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1. Introduction

The thesis is divided into three main parts. Thestfione has predominantly
methodological character and describes the devedoprof chromosome specific
probes for chromosome painting in the model pknatbidopsis thalianaln the second

part, arrangement of chromosome territories (ChsAiabidopsis nuclei of different

ploidy and from various organs is characterized @rdpared to the predictions derived
from computer model simulations of a presumed ramdarangement. In the third part,
the influence of a transgenic tandem repeat with@escent tag (lac operator/GFP-lac

repressor-NLS) on the local interphase chromosanamgement is elucidated.

1.1. Fluorescencein situ hybridization (FISH) for chromosome painting

1.1.1. Principles and applications of FISH for chrcmmosome painting

Fluorescencean situ hybridization (FISH) is a method for microscopietection of
specific sequences in a genome, utilizing nucleid @arobes with complementarity to
the target sequences. The term chromosome paif@iRy was introduced by Pinkel et
al. (1988) forin situ visualization of specific chromosomes or largeoaomsome
segments within chromosome complements by FISHvEdebrates, specific painting
probes have been amplified by degenerate oligoatidke primed-polymerase chain
reaction from either flow-sorted or microdissectbomosomes (reviewed in Langer et
al. 2004). To achieve chromosome specific sighalteled repeats of the painting probe

with a dispersion extending to other than the targgions have to be prevented from
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hybridization by excess of unlabelled genomic DNFerefore, this technique was
denominated also ‘chromosomal in situ suppressighridization (Lichter et al. 1988).
Recently, a broad spectrum of CP techniques stotedifferent applications in
research and clinical diagnostics has been dewelg¢miewed in Ferguson-Smith
1997; Ried et al. 1998; Langer et al. 2004). CRabera powerful tool for identification
of chromosomes and chromosome rearrangementslelger et al. 1988; Blenow
2004), for mutagenicity testing (e.g. Cremer et 290; Marshall and Obe 1998;
Natarajan et al. 1992) and for studies of chrom@songanization and dynamics during
interphase (reviewed in Cremer and Cremer 200lad@aand Misteli 2002; Bickmore
and Chubb 2003) as well as for studies of chromegkanyotype evolution (e.g.

Wienberg and Stanyon 1995; Svartman et al. 2004).

1.1.2. Feasibility of chromosome painting in plants

Although CP underwent dramatic progress in animdlfauman cytogenetics during the
last decade, attempts to establish CP in eupl@dtplhave failed. This is probably due
to the large amounts of complex dispersed repbatsare more or less homogeneously
distributed over all chromosomes (reviewed in Sehnubt al. 2001). Specific painting
of plant chromosomes could be achieved only by genio situ hybridization (GISH),
within genomes of interspecific hybrids or theiogenies, using genomic DNA of one
parental species as a probe (Schwarzacher et &).19n the basis of chromosome-
specific repeats, B (Houben et al. 1996) and serncbsomes (Shibata et al. 1999;
Hobza et al. 2004) could be painted with chromosderéesed probes.

The situation has changed since Arabidopsis with #mall genome

(~157Mb/1C), low amount of repetitive DNA sequencehistered mainly in the
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(peri)centromeric regions and nucleolus organizgians (NORs) (The Arabidopsis
Genome Initiative 2000; Bennett et al. 2003) becanitable for CP due to the public
availability of bacterial artificial chromosome (EBA contigs covering the entire
chromosome complement (Scholl et al. 2000). Thakiheough was accomplished by
taking advantage of high-resolution FISH on pachgtehromosomes (Fransz et al.
1998, 2000) and the application of BAC contig paadsprobes according to a method
previously applied to paint yeast chromosomes (Blcae et al. 1992). Arabidopsis
chromosome 4 became the first entirely painted robsome of a euploid plant
karyotype (Lysak et al. 2001). A FISH approach dase the use of large insert clones
(BACs/YACs) was at least partially successful tbhelaa specific target region also for
other plants with small genomes and relatively tmmtent of repetitive sequences, e.g.

sorghum, rice, cotton, tomato, potato &medicago(reviewed in Lysak et al. 2001).

1.1.3. Aims of the work on chromosome painting i. thaliana

After development of painting probes for the arnisApabidopsis chromosome 4
(Lysak et al. 2001) it was aimed to develop chramnes-specific probes for all
chromosomes oA. thalianafor a spectrum of possible applications, such as:
e discrimination of individual chromosomes and theiarrangements during
all developmental and cell cycle stages.
* investigation of potential dynamics of CT arrangameduring
developmental and cell cycle stages.
* investigation of interphase chromosome arrangemamd karyotype

evolution in relatedrassicaceaspecies.



1.2. Interphase chromosomes: structural and functional organization

1.2.1. Arrangement of interphase chromosomes in virus organisms

Conventional microscopic studies on interphase aiudveal chromatin regions of
different  density/staining intensity, representingpositively heteropycnotic)
heterochromatin fractions of high density (Heit28f euchromatin of lower density
and nucleoli of lowest density. ferritorial organization of interphase chromosomes
was first proposed by Rabl (1885). Complete intagghCTs could be traced only one
century later when CP by FISH became establishet adlowed to determine the
arrangement of CTs within nuclei by 3-dimensiondD) microscopy (Cremer and
Cremer 2001).

Two models considering different aspects of nuc@ardistribution have been
proposed (Parada and Misteli 2002). One model,dbasethe radial arrangement of
CTs between the center and the envelope of theemsiclsuggests that gene-dense
chromosomes are located more internally than gewe-pnes. Such an arrangement
was found in various types of mammalian and chickells (Cremer et al. 2001;
Habermann et al. 2001; Kozubek et al. 2002) andeagu to be evolutionarily
conserved when the positions of homeologous chromes were compared between
human and higher primates (Tanabe et al. 2002)uarah and mouse (Mahy et al.
2002a). However, no such arrangement was foundmacgcling cells by Bridger et al.
(2000). The other model reflects specific neighborh relationships between two or
more CTs or distinct chromosome domains. Non-randale-by-side arrangement of
interphase CTs is of special interest becauseapatinity of homologues is required,

at least transiently and/or position-specific, f@NA repair via homologous
10



recombination between homologues, often yieldirgprecal translocations (Rieger et
al. 1973; Parada and Misteli 2002), and transvertioe. homologous pairing
influencing the gene activity (most of the cases @ascribed in Drosophila, however,
examples from plants, fungi and mammals are atgovk; reviewed in Duncan 2002).
At least transient pairing is believed to play ko establishment of paramutation; i.e.
transinteractions between homologous sequences whiakps#istinct epigenetic states
that are heritable (Chandler and Stam 2004; StaginMittelsten Scheidn press. In
human cells non-random association of homologueparently restricted to certain
chromosomes of distinct cell types, e.g. Sertdlsq€handley et al. 1996; Nagele et al.
1999). The relative positioning of all human hekegoe combinations was proposed to
be predominantly random (Cornforth et al. 2002)le&tst transient somatic association
of homologous chromosomes has been claimed fort y@aggess et al. 1999),
however, no clear evidence for such an associati&s found by others (Fuchs et al.
2002; Lorenz et al. 2003)A development- and cell cycle-specific close spatia
alignment of homologous chromosome segments ireno€lmost somatic tissues was
hitherto observed only in Drosophila (Hiraoka et #93; Csink and Henikoff 1998;
Fung et al. 1998). For review of somatic homologpaising see McKee (2004). Recent
studies have shown by photobleaching of fluoresgdabeled chromatin in vivo that
the positioning of interphase chromosomes is |grgeierited from mother to daughter
nuclei in mammals (Gerlich et al. 2003; Walter t2003; see also Bickmore and
Chubb 2003; Parada et al. 2003; Williams and Fi2bés).

