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Introduction: The spatial organisation of the Arabidopsis thaliana genome has been studied in details 
using imaging techniques [1,2]. These approaches unveiled distinctive features in the A. thaliana large-
scale genome organisation, such as the preferential positioning of the centromeres at the nuclear 
periphery [1] and the proximity of the telomeres to the nucleolus [2]. Here, we combine this information 
with physical models of chromatin and steered molecular dynamics (steered MD) simulations [3,4] to 
address the role of the large-scale spatial restraints in the 3D genome arrangement, at the kilo base 
resolution. The obtained 3D models are validated against recently published Hi-C data [5-7] using TADbit, 
a bioinformatics tool developed by our group [8]. This strategy will provide useful biological insights into the 
structural arrangement of the A. thaliana genome highlighting the key features of its organisation.

Model validation using Hi-C experimental data 
The obtained set of conformations are validated against publicly available Hi-C 
data [5-7]. Hi-C data are analysed with TADbit [8], a bioinformatics tool designed to 
study 3C-like data. TADbit covers all the steps of the Hi-C analysis from the 
mapping of the sequences onto the reference genome to the normalisation of the 
raw data by correcting for local biases. Here, we will develop and test new features 
in TADbit such as the possibility to compare  matrices collected in different 
experiments. 

3D genome model 
Each chromosome chain is initially arranged in a solenoidal structure forming rosettes around the principal axis [3,4]. The resulting elongated 
structures are randomly positioned and orientated within the nuclear space (represented as a sphere), while the nucleolus is maintained void of 
particles. 
During the steered MD simulation a set of additional restraints (harmonic potentials) 
[1,2] are used to guide the 3D genome arrangement. These restraints are applied 
to tether the telomeres to the nucleolar periphery and to constrain the motion of 
the centromeres within the peripheral region. Independent systems of 
chromosome chains are simulated up to a steady-state arrangement, in which all 
the spatial restraints are simultaneously satisfied.

Summary:  The aim of this ongoing project is to study the role of general polymer physics and large-scale spatial restraints (from imaging 
experiments) in the 3D arrangement of A. thaliana genome. The final models are validated using recent Hi-C data and bioinformatics tools. This 
approach will provide a characterisation of the interplay between the 3D genome organisation and functionally related features of chromatin in A. 
thaliana.

Chromatin model 
The chromatin of A. thaliana is represented as a chain of connected particles characterised by excluded 
volume and bending rigidity interactions. The parameters of the model are set to describe the nominal 
physical properties of the 30nm chromatin fiber [3,4]. Experimentally obtained restraint [1,2] are used to 
guide the possible arrangements of the polymer during the steered MD simulations.
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Knowledge-based nuclear compartments 
digoxigenin-dUTP by using a nick translation kit (Boehringer
Mannheim).

FISH Analysis. FISH experiments were carried out as described
(16, 28). FISH preparations were examined on a Zeiss Axioplan
by using 4!,6-diamidino-2-phenylindole, FITC, and Texas red
fluorescence filter blocks. Images were recorded with a conven-
tional camera or charge-coupled device camera (Photometrics)
by using IP-LABS software and digitally processed with Adobe
PHOTOSHOP software. The positions of hybridization signals and
CCs were analyzed in relation to each other. Partly or completely
overlapping fluorescent foci were interpreted as colocalizing or
associating, whereas other situations were considered as sepa-
rate positions of the regions.

Immunolabeling of Methylated DNA. Slide preparations were baked
at 60°C for 30 min, denatured in 70% formamide, 2" SSC, and
50 mM sodium phosphate, pH 7.0, washed in ice-cold PBS 2 "
5 min, incubated in 1% BSA in PBS (10 mM sodium phosphate,
pH 7.0!143 mM NaCl) for 30 min at 37°C, and subsequently
incubated with mouse antiserum (1:50) raised against 5-meth-
ylcytosine (29) in the same buffer for 30 min at 37°C. Mouse
antibodies were detected as described for FISH detection.

