei. The number of chromocenters removed
corresponded to the observed average differences between the selected line and
the double mutant (Figure 2A). The obtained SDI distributions were affected to
various extents but their relative positions compared with the random model
were not altered (Figure 3 and Figure 4D, dotted lines). The distributions in the
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wild-type plants and in the single mutants were still markedly distinct from the
distribution observed in the crwn1 crwn2 mutant. We concluded that the
observed SDI distributions in crwn1 crwn2 nuclei were unlikely to result from
differences in the number of chromocenters.

crwn1 and crwn2 impact the distance between the
chromocenters and the nuclear periphery
Due to the localisation of CRWN1 at the nuclear periphery, we examined
whether the changes observed at the local scale in the distribution of
chromocenters could be linked with alterations in their positioning relatively to
the nuclear periphery. We thus examined the positions of chromocenters
relatively to the nuclear border. We observed that the average distance from each
chromocenter to nuclear border was significantly reduced at a comparable level
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in the two single mutants but remained unaltered in the double mutant
(Figure 4A). However, normalizing this distance by the equivalent radius of the
nucleus abolished the differences in the single mutants (Figure 4B). The spacing
between chromocenters and nuclear periphery, as measured by the surface
distance, was reduced in crwn1, unaltered in crwn2, and increased in
crwn1 crwn2 (Figure 4C). This was consistent with the observed differences in
size and in average distance to the border. Overall, these results suggested that
the CRWN1 and CRWN2 proteins have similar effects in mediating a global
scaling between nuclear volume and the distance between chromocenter’s
barycenter and nuclear periphery.
Since proximity to the periphery can occur by pure chance with a high
probability in a 3D domain, we examined the statistical significance of the
peripheral positioning of chromocenters. We used the B-function, the cumulative
distribution function of the distance between the chromocenter’s barycenter and
the nearest point at the boundary of the nucleus, and computed the B-SDI against
the completely random model. The obtained results showed that the crwn1
mutation induced a significantly more peripheral localization of chromocenters
as compared with the wild-type. On the contrary, there was no change in the
peripheral localisation of chromocenters in crwn2 and chromocenters were
significantly more internal in the double mutant (Figure 4D). Similarly to what
was observed with the F-, G-, and H-functions, the observed shifts in the B-based
SDI distributions could not result from observed differences in the numbers of
chromocenters (Figure 4D, dotted lines).

kaku1 mutations predominantly impact nuclear shape in
mesophyll cells
KAKU1 encodes a plant-specific myosin (Myosin XI-i) localised at the
nuclear periphery, with a role of linker between the nuclear membrane and the
cytoskeleton. It was shown that the SUN-WIP-WIT2-Myosin XI-i complex
influences the nuclear shape (Tamura et al., 2013). To further decipher the
determinants of 3D nuclear morphology and spatial organization of constitutive
heterochromatin, we analysed the kaku1-3 and kaku1-4 mutants. The nuclear size
was significantly increased in the kaku1-3 mutant, whereas no difference was

Molecular determinants of the 3D nuclear organization in Arabidopsis

239

300

****

C

ns

100

2

1

3

ns

ns

0.5

0

F

Intermediate axis

2

1

**
0

E

Axis length (µm)

Major axis

Axis length (µm)

Axis length (µm)

3

ns

0.25

0

D

1

0.75
200

Sphericity

B
Nucleus volume (µm3)

A

****

Minor axis

1

0.5
ns

**

***

0
Col-0

1.5

0
kaku1-3

kaku1-4

Figure 5: Nuclear morphology in the kaku1-3 and kaku1-4 mutants.
A) DAPI-stained nuclei of mesophyll cells in kaku mutants. The images show maximum intensity
projections of 3D confocal image stacks. Scale bar, 5 µm.
B) Size and shape nuclear measurements. Statistical tests used to analyse the differences between
wild-type and mutants lines. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, < 0.0001.

observed in the kaku1-4 mutant (Figure 5B). None of the two mutations altered
the 3D sphericity of the nuclei (Figure 5A). This observation was surprising
since an increased 2D circularity has been previously reported in kaku1-1 nuclei
(Tamura et al., 2013). However, local surface irregularities and invaginations had
also been reported in this mutant (Tamura et al., 2013).
Our sphericity parameter takes in consideration the shape surface and in case
of less regular surface the value decreases towards zero. Therefore, we also
quantified global shape parameters. The elongation (length ratio between the
largest and the intermediate axes) was significantly decreased in kaku1-3 and
kaku1-4 nuclei as compared to wild-type nuclei, in accordance with the
previously reported nearly spherical shape of these mutants (Tamura et al.,
2013). Analysing separately the lengths of the three principal axes revealed that
the elongation reduction resulted essentially from an increased intermediate axis
length (Figure 5E). Overall, our results suggested that KAKU1 contributes
mainly to determine the nuclear shape.
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D) Average normalized volume of chromocenters.
E) Intensity relative heterochromatin fraction.