In plants with large genomes (>5,000 Mb/1C) inteiggh chromosomes
frequently show Rabl orientation with centromerad &elomeres clustered at opposite
poles of a nucleus (Dong and Jiang 1998) thus miaing telophase arrangement. In
Arabidopsis nuclei, instead of Rabl orientatiomteemeres are randomly distributed in

peripheral positions, while telomeres are clustersaind the nucleolus (Fransz et al.
11



2002). Until recently, individual CTs could be teakcin plant interphase nuclei only for
single alien chromosomes within the chromosome ¢enmgnts of backcross progenies
from interspecific hybrids by GISH (Schwarzacherakt 1989). In case of disomic
additions, close spatial association of the addsddiogues barely occurs in somatic
nuclei (Schwarzacher et al. 1992; Abranches et®I8; Schubert et al. 1998; Martinez-
Perez et al. 2001) except for tapetum cells of wii@aagon-Alcaide et al. 1997).
However, it remains unclear whether the alien clososmes behave in the same way as
in their native background or as the host chrom@sorkISH experiments in diploid
rice indicated homologous association of centrosmesed telomeres but not of
interstitial regions in root xylem and undiffereated anther cells (Prieto et al. 2004). A
significant and chromosome-specific degree of aason of homologous centromeres
was found in Arabidopsis nuclei (Fransz et al. 20@&it it remained open to what
degree entire chromosome arms are involved. To engwse questions, our group has
established recently chromosome specific painting eatire chromosomes of
Arabidopsis and its close relatives usgthalianapainting probes (Lysak et al. 2001,

2003; Pecinka et al. 2004).

1.2.2. Aims of the work on interphase CT arrangemerof A. thaliana

Great progress has been achieved from studies darfihgement in vertebrate nuclei
during the last decade. An increasing evidencenfam-random radial and (at least
sometimes also) side-by-side arrangement of CTd®é&es provided. In contrast to that,
the organization of plant interphase chromosomesameed largely unknown. Using
chromosome specific painting probes for Arabidom$isomosomes, it was aimed to

unravel CT arrangement in this plant and to anshefollowing quenstions:
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do Arabidopsis interphase CTs show a specific bidside or radial
arrangement?

does the CT arrangement differ between nuclei féémdint ploidy and from
various organs?

does the gene activity determine its position withiCT?

to what extent does somatic homologous pairing roiccArabidopsis?

do Arabidopsis lines with an altered homologousonegination frequency
in somatic tissues reveal a deviating frequencysamatic homologous

pairing?
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1.3. Influence of tandem repetitive transgenes and of fluorescent

chromatin tags on the interphase chromosome arrangement

1.3.1Lac operator/GFP-lac repressor chromatin tagging systa

In situ localization and direcin vivo visualization of distinct chromosome regions
recently became feasible by chromatin tagging systelhelac operator/lac repressor
system (Robinett et al. 1996; Straight et al. 1988)instance uses a bacterial DNA
binding protein (lacrepressor) that, when fused with a green fluordsgetein (GFP)
and a nuclear localization signal (NLS) peptide)dsi to the 256 copies of directly
repeatedac operators (~10 kb) integrated at a specific chram&slocus. Binding at the
target locus yields a fluorescent spot of highéerisity than the overall fluorescence of
dispersed unbound GFP molecules in the nucleopl@abm GFP-lac repressor protein
is either transiently or stably expressed. Theesgysivas applied to various eukaryotes
such as yeasts (Aragon-Alcaide and Strunnikov 260@hs et al. 2002; Nabeshima et
al. 1998; Straight et al. 1996), flies (Gunawardand Rakowski 2000, Vazquez et al.
2002), cultured mammalian cells (Robinett et al9@;9Tsukamoto et al. 2000), and
plants (Kato and Lam 2001; Esch et al. 2003; Mattkal. 2003). It revealed structural
dynamics of chromosomes in interphase as well &stimnuclei by tracing the tagged
loci in living cells (reviewed in Belmont et al. 99; Gasser 2002; Lam et al. 2004).
However, such tagging systems generate artifefiiadmosome loci and unusual
nuclear protein localization. For instance, in balaynster kidney cells in which lac
operator array is amplified about 10 times, a rarclgrotein complex, the so-called
promyelocytic leukaemia body, is formed at the gri¢ion locus (Tsukamoto et al.

2000). Promyelocytic leukaemia bodies are thoughtplay a role in regulating
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transcription. Because these bodies are not foratethe transgene locus without
accumulation of théac operator binding fusion protein, they are thoughtecognize

high concentrations of foreign proteins (Tsukamneital. 2000).

1.3.2. Aims of the work on inducible local alteratin of interphase chromosome

arrangement

Previously, thelac operator/lac repressor system was used to compeicenosome
dynamics in Arabidopsis nuclei of different ploid{ato and Lam 2003), e.g. in 2C
nuclei of guard cells (stomata) and in nuclei ovgraent cells (8C on average).
Frequently, a lower-than-expected number of GFétssftwo for hemizygous and
four for homozygous EL702C plants) was observedtqKand Lam 2003).
Interestingly, Esch et al. (2003) also reporteduced number of GFP spots (only one
spot per homozygouac operator locus) in almost all nuclei of anotter operator/lac
repressor tagged Arabidopsis line. These data stegjdérequent alignment of allelic
sequences, which was, however, not found for endmgeloci in Arabidopsis nuclei by
Pecinka et al. (2004). Therefore it was aimed $g t@hether the reduced number of GFP
spots are indeed due to associations of operataysarin Arabidopsis nuclei. In
particular, it should be clarified what is the incp@f thelac operator arrays and/or
of the expression of the GFP-lac repressor proteinallelic/ectopic homologous

pairing oflac operator arrays in comparison to average euchromeggions.
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2. Materials and methods

2.1. Plant material, preparation of chromosomes and isolation of nuclei

The following A. thaliana genotypes were used for preparation of pachytene
chromosomes: Columbia (Col), Wassilewskia (WS), G8de Lysak et al. 2003;
Pecinka et al. 2004), homozygous EL702C (Kato aawh 2003; Pecinka et al. J. Cell
Sci, submittedd and T665-IST (Aufsatz et al. 2002). Interphaseroctosome
arrangement and somatic homologous pairing werdiestwusing the genotypes Col,
Landsbergerecta(Ler) and the mutantwa-1 in Ler background (Soppe et al. 2000;
Pecinka et al. 2004), C24 and the mutatptl50caf-1in C24 background (Kyryk et al.
manuscript in prep.), the mutants B71, P2418, W92 the control line IC9 (Molinier et
al. 2004; J. Molinier and B. Hohn unpublished datde influence of tandem repetitive
transgenes on the arrangement of interphase choonasswas studied in hemizygous
and homozygous EL702C genotypes in Col backgroadib(and Lam 2003; Pecinka
et al. J. Cell Scisubmittedl. Plants were cultivated as described in the retkpapers.
Pachytene chromosomes were prepared accordingysakLet al. (2001).
Inflorescences were fixed in ethanol/acetic acid {3 at least for 48 hours, rinsed in
distilled water (2 x 5 min) and in citric buffer@ImM sodium citrate, pH 4.8; 2 x 5
min) and incubated in 0.3% (w/v) pectolyase, calel and cytohelicase (Sigma,
Germany) in citric buffer at 37°C for 2-3 h. Théretmaterial was transferred into citric
buffer and kept at 4°C. Individual flower buds weletached and macerated in|80f
50% acetic acid on microscopic slides. The slidesevplaced on a hot plate (45°C) and
the drop was gently stirred by a needle for 30-66oads. Subsequently, 200 ml of

ethanol/acetic acid (3 : 1) were added and therslide was dried by a hair drier. The
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preparations were post-fixed in 4% formaldehyddigtilled water (v/v) for 10 min, air-
dried and stored at 4°C until use.

For isolation of interphase nuclei, young roostgmd rosette leaves were fixed for
20 min in 4% formaldehyde in Tris buffer (100 mMisSFHCI pH 7, 5 mM MgCJ, 85
mM NacCl, 0.1% Triton X 100) and homogenized in Toigfer. Suspended nuclei were
stained with DAPI (1ug/ml) and flow-sorted according to their ploidy éwsing a
FACStaf"s flow cytometer (Becton Dickinson) equipped with Amgon-ion laser
(INNOVA 90C-5) emitting UV light. Per ploidy levet1000 nuclei were sorted onto
microscopic slides in a drop of buffer containingdImM Tris, 50 mM KCI, 2 mM
MgCl,, 0.05% Tween and 5% of sucrose, air-dried and Gse&ISH or stored at —
20°C until use. The nuclei of Arabidopsis linesrgeng lac operator/lac repressor
transgenes were prepared with the following modifans. To induce expression of the
GFP-lac repressor-NLS protein, young rosette leave® detached from the plants
and floated in 10 ml of 0.3uM (homozygous EL702C) or 3M (wild-type)
Dexamethasone (Dex) solution in water in Petriesstor 6-12 h. To avoid loss of GFP
signals, leaves were fixed in 4% formaldehyde fsephepared from paraformaldehyde

and the 2C nuclei were sorted as described above.