Immunolabeling of Histone Isoforms H4Ac5 and H4Ac8. Nuclei were
isolated from 500 mg of leaves by chopping the tissue with a razor
blade in 1 ml of ice-cold 10 mM Tris!HCl, pH 9.5!10 mM

Fig. 1. Heterochromatin distribution in A. thaliana. (A) Ideogram showing
the five chromosomes with 5S and 45S loci. (B) Three optical sections of a
paraformaldehyde-fixed interphase nucleus stained with 4!,6-diamidino-2-
phenylindole showing CCs near the periphery and the nucleolus. (Bar # 2 !m.)
(C) Distribution of the number of CCs per nucleus.

Fig. 2. Identification and characterization of CCs by FISH and immuno-
labeling to nuclei of the accession Wassileskija. All preparations were
counterstained with 4!,6-diamidino-2-phenylindole (blue). (A) FISH with
centromeric pAL1 (red) and pericentromeric F17A20 repeats (green). (B)
FISH with 5S (red) and 45S rDNA (green). Numbers correspond to chromo-
somes. (C) FISH with the telomeric sequence (red) yielded clustered signals
around the nucleolus (n). (D) Immunolabeling with antibodies against
5-methylcytosine (green). (E) Immunolabeling with antibodies against
histone H4Ac5 (green) and FISH with the centromeric pAL1 (red). [Bar # 2
!m (E) and 5 !m (A–D).]
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some 180-bp repeat forming knobs along extended chromatin
fibres has also been proven in A. thaliana cell cultures
(Shibata and Murata 2004).

According to Nagaki et al. (2003), ~15 % of the 180-bp
repeats are connected to CENH3 nucleosomes. Transposable

elements, such as Athila, Tat, Tim, Copia, additionally accu-
mulated at the centromeric regions (Arabidopsis Genome
Initiative 2000) are associated to CENH3 with a frequency
of up to 4.5 %. CENH3 nucleosomes not colocalising with
pAL may associate with these transposable elements.

Table 1 Homologous associa-
tion, sister chromatid separation
and degree of chromatin
dispersion of CTs1top and
CTs3bottom in 2–64C
differentiated leaf nuclei

aIn parentheses, per cent of
nuclei with dispersed CTs
where only one of both CTs
appeared dispersed. For CT1top,
the calculation based on nuclei
numbers denoted for CT3bottom

Ploidy No. of nuclei Homologous association
per nucleus (%)

Separation per
homologue (%)

CTs disperseda (%)

CT1top

2C 686 60.1 0 5.4 (40.0)

4C 1840 60.5 1.0 2.4 (12.5)

8C 203 47.8 2.5 10.8 (31.8)

16C 463 49.0 8.9 6.9 (34.6)

32C 611 48.1 5.2 1.0

64C 360 36.7 15.5 1.1

CT3bottom

2C 146 49.3 0 14.4 (57.1)

4C 159 43.4 3.3 10.7 (17.6)

8C 203 43.8 6.4 12.3 (40.0)

16C 254 43.3 5.5 11.4 (41.4)

32C 214 49.3 3.5 1.4

64C 171 46.2 8.2 2.3

Fig. 4 Arrangement of (peri)
centromeric regions in A.
thaliana 2–16C interphase
nuclei. a Nine (two of them
associated) and ten centromeric
FISH signals (pAL) in 2C and
4C nuclei, respectively. The
mainly compact round shape
centromeric signals are similar
in 2C and in 4C nuclei. Some
less compact centromeres are
ring- (asterisk) or half-moon
shaped (arrows). b Due to
chromatin decondensation
and sister chromatid separation
in 8C and 16C nuclei, the
centromeric histone variant
CENH3 and the centromeric
DNA signals form mostly
contiguous subdomains within
or adjacent to pericentromeric
heterochromatin (bright
DAPI signals). Some CENH3
(asterisks) and pAL (arrows)
signals do no longer attach
or overlap each other
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