Constitutive heterochromatin is affected in kaku1 mutants
Given the shared effects on nuclear morphology of the crwn and kaku1
mutations and the influence of CRWN1 on heterochromatin features, we next
examined whether the kaku1 mutants presented altered constitutive
heterochromatin features.
There was no difference, either in the absolute or in the relative number (density)
of chromocenters in the kaku1-4 mutant (Figure 6A-B). By contrast, the number
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The spatial distribution of chromocenters is not altered in
kaku1 mutants
We questioned whether changes in nuclear morphology and heterochromatin
were accompanied by a spatial re-organization within the nuclear space. We
compared observed chromocenter patterns in kaku1 mutants to an expected
organization under a completely random model, conditioned by the shape and
size of each nucleus and by the number and size of its chromocenters. The
kaku1-3 nuclei did not show any modification in the spatial organization of
chromocenters within the nuclear space, as revealed by the local scale analysis
provided by the F- and G-functions (Figure 7A-B) and the global scale analysis
with the H-function (Figure 7C). Similarly, analysis with the B-function showed
that the relative positioning of chromocenters to the nuclear border was not
altered (Figure 7D). In kaku1-4, the local analysis provided by the F-function
showed no difference to the random model (Figure 7A), the three other spatial
descriptors (related to local, global, and peripheral positioning) showed no
differences compared to wild-type nuclei (Figure 7B-D). We thus concluded that
KAKU1 does not contribute to the global regular and peripheral positions of
chromocenters within the nuclear space.

Discussion
An exhaustive picture of the complex nuclear landscapes in
crwn1, crwn2 and kaku1 mutants
By exploiting a confocal microscopy approach coupled with 3D
reconstructions in continuous space and integrating the natural variability
structurally present inside a cell nucleus population, we deeply analysed the
morphological nuclear parameters in the crwn1, crwn2, crwn1 crwn2 and kaku1
mutants. We confirmed results from previous studies, highlighted differences,
quantified new parameters and provided a robust framework, pointing out to the
normalisation processes required for result interpretation. For instance, whereas
the general tendency on nuclear shape and size in crwn1 and crwn1 crwn2 were
similar to previous studies, some differences were observed. Sakamoto et al.
Molecular determinants of the 3D nuclear organization in Arabidopsis
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(2013) and Wang et al. (2013) reported that the crwn2 nuclear area in root
epidermal cells, 4-week leaves or guard cells was not significantly different from
wild-type, whereas Dittmer et al. (2007) and our work highlighted that crwn2
nuclear area and volume were smaller than the ones of crwn1 and wild-type
nuclei. These discrepancies can have different origins, such as methods (2D
versus 3D) or technical cytological approaches (use of different fixative solutions
such as ethanol/acetic acid solution or paraformaldhyde). Some discrepancies
with previous published data may also come from the biological materials
analysed related to cell-type or tissue specificity, and/or growing/environmental
conditions. Our data highlight some crwn1 versus crwn2 differences, as well as
kaku1-3 versus kaku1-4, helping in the characterisation of the mutants, but also
opening questions for the underlying mechanisms.