2.2. Dot Blot hybridization

BAC clones purchased from the Arabidopsis BiologiBegsource Center (ABRC,
Columbus, OH) were tested for the presence of lkigbhy sequences by radioactive
DNA-DNA dot blot hybridization. Approximately 0.4g of DNA per BAC clone was
applied to the Minifold 1 Dot Blot system (Schlegchand Schnell) and fixed on

moisted (2 x SSC) nitrocelulase N+ membrane (Hybaomdler vacuum. The DNA was
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denatured by adding 204 of 0.4 M NaOH per slot. Membranes were rinse® ir
SSC for 1 min and directly used for hybridizatiorstored at 4°C until use.

Genomic DNA fromA. thalianaCol was isolated using a DNeasy Plant Mini Kit
(Quiagen). Isolated DNA was sonicated to a fragmeime of 100-500 bp and
radioactively labelled with of*P]-dCTP using a HexalLabel DNA Labeling Kit
(Fermentas).

For Dot Blot hybridization, membranes were placet ia hybridization bottle
with 5 ml of pre-hybridization solution [5 x SSPB.9 M NaCl, 0.05 M Sodium
phosphate, 0.005 EDTA pH 7.7), 5 x Denhard’s soiyti0.5% SDS] and 500l (10
ug/ul) of denatured (at 100°C for 5 min) salmon speriAland incubated at 65°C for
5 h. Then, the radioactively labelled genomic DNaswadded for at least 12 h at 65°C.
The membranes were washed (in 0.5% SDS/2 x SSG5% SDS/0.5 x SSC and in
0.5% SDS/0.1 x SSC; 20 min each at 65°C), wrappedglastic foil and screened with

a Phosphoimager STORMS860 using the ImageQuant aadt{olecular Dynamics).

2.3. Probes

All BACs were obtained from the Arabidopsis Biologi Resource Center (Columbus,
OH). DNA of individual clones was isolated by stardl alkaline extraction (Sambrook
and Russell 2001). Clones that according to seguanaotation of The Institute for
Genomic Research (Rockville, MD; http://www.tigigdr database harbour >5% of
mobile elements and/or yielded strong signals Esgere 3A) in Dot Blot hybridization
(Lysak et al. 2003) were omitted from probes desiyior CP (the list of BACs selected
for CP of all Arabidopsis chromosomes is providedAppendix).

Somatic homologous pairing was tested using thewmg BACs (Figure 7C):
F6F3, F22L4, T2P11, T7N9, F11P17, T1F9, T11111,F8&l from chromosome 1,
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GenBank accession Nos. AC023628, AC061957, ACO05B@®H00348, AC002294,
AC004255, AC012680, ACO013430, respectively), F18QUGL6 (both from
chromosome 3, accession Nos. AC011620 and AB02284C¢21, FOH3, F13C5,
T18B16, F617, F24A6, M7J2, F17I5 and F10M10 (atinfr chromosome 4, accession
Nos. ACO005275, AF071527, ALO021711, ALO21687, ALOBY6 ALO035396,
AL022197, AL031032, AL035521, respectively).

For the experiments with lac operator/lac repneBids tagged lines, the
following DNA clones were used in addition to BAGAGL6 and F18C1 (GenBank
accession Nos. AB022217 and AC011620, respectivBIXIC T15P10 containing 45S
rDNA (accession No. AF167571), the plasmid 128X08K (Kato and Lam 2001), the
plasmid pAL1 containing the 180 bp centromeric tandrepeat ofA. thaliana
(Martinez-Zapater et al. 1986) and a BAC contignsiag 4.2 Mb of chromosome 3 top

arm from F2010 to MSL1 (accession Nos. AC013454/8012247, respectively).

2.4. Probelabeling and FISH

BAC DNA was labeled by nick translation, eitheriindually or, for CP, in pools of 4-
5 BACs (19-38 such pools per chromosome). Labelsdentides (either biotin-dUTP,
digoxigenin-dUTP, DNP-dUTP, Cy3-dUTP or DEAC-dUTRyere prepared as
described by Henegariu et al. (2000). The qualityeach labeled probe was tested
individually on pachytene chromosomes.

Prior to FISH, slides were rinsed in 2xSSC (2 xiB)ptreated with pepsin (100
pg/ml in 0.01 M HCI) for 3-10 min at 38°C, rinsed2xSSC (2 x 5 min), post-fixed in
4% formaldehyde/2xSSC (10 min), rinsed in 2xSS@ &min), dehydrated in 70, 90,

96% ethanol (2 min each) and air-dried.
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For CP, the entire labeled probe (~110 ng of DNA esich BAC) was
precipitated and resuspended in 20pd®f hybridization mix (50% formamide, 10%
dextran sulphate, 2xSSC, 50 mM sodium phosphat&.pHper slide. After mounting
the probe, the slides were placed on a heat blib8R°& for 2 min and then incubated in
a moist chamber at 37°C for ~12-36 h.

Post hybridization washes and detection steps a®gr@escribed (Schubert et al.
2001). Biotin-dUTP was detected by avidin conjudatgth Texas Red (1:1000; Vector
Laboratories), goat-anti-avidin conjugated withtimg1:200; Vector Laboratories) and
again with avidin conjugated with Texas Red, digexin-dUTP by mouse-anti-
digoxigenin (1:250; Roche) and goat-anti-mouse wgaied with Alexa-488 (1:200;
Molecular Probes), DNP-dUTP by rabbit-anti-DNP (04 Sigma) and goat anti-rabbit
conjugated with Cy5 (1:100; Jackson Laboratori€yB-dUTP and DEAC-dUTP were
observed directly. Nuclei and chromosomes weretesstained with 1-21g/ml of DAPI

in Vectashield mounting medium (Vector Laboratories

2.5. Microscopic analyses

Analysis of fluorescence signals was performed vaithepifluorescence microscope
(Axioplan 2; Carl Zeiss) using a 100x/1.4 Zeissnpdgpochromat objective and a cooled
CCD camera Spot 2e (Diagnostic Instruments). Imagexe captured separately for
each fluorochrome using appropriate excitation a@maission filters. Single plane
images and stacks of optical sections through nwede acquired with MetaVue
software (Universal Imaging). The deconvolutionimbge stacks was performed with
the ‘point spread function’ algorithm. Monochroneaitnages were pseudocoloured and
merged using MetaMorph (Universal Imaging) and/aoBe Photoshop 6.0 (Adobe
Systems) software.

20



2.6. Computer simulations of random chromosome arrangement

2.6.1. Determination of dimensions and volumes ofrAbidopsis nuclei

At first, the average volumes of 2@6t=25.9um?; leaf=26.7um°) and 4C (oot=44.9
um?; leaf=39.9um°) nuclei @>30) were determined on the basis of 3D image stémk
nuclei of the three predominant shapes (flatter@tei®, spindle and rod, Figure 1,

Table 1).(Measurements were performed together with V. Schudrt)

Figure 1. The three predominant shapes of Arabidopsis nu¢i Flattened sphere, (B)
spindle and (C) rodNuclei were counterstained with DAPI. BaBgim.

Table 1Dimensions and volumes of different types of nuaksd for computer model simulations
(Per organ and ploidy level the mean values weeé.)is

Organ Ploidy Nuclear n Axis length (1m) Volume
shape X y z (um®)
root 2C sphere 30 5.2 41 1.9 22.4
spindle 30 9.4 3.2 1.9 30.0
rod 31 14.3 1.8 1.8 25.4
4C sphere 32 6.6 5.3 2.2 43.5
spindle 31 10.2 3.6 2.2 43.8
rod 31 18.8 2.4 2.1 47.5
leaf 2C sphere 32 5.1 4.4 2.1 25.7
spindle 32 7.1 3.7 2.0 27.9
rod 32 10.3 25 2.0 26.4
4C sphere 32 6.1 5.2 2.0 34.4
spindle 32 8.7 4.4 2.2 43.4
rod 32 12.7 3.0 21 41.3
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2.6.2.The 1 Mb Spherical chromatin domain model

To assess the 3D topology of CTs within Arabidopaislei, experimental data were
compared with the prediction derived from compugedulations of random association
of CTs according to the ‘spherical 1 Mb chromatimin’ (SCD) model (Cremer et al.
2001; Kreth et al. 2004). Based on the compartnienteof interphase CTs into
subchromosomal replication foci of 400-800 nm iandéeter (Zink et al. 1998), the SCD
model considers CTs as a chain of domains of ~1(3® nm in diameter) connected
by entropic spring potentials. According to theiN® content (The Arabidopsis
Genome Initiative 2000) chromosomes 1 to 5 shoaldespond 29, 20, 23, 18 and 26
Mb domains, respectively. To permit only minor daps, a repulsive potential between
the domains was modeled and a weak energy baessential for maintenance of a
territorial organization of simulated chromosomess applied around each CT. As a
start configuration, the model assumes compressédders corresponding to the
mitotic state of thechromatin domains of the 10 chromosomes to besstatily
distributed within a simulated nucleus. The ‘startinders’ are then allowed to relax
according to the ‘Metropolis Importance Sampling ri#o Carlo’ method until the
thermodynamic equilibrium is reached (Figure 2).laRed CTs fill the nucleus

uniformly after ~200,000 Monte Carlo cycles (Metnbp et al. 1953).

Figure 2. 1 Mb Sperical chromatin domain model. Random ithistion of all Arabidopsis CTs

(A) at the start configuration and (B) after relaaa.
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Subsequently, the minimal distances between domaihsinterest were
measured. CTs were considered as associated itlhoas were less than 500 nm apart
from each other. At this distance, CTs appear paraged at the microscopic level of
resolution. Assuming a distance of 400 nm decreabed expected association
frequency of heterologous CTs by no more than 1% did not alter the significance
level for comparison of experimental and simuladath for heterologue association. To
test the influence of nuclear shape (flattened phspindle and rod) on random
arrangement of CTs, 1@uclei of eactshape were modele(Done by G. Kreth and

A. Meister)

2.6.3. Random spatial distribution model

Since the ‘SCD’ model does not simulate domainsM{d, the geometrical ‘random
spatial distribution’ (RSD) model wasstablishedby A. Meister to simulate spheric
chromosome segments of ~100 kb (corresponding @oatterage BAC insert size)
within 1P spheric, spindle- or rod-shaped nuclei accordinthéovolumes determined
for 2C and 4C nuclei and for the BAC FISH signals16 pm® and 0.22pm?®,
respectively) therein. The coordinates of segmemese calculated from random
numbers. Signals that overlapped or were closeeach other than 100 nm were
considered to indicate homologous pairing. The eamdccurrence of homologous
pairing was calculated using the VisualBasic 5.0c(bkoft) software. The differences
between the experimentally obtained values anditnelated ones were compared by

the chi-square or Fisher’s exact test and congildasesignificant at thB<0.001 level.
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3. Results and discussion

3.1. Establishing of chromosome painting in Arabidopsisthaliana

3.1.1. Development of painting probes for individuechromosomes

Although the Arabidopsis genome consists of onlg%lrepetitive DNA arrays (The
Arabidopsis Genome Initiative 2000), the preserfdAICs containing dispersed DNA
repeats has to be avoided carefully when paintirgpgs are arranged since such
sequences impair the painting of individual chroomes by cross-hybridization to
other than targer chromosomes. In Arabidopsis,atspare particularly abundant within
the (peri)centromeric heterochromatin and the NORserefore, BACs containing
(peri-)centromeric or 45S rDNA sequences were @uhitfrom painting probes.
Although chromosome arms of most Arabidopsis adoesslack larger blocks of
repetitive DNA, visible microscopically as intet&tl heterochromatin, complete and
truncated mobile elements are scattered along asome arms. Painting experiments
with chromosome 4 have shown that the use of tingpteie set of all BACs from the
tiling path results in cross-hybridization signals other chromosomes in addition to
painting of chromosome 4 (Lysak et al. 2001). Tfaree a search for repetitive DNA
sequences was performed for individual BACs inTheR database. BACs containing
>5% mobile elements within annotated sequences weardgted from the painting
probes, even when sequence in question was foube testricted to the chromosomal
position of the BAC insert. Conversely, some apptyesuitable BACs may vyield
additional FISH signals at other regions. Thus, céaiion analysis does not
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unambiguously indicate the suitability of BACs fGP. Therefore, individual BACs
were additionally spotted on filters and hybridizeih radioactively labeled genomic
DNA (Figure 3A). BACs yielding strong hybridizatiosignals (Figure 3A) were
excluded from painting probes. From the total &35, BACs, 1215 clones (77%) were
considered as suitable for CP. Finally the spatifiof chromosome specific BAC
pools was tested on pachytene chromosomes. Atbfyrsivo-color CP for the arms of
individual chromosomes and than by multi-color CBr fentire chromosome
complement (Figure 3B,C). For multi-color CP of fale A. thalianachromosomes, in
total 73ug of labeled DNA per slide were applied (~110 ngDMA of each of 669
BACSs). [BACs used for painting of chromosomes 1, 2, 3 arel were selected by A.
Pecinka; clones used for painting of chromosome 4eare selected previously by

Lysak et al. (2001)]

3.1.2. Identification of misaligned BAC clones by ISH

FISH with BACs mapped to the top arm of chromosdingielded signals at other
positions than expected. On the basis of signa&sgmt elsewhere in the complement, it
was found, that at least 14 BACs anchored to the ofidhe top arm of chromosome 2
were misaligned. For determination of their corrposition, individual BACs were
hybridized together with a tested correct BAC frdme top arm of chromosome 2 to
pachytene chromosomes. Two major groups of misadigBACs were identified: (1)
BACs giving a signal on the bottom arm of chromoso?y and (2) BACs located on
another chromosome (Figure 3D). Thus, FISH provalésol to confirm chromosomal

location of individual BACs (see also SchubertlepP@01).
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Figure 3. Chromosome painting iArabidopsis thaliana(A) DNA-DNA dot-blot hybridization
of Arabidopsis (Col) genomic DNA to 84 BAC clondggaed from Al to G12 according to
their physical position on chomosome 1 (Al to BAG T22A15 to T28N5; B5 to G12: BACs
F25015 to T7N22); H1 to H3: Arabidopsis (Col) genofNA (10, 100, 1000 ng); H11,12:
water controls. Clones showing a signal intensitgreger than that of C2 were omitted from
painting probes. (B)Painting probes were first tested for their speitifi to individual
chromosomes; examplified for chromosome 1 schealtifeft) and in pachytene (right). The
top arm was vizualized in red and the bottom armréaen color. (C) Multi-color painting of the
five Arabidopsis chromosome pairs schematicallyt)(land in pachytene (right). (Dn-situ
localization of two misaligned BACs from the topmarof chromosome 2. Left: expected
positions of four tested BACs deduced from the patsmap of Arabidopsis chromosome 2;
right: FISH localization of differentially labele®ACs on pachytene chromosomes. The
correctly aligned BACs T8K22 and F3C11 (both in eye appear on the top arm of
chromosome 2, the misaligned BACs F19B11 (greehaad T17H1 (red) hybridize to the top
arm of chromosome 4 (between the NOR and the hatesmatic knob) and to the bottom arm

of chromosome 2, respectively. Chromosomes werateostained with DAPI. Bars, jim.
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3.1.3.Identification of chromosome rearrangementsy means of chromosome