CRWN1 and CRWN2 proteins have a large-scale impact on
3D nuclear organization
We demonstrated that crwn1 and crwn2 have an impact on nuclear size and
morphology showing smaller and more spherical nuclei and noticed enhanced
effects in the double mutant. The data suggest that CRWN1 and CRWN2 share
overlapping functions to regulate CC size, nuclear size and shape. The spatial
organizations of CCs differed in the three mutations. The crwn1 mutant
displayed a more preferential peripheral organization, with the CCs being as
“pulled to the edge”. Interestingly, the CC positioning in crwn2 did not differ
from the random model. This is the first time that a random distribution of CCs is
reported in Arabidopsis. In the double mutant the CCs tend to cluster
preferentially in the inside part of the nucleus. However, due to their smaller
nuclei, no alteration on the CCs distances to the border was detected in crwn1
crwn2. Hence, CRWN1 and CRWN2 proteins modulate the CC spatial
positioning and they may prevent the tendency of the chromocenter to aggregate.
From our data we could conclude that CRWN1 and CRWN2 proteins are
involved in a large-scale remodelling of nuclei organization. How this is
achieved remains to be established. Physical link between CRWN1 and CRWN2
and heterochromatin compartments would be interesting to investigate as well as
other parameters. For instance, chromocenter organization could also be
constrained by chromosome territories.
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Minor changes on nuclear organization driven by KAKU1
The main change in the nuclear morphology in the kaku1 mutants was an
increase in volume exhibited by kaku1-3, and a less elongated shape detected for
both mutants nuclei, in agreement with previous studies (Tamura et al., 2013;
Haraguchi et al., 2016). The data show that the lack of this outer-nuclear
membrane protein allows a modulation of nuclei shape. KAKU1 is a nucleocytoplasmic linker involved in nuclear movement through the interaction with
actin filament and has a putative role on the maintenance of the tension (Tamura
et al., 2013; Haraguchi et al., 2016). Therefore, the deformation of nuclei may
also result from an altered transfer of the cytoplasmic motor forces or tension on
the nuclei. The kaku1 mutants showed no alteration of the spatial configuration
of chromocenters suggesting that size change does not necessary lead to change
in spatial distribution of CC and thus, highlighting the specific role of CRWN in
this function.

Conclusion
In this paper we applied an implemented toolkit for image and spatial
statistical analyses, specifically designed to analyse the 3D nuclear spatial
organization with a specific focus on the nuclear morphology and the 3D intranuclear distribution of CCs. Here, using the established framework we aim to
extract organisational rules and decipher the mechanisms regulating nuclear
architecture. We bring new insight on how mutations that affect the plant nuclear
envelope impact the nuclear architecture, and thus some genetic determinants of
3D heterochromatin distribution. It seems interesting to further investigate the
link between the nuclear periphery and the global nuclear organization by testing
other compartments. The developed framework will also allow testing a larger
number of nuclear candidates to enlarge the knowledge about nuclear
organization. Furthermore, it will be interesting to use it to investigate the 3D
nuclear dynamics during developmental processes such as the floral transition, to
better understand developmental transcriptional reprogramming at the 3D
nuclear level.
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Experimental procedure
Plant materials
Arabidopsis thaliana lines used in this study were in the Columbia wild-type
background (Col-0). The crwn1-1 and crwn2-1 (formerly known as linc1-1 and
linc2-1) and kaku1-3 and kaku1-4 mutants were described by Dittmer et al.
(2007) and Tamura et al. (2013), respectively. Plantlets were grown in vitro at 20
°C, 70 % humidity, 36 µmol m-2 s-1 and under a 16 hours light / 8 hours dark
period. Rosette leaves of nodes 3 to 5 were harvested on plants at the 5.10
developmental growth stage, with an inflorescence of 1 cm high (Boyes et al.
2001). Leaves were immediately fixed in 4% paraformaldehyde in 1 x PBS
buffer (PFA), under vacuum 3 times for 1 min each, and three times for 20 min
each, on ice. Samples were then incubated overnight in PFA, at 4 °C, washed in
1 x PBS buffer and stored at 4°C until use.