painting

The availability of confirmed painting probes allowo detect and visualize induced as
well as spontaneous chromosome rearrangements iavepecies with small and
morphologically similar chromosomes such as thds@.ahaliana For the transgenic
Arabidopsis line T665-IST (Aufsatz et al. 2002)qwencing of the T-DNA insertion site
has shown that T-DNA was integrated at the distal @ chromosome 5 bottom arm,
upstream of nucleotide 4316 of BAC K9I9. Howevée bpposite end of the transgene
was linked upstream of nucleotide 66153 of BAC F21fom the top arm of
chromosome 3, suggesting that a reciprocal traastoc has occurred during
transformation. The position of the chromosome &adbo arm terminus (from nucleotide
4317 of BAC KO9I9 to the end of the chromosome,atalt~0.2 Mb) was not specified
(Aufsatz et al. 2002). To confirm the translocatiand to reveal the position of
chromosome 5 terminus of the T665-IST genotypew@P applied. Four differentially
labeled contigs arranged according to predictedraegement were hybridized to
chromosomes of wild-type (Col) and of T-DNA lineidire 4A). Indeed, contig A
(BACs T14P13-T1B9) from the top-arm of chromosomea3 found to be translocated
to the predicted position on chromosome 5. Cont{g(®19-LA522) from the bottom arm
of wild-type chromosome 5 was found at the distal ef the top-arm of chromosome 3,
confirming a reciprocal translocation between ldttomosomes (Figure 4A).
Furthermore, during experiments with the transgehiabidopsis line EL702C
(Kato and Lam 2003), a previously not suspectedobhsmme rearrangement was
detected by CP. The line EL702C carries three T-BI#AL7 kb each) inserted at two loci
on the top arm of chromosome 3, ~4.2 Mb apart feaoh other; the proximal locus

harbors two transgenes in inverse orientation (feg®A; Kato and Lam 2003). By
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FISH with lac operator probe (10 kb of transgene) and BACs ¢pimg insert
sequences internally flanking the transgene locivéts aimed to analyze pairing

frequency of théac operator arrays in 2C nuclei (see part 3.3.).

T665-IST

EL702C C EL702C

[T

|
|

WT EL702C

Figure 4. Vizualization of chromosome rearrangements by (BPLeft: scheme of the reciprocal
translocation between chromosomes 3 and 5 in IB&AST in comparison to wild-type (Col).
Right: Chromosome painting of the complex probeifdotene chromosomes of wild-type and
pachytene chromosomes of T665-IST. (B and C) Thelotransgene insertion in EL702C is
accompanied by a paracentric inversion betweetintbgration points. Arrows indicate the top
arm end of chromosome 3 bivalent. (B) Painted regibetween BACs F2010 and F28J15
(yellow) and MBK21 and MSL1 (red) schematically ioged on the top arm of chromosome 3
of the wild-type accession Col and, together wlith transgene (green), on chromosome 3 of the
EL702C genotype. Images show FISH of the compleketo pachytene chromosomes of wild-
type and homozygous EL702C. (C) Regions flankiagdgene loci from outwards hybridize in
the same order on pachytene chromosomes of wilel-fypt shown) and line EL702C.

Chromosomes were counterstained with DAPI. Bagsnb
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To confirm the physical position of the transgemel 8AC loci on chromosome 3,
differentially labeled probes were first hybridizedpachytene chromosomes of EL702C.
The lac operator probes hybridized to the predicted locatiavhile the BAC probes
hybridized in reversed order suggesting an invarsiathe region between the transgene
loci. Also FISH with two differently labeled BAC s (MBK21 to MSL1
corresponding to the upper region and F2010 to F2&drresponding to the bottom
region between the insertion loci) yielded signafiseversed orientation on pachytene
chromosomes of homozygous EL702C plants comparettheosituation in wild-type
plants (Figure 4B). FISH signals of BAC insertsnkang the insertion loci externally
appeared in the same order on wild-type and EL70A&@lents (Figure 4C),
and thus confirmed the inversion between transglecicin EL702C plants. However,
without sequencing the actual breakpoints (~105t&b away from the insertions) we
are currently not able to identify the moleculaemivresponsible for that inversion and
to decide for one of the models proposed for threegion of inversions during insertion

of two transgenes in cis (Laufs et al. 1999).

3.1.4. Conclusions as to the chromosome painting Arabidopsis thaliana

Chromosome-specific painting probes were develdpedll five chromosome pairs of
model plantA. thalianaand allowed for the first time differential pamgi of the entire
chromosome complement of a euploid plant. MultecoFISH with these probes
provides a powerful tool for: (i) identification oindividual chromosomes, (ii)
vizualization of chromosome aberrations and (inydstigation of arrangement and
dynamics of Arabidopsis chromosomes during intesphand nuclear divisions

(Schubert et al. 2001; Lysak et al. 2001, 2003;irfkacet al. 2004, J. Cell Sci,
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submitted. Moreover,A. thalianapainting probes can be used for comparative studie
of interphase chromosome arrangement (A. Berr, Aciffka and |. Schubert

unpublished data) and of karyotype evolution inselg relatedBrassicaceaespecies

(Lysak et al. 2003, 2005).
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3.2. Arrangement of interphase CTs and somatic homologous pairing in

nucle of A. thaliana

3.2.1. The relative positioning of entire CTs is nadom

Painting probes for differential labeling of dllé Arabidopsis chromosomes were
hybridized to flow-sorted 4C nuclei from leavesgiiie 5A,B). In agreement with
observations in other eukaryotes, chromosome pagintevealed three-dimensional,
discrete CTs (Figure 5C). To test whether thera specific side-by-side positioning
between individual CTs, association frequenciesabfpossible homologous and
heterologous CT combinations were scored in splaritspindle-shaped nucle=61)
and compared with the prediction for their randamargement according to the SCD
model (see Materials and methods, Figure 2, TahleTRe random CT association
frequency was calculated as a weighted averageeoprtedicted association values for
spheric and spindle-shaped nuclei according tgtbportion of evaluated spheric and
spindle-shaped nuclei [for original values of thbserved and the predicted CT
association frequencies (according to the SCD mddelnuclei of different shape see
appendix: Tables 7 and 8]. The observed associdtiequency for all possible
combinations ri=15) was very high (76.4%-100%), because of the ¢bmomosome
number of A. thaliana (2n=10), and not significantly differentP$0.05) from the

prediction (68.7%-99.4%) based or? Simulated nuclei.
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Figure 5. Association of homologous and heterologous chremesterritories(A) Scheme of

differential labeling of individual Arabidopsis @mosomes for multi-color chromosome
painting. (B) Central focal plane of a 4C leaf rmud (left) and of CTs therein painted as in (A)
(right); DAPI-stained areas (left) without paintisggnal correspond to nucleoli (nu) and to the
pericentromeric chromocenters containing repetibA sequences that were excluded from
painting probes. (C) Maximum intensity projectiarfsa 4C leaf nucleus in three planes, left:

DAPI-stained, right: painted chromosome territoaesn (A). Bars, fum.

Table 2 Observed and expected frequency of pair-wise &tsmt of all
Arabidopsis chromosome territories in 4C leaf nucle

Chromosome Association frequency %)

combination A. thalianaCol (n=51) SCD model =10%)
1-1 88.2 85.3
1-2 96.1 99.1
1-3 100.0 99.4
1-4 98.0 98.8
1-5 100.0 99.4
2-2 76.5 74.8
2-3 96.1 98.6
2-4 96.1 98.3
2-5 98.0 98.8
3-3 80.4 775
3-4 96.1 98.4
3-5 98.0 98.5
4-4 78.4 68.8
4-5 96.1 97.5
5-5 88.2 78.8

¥ all differences between observed and simulatediesalwere not
significant £>0.05) in Fisher's exact test.
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No obvious preference as to the radial arrangewiespecific CTs was observed.
A large proportion of all CTs (preferentially thestBrochromatic chromocenters)
touched the nuclear envelope. The lack of a spefiial arrangment of entire CTs is
most likely due to the low number and similar sifeArabidopsis chromosomes (The
Arabidopsis Genome Initiative 2000). However, taeatain extent radial positioning
might be present at subchromosomal level, sinceh#terochromatic pericentrometic
chromocenters are often located at the nucleaplpeny, while telomeres cluster around

the nucleolus (Fransz et al. 2002).

3.2.2.The association frequency of homologous clnosome arm territories is

random for chromosomes 1, 3, 5 and higher for chromsomes 2 and 4

To test whether the random relative positioningynib for the entire chromosomes,
holds true also for homologous chromosome armsjtipgi experiments with probes

specific for the arms of all individual chromosomesre performed.

complete association of only association of only complete
association top arm CTs bottom arm CTs separation

Figure 6. Association of homologous chromosome arm territor{@) Scheme showing
differential labeling of chromosome 1 toed) and bottom dreer) arm. (B) The four types of
arrangement of homologous chromosome arm territdiggamplified for chromosome 1) as

images of central focal planes of 4C leaf nuclep@r part) and schematically below. Baurs.
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Either spatial association of both arms, of onky tthp arms, of only the bottom arms or
complete separation of homologous territories wiaBngjuished and recorded (Figure
6). Simulations of random arrangement of homologdiis were performed according
to the SCD model (Figure 2). Because in Arabidopsas and leaves three nuclear
shapes (flattened sphere, spindle, rod; Figure dguro frequently, independent
simulations were done (1@uclei per shape) to test whether an influenctemhuclear
shape on CT arrangement is to be expected. Indeedjmulations revealed an impact
of nuclear shape on the random association frequendCTs. For the symmetric
chromosomes 1, 3, and 5 the computer model predietgsociation of entire
homologues in 48.3-59.9% of spheric nuclei, in casttto only 20.6-23.6% of rod-
shaped nuclei. For the asymmetric chromosomes 24atiee predicted values were
25.2-31.9% and 14.8-18.7%, respectively. Becaus¢hefpredicted differences, we
merged the values simulated for different nucléapss by calculation of the weighted
average according to the proportion of evaluatdeesp, spindle and rod-shaped nuclei
per experimental point [for original values of tleserved and the predicted CT
association frequencies (according to the SCD mddelnuclei of different shape see
appendix: Tables 9 and 10]. These values were cadpsith the sum of values for all
shapes per experimental point (Table 3). The oleseassociation frequency (Figure 6,
Table 3) did not significantly deviate from the SGbodel prediction for random
arrangement in the case of chromosome 1. This alg for the differently shaped
nuclei of 2C, 4C, and 8C DNA content from roots wagll as from leaves.
Corresponding data were obtained for chromosonaxl® as studied in 4C leaf nuclei
(Table 3). Different observations were made forghmaller asymmetric chromosomes 2
and 4 with NORs at their top arm ends. For botlséhehromosomes the association of
entire homologues occurred significantly more offex0.001) and complete separation

less often than expected at random in all test@estyof nuclei. This increase of
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association also holds true when considering theegafor entire homologues and for
only top arms (T+B+ and T+B-) together and becoeen more pronounced with an
increasing ploidy (Table 3). The significant ingeain association frequency of
homologous entire and top arm territories of chreomees 2 and 4 is apparently due to
the frequent attachment of the NORs to a singldéelas (in >90% of nuclei) in a way

mediating association of homologues.

Table 3 Association frequencies of homologous chromosome-rritories in leaf and root nuclei of differeploidy
level$’: T=top arm, B=bottom arm, +=associated, -=sepdrate

Homologues A. thalianaColumbia SCD model (=10 x2 tes?
n Organ Ploidy Association frequency (%) Association frequerfidy (
T+B+ T+B- T-B+ T-B- T+B+ T+B- T-B+ T-B-
Chromosome 1 121 leaf 2C 47.1 198 149 182 55.0 123 13.8 189 -
100 4C 470 200 120 210 485 113 125 277 -
101 8C 426 168 138 268 50.6 115 126 254 -
120 root 2C 375 158 134 333 39.0 104 114 392 -
120 4C 350 292 242 116 333 26.7 333 6.7 -
120 8C 458 15.0 142 250 476 109 119 296 -
Chromosome 12C leaf 2C 45.8 6.7 19.2 283 31.1 25 36.2 302 *rk
12C 4C 45.0 58 225 26.7 30.6 24 360 31.0 ok
Chromosome 3 102 leaf 4C 47.0 26.5 6.9 19.6 43.6 203 6.7 294 -
Chromosome - 12C leaf 2C 425 33 258 284 21.3 12 356 419 bl
12C 4C 39.2 100 267 241 23.1 14 408 347 bl
111 8C 42.0 214 10.7 259 21.3 12 353 422 Hk
12C root 2C 39.2 83 233 292 19.2 1.0 293 506 Hk
122 4C 434 6.6 19.7 303 19.7 11 310 483 ok
13C 8C 454 253 10.8 185 21.0 11 342 436 ok
Chromosome 5 115 leaf 4C 496 11.3 200 191 46.5 89 174 272 -

3 per experimental point the percentage of obsevadutes for the sum of spheric, spindle and rod-sHapiclei is given
and compared to the SCD model prediction baseti@mweighted average for the three nuclear shapes.

b Significance level of differences between the retyi of observed versus expected values per expatahpoint in a
column-wise comparison:R>0.05; *** P<0.001;

For individual columns (observed versus model)di5{0.001, bold italics 0.001R<0.05

The pronounced increase of total top arm assooidfieB+ and T+B-) in 4C and 8C
leaf and root nuclei is paralleled by a decreasthénaverage number of FISH signals
for 45S rDNA per nucleus from 3.0 in 2C to 1.6 i@ 8uclei (Z. Jasencakova and I.
Schubert unpublished data). However, the enhanaswrf of NORs in polyploid
nuclei, does not affect homologous associationuiegy of the bottom arms (T-B+). A
‘strong tendency’ for association of homologues58%-70% of nuclei) was found in

35



human Sertoli cells (Chandley et al. 1996). Howgeaerong the tested chromomsomes
only the acrocentric NOR-bearing chromosomes 132dnshowed a high frequency of
homologous association (50%) also in dividing lymgytes, apparently due to
attachment of NORs at one nucleolus (Chandley. 419816).

In 8C nuclel, in general no more than two CTs wetand per homologue. Also
the number of chromocenters (at maximum 14, i.éerftentromeres and 4 NORs, but
usually not more than 10, Fransz et al. 2002) did significantly increase in >4C
nuclei. Both observations suggest that CTs of esttigulicated chromatids are usually

not separated but remain associated, at leastrvitibi pericentromeric regions.

3.2.3.The relative position of a geneFWA) within its CT does not necessarily

reflect the transcriptional state

After FISH with differently labeled probes for tkkromosome 1 top arm territory and
for BAC T2P11 therein (probe contained BACs flamkBAC T2P11 directly from the
both sides) to 4C leaf nuclen£359), 12.8% of FISH signals for the BAC were
localized clearly outside the labeled CT. This ssipg observation provoked the
question, whether the FISH signal for the corredpanBAC apart from the remaining
CT is due to an outlooping correlated with the $@iptional activity of genes in the
labelled region.

To test whether the transcriptional activity mighave an impact on CT
organization, i.e. whether a transcribed gene desumore often positions outside
compact CT than under silent condition, the flowgrigeneFWA residing in BAC
M7J2 and mapped to the bottom arm of chromosomeasichosen. In wild-type plants
(Ler) this gene is not expressed and strongly methylatenile it is constitutively

expressed and hypomethylated in leaf nuclei ofwlge1 mutant (Soppe et al. 2000). In
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2C leaf nuclei1t=337) offwa-1only 4.2% of FISH signals for BAC M7J2 were found
distal of the CT periphery (Figure 7A). A similarefiluency (3.8%) of signals out-
looped from the CT was observed also for wild-tygee leaf nuclei 1=368). In 4C
nuclei, out-looping of M7J2 signals occurred in7E@. of fwa-1 nuclei f=121) and in
6.5% of 230 wild-type nucleinE230). Although there is a tendency of more out-
looping inFWA-expressing 4C nuclei, the difference is not sigarit.