Nucleus staining and imaging
To preserve the 3D nuclear architecture, we analysed nuclei in cryosections
following Tirichine et al. (2009), with the following modifications. Leaf samples
were incubated in 10% and 20% sucrose for 1 hour each, and 30% sucrose,
overnight at 4°C. After removing the excess of sucrose, samples were embedded
in Neg-50 Frozen section medium (Thermo scientific), at -30°C. Leaf sections of
20 µm were made on a Cryostar TM NX70 (Thermo scientific), placed on slides
coated with poly-L-Lysine (Thermo scientific) and stored at -20°C.
For DAPI (4'6-Diamidino-2-phenylindole) staining, slides were equilibrated
at room temperature and washed in 1 x PBS for 5 min to remove embedding
medium, then in 100% ethanol for 10 min to remove chlorophyll. After a new
wash in 1 x PBS, the sections were covered with 40 µL of 5% acrylamide mix in
1 x PBS and a coverslip. After 1 hour, coverslips were gently removed, and
slides were treated with the following successive washes: 10 min in 100%
methanol, 2 times 5 min in PBS-Tween 0.05%, 2 times 5 min in PBS, and 30
min in 0.5% PBS-Tween 20 0.5%. After a last wash in 1 x PBS, leaf sections
were stained using 5 µg/mL DAPI PBS-0.1% Triton X-100 solution for 10 min.
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Samples were then washed in 1 x PBS and mounted in VECTASHIELD antifade
mounting medium (Vector laboratories) for confocal imaging. Nuclei images
were captured on a ZEISS 710 confocal microscope equipped with a 405 nm
diode, using a PL APO X63 oil immersion objective (NA 1.4, WD 190 µm). The
3D stack images with a mean voxel resolution of 0.01 µm in the XY plane and of
0.02 µm in Z-axis were acquired. The anisotropy of voxel sizes in XY-Z was
taken into account in the spatial analysis procedures. The final processed 3D
stack images were 223 of Col-0 nuclei, 89 of crwn1, 59 of crwn2 and 91 of
crwn1 crwn2.

Image segmentation
The binary masks of the nuclei and their chromocenters were generated from
the DAPI stained 3D confocal image stacks using the methodology previously
described (Andrey et al., 2010). Each image was denoised using a 3D median
filter and binarized using Otsu's method (Otsu, 1979). The resulting 3D binary
mask of the nucleus was enhanced by filling holes and by regularizing shape
using opening and closing operations (Soille, 2003). The watershed transform
was then applied on the Gaussian gradient of the original DAPI-image to
partition the nuclear domain into homogeneous intensity regions.
Mathematical morphological operators were applied a contrast index was
computed for each regions, resulting in a specific enhancement of the regions
corresponding to chromocenters (Andrey et al., 2010). Automatic thresholding
was applied on the contrast index to automatically extract the chromocenters.
When needed, the threshold was manually corrected. A triangular surface mesh
was computed to represent the 3D envelope of each object (nucleus or
chromocenter) by applying the Marching Cubes algorithm (Lorensen and Cline,
1987) on the corresponding binary mask.

Quantitative image analysis
Morphometric measures on nuclei and chromocenters were performed on
their 3D binary masks. Object volume was estimated following the Cavalieri's
principle, multiplying the number of voxels in the object by the unit voxel
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volume. Surface area was estimated using the Crofton's formula (Lang et al.,
2001; Lehmann and Legland, 2012) to correct for discretization bias. Sphericity,
a normalized shape measure, was computed as: 36 p Volume2/Area3. This
parameter takes a maximum value of 1.0 for a sphere and decreases toward 0.0
as the shape surface becomes less regular. The lengths of the three major axes of
each object were computed from the eigenvalues of the inertia matrix of the
equivalent ellipsoid. The elongation and flatness shape parameters were
calculated. The relative quantity of constitutive heterochromatin was measured
using two parameters. The volume heterochromatin fraction, the proportion of
nuclear space occupied by chromocenters. The intensity heterochromatin
fraction, which is the proportion of total nucleus intensity in chromocenters.
Based on the triangular meshes, two measures were used to quantify the
positioning of chromocenters relatively to the nuclear border. The distance to the
border was defined as the distance between the barycenter of a chromocenter and
the nearest point on the nuclear envelope. The spacing to the border was defined
as the distance between the closest pair of points between the envelopes of the
chromocenter and of the nucleus. Statistical comparison tests between the mutant
groups and the control group were performed using the non-parametric Wilcoxon
test under the R software (R Development Core Team, 2007).