Thus, the position of a sequence relative to Ts(i@side, at the edge or outside)
does not obviously depend on the transcriptiors€sdf that sequence. This agrees with
the observations made on mammalian cells whereeagénes were found to be located
on the surface as well as in the interior of a @@ were not relocated when switching
the expression status (Mahy et al. 2002a). Thezetoainscriptional activity of a gene is
not necessarily a reasonable explanation for ttegively high frequency (12.8%) at
which the FISH signal for BAC T2P11 was found ‘odés the chromosome 1 top arm
territory. However, regions of ‘high gene densitydatranscription’ may frequently
extend from their territory (Mahy et al. 2002b) alseady described for the major
histocompatibility complex region that may locatgside its CT depending on cell type
and gene activity (Volpi et al. 2000). The genesityralong Arabidopsis chromosome
arms is rather uniform, but we cannot exclude thast of the 21 presumed genes of
BAC T2P11 are simultaneously expressed in nuclewsigy this region apart from its
CT. The results obtained with BACs T2P11 and M#dply that CTs do not always
have a smooth surface, i.e. outlooping of chromatio interchromosomal space
(mimicking intermingling of CTs) might occur to semextent. (Preparation of
chromosome painting probes and approximately one hiaof FISH experiments
were done by A. Pecinka; the remaining part and mimscopic evaluations were

done by V. Schubert).
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3.2.4. Somatic pairing of homologous chromosome segnts occurs at random

To analyze whether association of homologous CTigats strict allelic alignment
along chromosome pairs, the nuclear positions d0~kb chromosome segments
(average BAC insert size) were assessed by FISHwl&ineous detection with
differentially labeled probes of the chromosomegd arm territory and of BAC T2P11
therein has shown that of 94 4C leaf nuclei witkoagted top arm territories only 7
also showed homologous pairing at the positiorhef T2P11 insert (one FISH signal
for T2P11, Figure 7B. This indicates that association of homologuesnd a
consequence of homologous alignmd@P probes were prepared by A. Pecinka,
FISH and microscopic evaluation were done by V. Scibert).

Pairing was further analysed for different regi@ms chromosomes 1, 3 and 4
using either single BACs or two differently labeladjacent BACs for FISH (Figure
7C). A single compact signal site per nucleus veggmrded as single-point pairing in
contrast to clearly separated signals indicatirgahsence of pairing (Figure ¥£. In
addition, in some experiments (Table 4) nuclei tbahtained dispersed signals of
spheric shape or separated compact signals wiistande less than the signal diameter
(Figure 703) were scored. Such nuclei were considered to septea loose signal
association indicating spatial vicinity but not assarily allelic alignment of
homologous segments. The RSD model simulations0df2C and 4C root and leaf
nuclei, respectively, predicted a random frequemdy 5.9-7.8% of nuclei with
homologous pairing (Table 4). In contrast to theation described for association of
CTs, computer simulations revealed no significaiffeences as to the random
expectation of single-point pairing for the threegominant nuclear shapes (sphere,
spindle, rod). The reason is presumably that FligHats for ~100 kb segments occupy
a much smaller proportion of the nuclear volume #&nerefore cause less spatial
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constraints than do CTs. The observed frequenoyioliei showing single-point pairing
at the tested positions (0.8-14.0%; on average ATetdle 4) was 7-10 times lower than
that for association of both arms of the correspandiomologous pair (35.0-49.6%;

Table 4).

M F4C21
= F9H3
-3

F13C5
== T18B16
F11P17 F617
TIF9 = F24A6
1 M732

F1715
F10M10

Ti1111
F3F9

Figure 7. Relative position (to each other/their CTs) of labogous ~100 kb chromosome
segments. (A) 2C leaf nucleus of thwea mutant with separated chromosome 4 bottom arm
territories painted in red and an ~80 kb chromossegment of the same arm (BAC M7J2 in
green; one segmentafrow) looped out from its territory. (B) 4C wild-typ&¢l) leaf nuclei
with associated chromosome 1 top arm territoriemtpd in red and therein a ~85 kb
chromosome segment (BAC T2P11dreer) paired (B) or separated B (C) Scheme of
chromosomes 1, 3 and 4 indicating the BAC sequpaostions used for analysis of single-point
pairing by FISH. (D) Single-point pairing of thegseents T2P11/T7N9 in a 4C root nucleus
(D), separation of the homologous segments F11P1%/irik 2C leaf nucleus @pand loose
spatial association of the segments T2P11/T7N9 4€ aoot nucleus () based on compact
(D; and D) and dispersed signals 4D (E) Rare simultaneous pairing of two homologous
segments (F9H3;F1715) from opposite arms of chramms4 in a 2C root nucleus. Nuclei were

counterstained with DAPI. Bar3,um.
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Table 4 Single-point homologous chromosome pairing andreeg association analysed by FISH with BAC
pairs or single BACs in nuclei of different orgaarsd ploidy levels in comparison to the RSD model

B O Py PO PO sssenston
Chromosome 1 F6F3/F22L4 Leaf 2C 299 4.3 379 24.5
4C 355 5.4 443 24.2
Root 2C 357 4.2 435 21.4
4C 265 8.3 343 29.1
T2P11/T7N9 Leaf 2C 299 8.0 362 24.0
4C 571 2.1 *xx 670 16.6
Root 2C 243 5.3 264 12.9
4C 603 0.8 *** 659 9.3
F11P17/T1F9 Leaf 2C 141 4.3 171 21.2
4C 328 1.8 *** 382 15.6
Root 2C 436 3.7 % 503 16.5
4C 476 4.8 530 145
T11111/F3F9 Leaf 2C 487 4.3 615 24.2
4C 374 4.5 505 315
Root 2C 528 7.0 631 22.2
4C 544 3.9 646 19.0
Chromosome 3 F18C1 Leaf 2C 134 5.2 153 17.0
MGL6 Leaf 2C 141 4.3 153 11.7
Chromosome 4 F4C21/F9H3 Leaf 2C 104 9.6
4C 114 35
Root 2C 109 10.3
4c 120 6.7
FOH3 Leaf 2C 189 7.4 222 21.2
Root 2C 265 5.7 308 18.8
F13C5/T18B16 Leaf 2C 107 3.7
4C 121 5.0
Root 2C 113 14.0
4C 116 1.7
F617/F24A6 Leaf 2C 113 6.2
4C 119 3.4
Root 2C 92 13.3
4C 113 5.3
M7J2 Leaf 2C 315 4.8 368 18.6
4C 207 1.9 230 11.7
F17I5/F10M10 Leaf 2C 118 7.6
4C 120 1.7
Root 2C 109 111
4C 115 5.2
F1715 Leaf 2C 199 55 222 15.4
Root 2C 255 9.0 308 24.7
RSD mode! Leaf 2C 1C° 7.8
4C 10 6.S
Root 2C 1¢° 7.4
4Cc 10 5.

ajCompare with the simulated random values accortirige RSD model below; **£<0.001.

P)only this BAC was tested indr and not in Col background.

°On the basis of differences in volumes of 2C andal and leaf nuclei (see Appendix: Table 6), fexpected
pairing frequencies were calculated for comparisih the experimental data.

ny/ny: For 9 positions along chromosomes 1, 3 and 4lditian to nuclei showing either strict punctualrppey or
clear separation2€En;), nuclei with stretched signals of dispersed appes® or with compact signals of a
distance less than the signal diameter (togethesidered as 'association’) were scored separatdlpdded toy
(Z:nz).
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Compared to pairing, a signal association is up0tdimes more frequent. Adding
the number of nuclei showing single-point pairimgthat showing loose association
revealed that, depending on the chromosomal pasitigthin 9.3 to 31.5% of nuclei
allelic sequences occur in a close spatial proyiniable 4). Regardless of the
chromosomal position, pairing was not observediggmtly more often than expected
at random according to the RSD model. No significifierences were found between
leaf and root nuclei irrespective of the ploidydeytested for chromosomes 1 and 4).
Thus, inA. thaliananuclei somatic pairing is the exception rathemtiize rule. The
opposite has been shown fbrosophila melanogastewith homologous pairing in
60%-90% of somatic nuclei from the"™18mbryonic cell cycle on (Csink and Henikoff
1998; Fung et al. 1998). The comparison of Arabsi@mnd Drosophila shows that
similarity in genome size, sequence organizatiod elmromosome number does not
necessarily cause an identical CT arrangementheofconstraints as to the chromatin
dynamics within interphase nuclei of all tested amigms, a certain flexibility of
chromatin positions has been found (for review kam et al. 2004). The average
movement of GFP-tagged chromatin loci is ~008fmin (Kato and Lam 2003).
Therefore, at least in nuclei that show either Isippint pairing or close association of
allelic sequences, these allelic sequences migtuipycnuclear positions sufficiently
close for homologous recombination (for instancéhim course of double strand break
repair), in spite of the lack of a regular and gunus alignment of homologues.