Statistical analysis of chromocenter spatial configurations
The statistical spatial analysis of chromocenter 3D distributions was
performed by comparing observed configurations to expectations under a
completely random distribution model. The model was parameterized using
observed nuclear size, nuclear shape, number and size of chromocenters. The
chromocenters were modelled as equivalent spheres with sizes set to measured
volumes on observed nuclei. Simulations generating random patterns of
chromocenters within triangular meshes were performed to estimate null
distributions under the random model. Chromocenters were prevented from
intersecting each other and from intersecting the nuclear surface. Four spatial
descriptors were used to quantify the observed and the simulated spatial
arrangements of chromocenters. The F-function, the cumulated distribution
function of the distance between an arbitrary position in the nucleus and the
nearest chromocenter. The G-function, the cumulative distribution function of
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the distance between each chromocenter and its nearest neighbour. The Hfunction, the cumulative distribution function of the distance between each
chromocenter and any other one. The B-function, the cumulative distribution
function of the distance between each chromocenter and the nuclear envelope.
For each nucleus, 99 random patterns were simulated and used to estimate an
average under the random model for each of the F-, G-, H- and B-functions. A
set of 99 more patterns was generated to estimate the null distribution of the
fluctuations of these functions around the average. This was used to compute a
Spatial Distribution Index, which is a normalized value between 0 and 1
quantifying the relative position of the observed measures compared to the model
(Andrey et al., 2010). One SDI value was obtained for each spatial descriptor.
The test of goodness was performed to test the uniformity of the SDI distribution
(Andrey et al., 2010).
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Summary and concluding remarks
Transcriptional gene activity is dynamic and modulated through the
integration of three main layers of regulation. The first layer is based on the
information stored in the linear genome and the epigenome, which consists of a
large repertoire of histone post-translational modifications and requires specific
nucleosome distribution and compaction. The second layer involves the
formation of chromatin loops at a locus scale or larger. Lastly, the third layer
relies on the spatial position and organization of the locus inside the
nucleus (Chapter 1).
Polycomb Repressive Complexes (PRCs) control transcriptional gene
repression, and play a key role in these three layers of regulation (Chapter 2).
PRC proteins mediate both biochemical modifications of histone tails, changing
the epigenetic topography of the genome, and biophysical modifications
impacting on chromatin compaction. They can also affect the three-dimensional
(3D) conformation of chromatin. PRCs are involved in the regulation of a variety
of biological processes, such as developmental transitions, cell-fate decisions,
but also stress-response processes. Developmental phase-transitions are
characterised by large transcriptional reprogramming and can thus be used as
model system to investigate the three layers of gene regulation. PRCs have a key
role in flowering time by controlling the sequence and timing of the
developmental switch throughout the regulation of flowering-gene expression.
We thus choose to study the floral transition to address questions regarding these
different layers of gene regulation with a specific focus on LHP1, a PRC1
subunit.
Flowering time is fine-tuned by various environmental and endogenous cues
to ensure the success of offspring production. Photoperiod is one of the most
important factors regulating the initiation of flowering in angiosperms. Leaves
play a crucial role in light perception and in the production of the florigen signal
that converges to the SAM. Despite the important role of leaves in flowering,
limited data are available for their gene network during the developmental
transition.
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In Chapter 3, we present an inductive system to characterise the
morphological and molecular events in the leaves that are associated with the
floral transition. We use a short-day (SD) to long-day (LD) shift that allows to
induce the flowering time. We defined the floral transition window using the
expression of key flowering genes. CO and FT, key genes expressed in the leaves
with the light stimulus and involved in the activation of downstream flowering
genes, showed a peak of expression 3 days after the transfer to LD. AP1, a floral
meristem marker, which marks the completion of the transition was detected
after 5 days. While establishing the temporal window we noticed that the longer
the plants grow in SD, the quicker they bolt after the transfer in LD, suggesting
that the flower initiation is related to the size or age of the plants and that it might
depend on their capability to produce certain metabolites. During the SD-LD
switch we observed a high endocycle activity, without leaf growth in the 3rd and
4th leaves. Therefore, this pair of mature leaves was chosen to further investigate
the early transcriptional events associated with floral transition, independent of
leaf developmental and growth processes.
In Chapter 4, we use a genome-wide RNA-seq approach to unravel the
composition and the dynamics of the gene network in mature leaves during the
floral transition and to highlight the main molecular processes. We observed
large transcriptional reprogramming with major changes in photosynthetic
activity, lipid localisation, protein metabolism and DNA replication, altogether
highlighting the complexity of this developmental switch. We detected
deregulation of several chromatin-related genes, reflecting changes in chromatin
composition and reorganization that underly the floral switch. From the analysis
of endocycles associated genes, we showed the redirection of leaf cells towards
endoreduplication. This phenomenon can be seen as a strategy to quickly
increase leaf metabolism to provide energy required for the developmental
switch, suggesting a role of these genes in the regulation of the floral transition.
Furthermore, a comparative analysis with transcriptome data in shoot and root
tissues during a similar floral transition was performed to enlarge the overview
of the flowering gene networks. We highlight common pathways to the different
organs with the perspective to have an integrated view of the floral transition
process at the whole plant level. The analysis provides a list of interesting new
candidates involved in the floral transition in mature leaves. Further
Summary and concluding remarks
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characterisation at the molecular level and by reverse genetic approaches will
clarify their role in flowering time. Moreover, the experimental set-up allowed to
identified differentially expressed long non-coding RNA (lncRNAs), other
important players in flowering. In the near future, we aim to explore their
mechanism of action and bring new insight on their roles during the floral
transition.
In Chapter 5, we focused on the PRC1 subunit LIKE
HETEROCHROMATIN PROTEIN 1 (LHP1). To investigate the effect of LHP1
dosage on chromatin and on key flowering-genes, we developed transgenic lines
to conditionally alter LHP1 expression in a specific temporal window. This
allowed to study the relation between the induced misregulation of LHP1 and
development events, while avoiding the potential compensatory effects which are
inherent to constitutive knockdown and over-expression lines. We observed that
short-term modulation of LHP1 dosage alters its binding pattern on target gene
regions, with broader enrichments all along the analysed loci. We showed that
induced high levels of LHP1 increase the deposition of H3K27me3, giving
insight into the interaction between LHP1 and PRC2. The modulated LHP1 level
also had an impact on H3K4me3, suggesting a new role for LHP1 in the
formation of bivalent chromatin regions. Despite these chromatin modifications,
only transient transcriptional changes of LHP1 target-genes were detected after
one day of LHP1 dosage alteration. Moreover, the effect of LHP1 modulation
varies between the gene targets. Therefore, the regulation of the transcriptional
state by LHP1 seems to be more complex than a simple on or off mechanism.
Our study suggests a dosage-dependent effect of LHP1 on its chromatin
distribution and on the deposition of the histone marks, highlighting the role of
LHP1 in chromatin dynamics.
In Chapter 6, we aimed to identify molecular determinants involved in the
3D nuclear architecture. Using innovative 3D spatial statistical tools we analysed
the nuclear morphology, heterochromatin features and spatial organization of
chromocenters in the nuclear domain of mutants affected in genes encoding
nuclear-envelope proteins. The quantitative analysis revealed a role for CRWN
and KAKU proteins in the 3D position of chromocenters and the nuclear shape.
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Moreover, we observed that the remodelling of the 3D nuclear architecture
was dependent on the specific protein localization.
Overall, this thesis has linked the flowering-gene network with molecular
processes that accompany the floral transition events in mature leaves perceiving
a photoperiodic inductive signal. Our study provides new insights into the role of
LHP1 and the genetic determinants involved in the 3D nuclear- and
heterochromatin-architecture. Moreover, the deep characterisation of the floral
transition window and the development of the LHP1 transgenic lines can be
exploited to further understanding the relation between PRCs and the three layers
of gene regulation. Chromatin dynamics could be investigated using ChIP-seq
experiments to determine the genome-wide distribution and dynamics of LHP1
binding during the transition. Furthermore, the analysis of the nuclei of the
transgenic lines could enable to decipher the role of LHP1 in nuclear
organization.

Summary and concluding remarks

Samenvatting
De transitie naar een bloeiende plant is de overgang van een vegetatieve naar
een reproductieve ontwikkeling. Het is één van de belangrijkste fase overgangen
in de productie van nakomelingen. De aanzet tot bloei wordt bepaald door een
nauwkeurige afstemming van endogene en omgevingssignalen. De
‘lichtperiode’, de lengte van het dag- en nachtritme, is één van de belangrijkste
factoren in de regulatie van de aanzet tot bloei. Zonlicht wordt waargenomen
door de bladeren, waarbij sleutelgenen tot expressie komen, zoals CO en FT, die
betrokken zijn bij de bloei-inductie. Verschillende florigen signalen komen aldus
tezamen in het apicale scheutmeristeem en initiëren de overgang naar de
bloeifase. De verschillende moleculaire mechanismen, die deze transitie
begeleiden vormen een complex netwerk van bloeigenen. Voorgaande studies
waren hoofdzakelijk gefocusseerd op meristemen en wortel weefsel. Informatie
over de gebeurtenissen in de bladeren ontbreken echter. In deze studie stellen wij
ons ten doel om de vroege morfologische, moleculaire en transcriptie processen
in het blad te karakteriseren met betrekking tot de bloei transitie. Daarbij wordt
gebruik gemaakt van een geïnduceerde overgang van korte (SD) naar lange (LD)
dag belichting om de aanzet tot bloei te synchroniseren. Het venster, waarbinnen
de bloei transitie plaatsvindt, is gedefinieerd door de expressie van drie
sleutelgenen voor bloei: CO, FT en AP. CO en FT geven een expressie piek op 3
dagen na de overgang naar LD, terwijl AP wordt gedetecteerd op 5 dagen en
wijst op beëindiging van de bloei transitie.
Bij het tot stand komen van dit bloei-transitie venster bleek dat hoe langer de
planten in SD groeiden, des te sneller ze tot bloei kwamen in LD. Dit suggereert
dat de initiatie tot bloei gerelateerd is met de leeftijd van de plant. Tijdens de
switch van SD naar LD werd een hoge mate van endoreduplicatie activiteit
waargenomen, zonder verandering in groei van het 3e en 4e rozetblad. Om die
reden beschouwen we dit materiaal geschikt om de vroege transcriptie
gebeurtenissen te bestuderen, die geassocieerd zijn met de bloei transitie,
onafhankelijk van andere ontwikkelingsprocessen in het blad.
RNA-Seq is toegepast om de samenstelling en dynamiek van het netwerk van
genen in het blad te ontrafelen en om de belangrijkste processen op te helderen.
We troffe n een duidelijke reprogrammering aan van genexpressie met name in
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fotosynthese activiteit, eiwit metabolisme en DNA replicatie. Daarnaast vonden
we deregulatie van chromatine-gerelateerde genen. Dit alles wijst op een
dynamische samenstelling van chromatine, die de bloei transitie tot stand brengt.
Een vergelijkende analyse met transcriptoom data van scheut en wortel tijdens de
bloei transitie was uitgevoerd voor het netwerk van bloeigenen. Dit gaf beter
inzicht in de algemene en de specifieke aspecten van het bloei transitie proces in
de verschillende organen.
Controle van gen expressie tijdens de ontwikkeling van de plant vindt ook
plaats op het niveau van chromatine organisatie. Hier zijn met name Polycomb
Repressive Complexes (PRCs) bij betrokken. In deze studie focusseren we op de
functie van LHP1, een onderdeel van PRC. We bestuderen het effect van LHP1
dosering op chromatine en transcriptie. Transgene lijnen zijn gemaakt waarbij
LHP1 aanmaak geïnduceerd kan worden onder bepaalde condities. Een korte
modulatie van LHP1 dosis verandert het LHP1 bindingspatroon op target genen.
Hoge LHP1 niveaus induceren toename van H3K27me3, maar ook van
H3K4me3. Dit suggereert dat LHP1 een rol speelt in de vorming van bivalente
regio’s. Ondanks deze chromatine modificaties zijn slechts tijdelijke
veranderingen waargenomen in de transcriptie van LHP1 target genen.
Het 3D landschap van de kern heeft ook een invloed op overgangen in de
ontwikkeling van de plant. Het mechanisme achter de wijzigingen van de kern
architectuur is vooralsnog onduidelijk. Om meer inzicht te krijgen in deze
processen hebben we met behulp van nieuwe statistische methoden voor 3D
analyse de organisatie van de kern geanalyseerd in planten met defecte genen
voor kernmembraan eiwitten. De kwantitatieve analyse onthulde a prominente
rol voor CRWN en KAKU eiwitten in de 3-dimensionale organisatie van
chromocenters en in de algemene kernmorfologie.
Samenvattend, dit proefschrift geeft ons meer inzicht in het netwerk van
bloeigenen en de moleculaire gebeurtenissen in de rozet bladeren bij de overgang
naar bloei. Met name het gebruik van induceerbare LHP1 constructen toont aan
dat de regulatie van target genen door LHP1 complexer is dan voorheen gedacht.
Op nucleair niveau hebben we de rol van genetische determinanten
geïdentificeerd in de ruimtelijke organisatie van heterochromatine en de
morfologie van de kern.

Samenvatting
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