For chromosome 1 the positional proximity of atteliequences (single-point
pairing and segment association together) waglessunced at interstitial loci (15.0%
on top arm; 16.1% on bottom arm) than at distal (84.6% on top arm; 23.8% on
bottom arm) when all data from 2C and 4C, leaf aad nuclei were pooledP&0.001).
This agrees with the clustering of telomeric regi@nound the nucleolus (Fransz et al.

2002).
41



Simultaneous FISH of two BACs located distantly awhromosome showed
that homologous pairing has indeed only single tpolraracter and does not involve
entire chromosomes (tested for four independentbawetions: F6F3 and T11I11;
T7N9 and F11P17; F18C1 and MGL6; FOH3 and F171§ufa 7C). Only three (0.2%)
out of 1240 tested nuclei showed simultaneous ngpiat two distant loci (Figure 7E).
(Experiments with BACs from chromosome 1 and approxnately one-third of
experiment with BACs from chromosome 4 were done byV. Schubert;
experiments assessing pairing of BACs from chromoste 4 were performed by M.

Klatte; experiments with BACs from chromosome 3 wee done by A. Pecinka.)

3.2.5.The frequency of somatic homologous pairinig not altered in Arabidopsis

mutants with an increased frequency of somatic hontegous recombination

Intermolecular recombination plays an importanerwl DNA repair of somatic cells
and is essential for the elimination of damaged DNA study the frequency of
intermolecular recombination events between honmiegchromosomes and sister
chromatids, transgenic Arabidopsis lines carryingpacially designed recombination
trap consisting of disruptedpaglucuronidase reporter gene in a direct repeantation
were generated (Molinier et al. 2004). In case oEé@mbination event between the
direct repeats of a marker gene, a functional tepagene is restored. Three mutant
lines B71, W92 and P8I24 displayed a significariti0-fold) increased frequency of
somatic homologous recombination in comparisorh&dontrol line 1C9 (J. Molinier
and B. Hohn, unpublished data). Similar resultsewebtained for theAtpl50caf-1
mutant with a T-DNA insertion in the middle of tA¢CAF-1 encoding region. This

mutant showed a >100-fold increased frequency wfasic homologous recombination
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compared to the control line C24 (Kyryk, Pecinkagileler, Kemper and Reiss,
manuscript in prep.).

These results together led to the question, whetihe higher frequency of
somatic homologous recombination found in B71, WR2l24 andAtp150caf-1might
be due to a generally increased pairing frequemtywéden homologues, or rather to an
intensified search for homology to repair inducedspontaneous DNA damage. To
elucidate this issue, the single-point pairing fregcy was addressed by FISH in 2C
leaf nuclei of hyperrecombination mutants and tlemtrol lines. The attempt to assess
pairing frequency directly at the transgenic logwss not possibel because of: (i) the
relatively small size of T-DNA construct (only 5k®), which did not allow a reliable
microscopic detection of FISH signals and (ii) thrknown position of the transgene in
the genome which excluded the use of a neighbd@igG insert as a probe. Therefore,
the analyses were performed with two BACs, F18Cd kiGL6 (see parts 3.2.4. and

3.3.3.), from the top arm of chromosome 3 (Figuzg. 7

Table 5 Single-point homologous chromosome pairing analyseFISH with single BACs in
nuclei of different hyperrecombination mutants afdorresponding control lines.

Genotype Organ Ploidy Analyzed Homologous pairiegifiency (%)
nuclei BAC MGL6 BAC F18C1

IC9 Leaf 2C 150 6.0 5.3
P2418 Leaf 2C 150 6.0 4.0
B71 Leaf 2C 150 6.0 4.7
W92 Leaf 2C 150 53 5.3
C24 Leaf 2C 150 4.0 4.6
Atp150caf-1 Leaf 2C 186 4.8 5.3

The frequency of nuclei showing single-point pairion average 5.3%; Table 5)
did not deviate between mutants and their coninalsl was similar to that for average
euchomatic regions in wild-type nuclei of ArabidspéCol) (see Table 4). Therefore,

the increased frequency of somatic homologous rbocmtion found in mutants B71,
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W92, P8I24 andAtpl50caf-1lis not associated with an elevated frequency ofasiem
homologous pairing.

The data from b-glucuronidase assay suggest ttrablogous chromosomes as
well as sister chromatids, can be used as a stbstom somatic homologous
recombination in Arabidopsis nuclei (Molinier et. a&004). Interestingly, sister
chromatids are used 2-3 times more often for samacombinational repair than
homologous chromosomes (Molinier et al. 2004). Treguent use of homologues in
somatic recombination is in contrast to the lowgérency of somatic homologous
pairing in Arabidopsis nuclei and suggests a meshateading to an intensified search
for homology after induced or spontaneous DNA damdguch a search could be
catalyzed in Arabidopsis by some protein(s) frore RRAD52 epistasis group [i.e.
RAD51, RAD52, RAD54, RAD55, RAD57 and the MRN (MRERADS0-NBS1

complex)] (West et al. 2004).

3.2.6.Conclusions as to the arrangement of interglse CTs and somatic

homologous pairing

Using chromosome specific painting probes, arramggmand dynamics of all
Arabidopsis interphase CTs was studied in 2C, 4€ &b nuclei isolated from roots
and leaves. Individual CTs were found to be fredjyesssociated with any other CTs.
However, this arrangement corresponds to the caenpubdel prediction for random
CT arrangement and is most likely due to the lomber of Arabidopsis chromosomes
(2n=10). The only exceptions are the NOR-bearing topsaof chromosomes 2 and 4,
which associate more frequently than expectedratam. This is probably caused by
frequent attachment of NORs to a single nucleolns>00% of Arabidopsis nuclei),

which mediates association of homologous NOR-bgadhromosome arms and of
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entire homologoues. In general, this arrangemestosasistent in all investigated types
of nuclei. Furthermore, the relative position ajene FWA) within its CT (inside or at
the periphery) does not obviously correlate with ftanscriptional state. Somatic
homologous pairing occurred on an average in 4.9%rabidopis nuclei. This is in
agreement with the computer model prediction foxdcan positional pairing frequency
(5.9-7.8%). Only in 0.2% of nuclei, simultaneousrfudogous pairing of two segments
at distant chromosomal positions was found. Thamdlogous pairing has only single-
point character and long range homologous alignreeeims to be the exception rather
than the rule in Arabidopsis nuclei. No significatifferences as to the frequency of
homologous pairing were found in Arabidopsis mwtamith an increased frequency of
somatic homologous recombination. This suggest$ tha observed increase in
recombination frequency is rather due to more sifd search for homology after
DNA damage than to gross alterations of nucleaamegtion.

The comparison of Arabidopsis and Drosophila (#teer species is characterized
by frequent somatic homologous pairing) shows thiatilarity in genome size,
sequence organization and chromosome number doegoessarily cause an identical
arrangement of interphase chromosomes. Therefoeeatrangement of Arabidopsis
CTs seems to be more similar to that found in nuafieon-cycling mammalian cells
that are characterized by predominantly randontivelgositioning of CTs (Cornforth
et al. 2002). However, in contrast to nuclei of tebrates, no pronounced radial
arrangement of CTs could be found in ArabidopskisTs apparently due to the small

number of Arabidopsis chromosomes and their singdare density.
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3.3. Alteration of the local interphase chromosome arrangement by

tandem repetitive trangenes and fluorescent chromatin tags

3.3.1. GFP spot numbers vary in 2C live nuclei of dmozygous transgenic plants

(EL702C) harboring two tagged loci on the top arm bchromosome 3

The transgenic Arabidopsis line EL702C carries ghl&c operator/GFP-lacl-NLS
transgenes (~17 kb each) inserted at two indepéhat2ron the top arm of chromosome
3, ~4.2 Mb apart from each other (Figure 8A). Thexpnal locus harbors two
transgenes in inverse orientation.

In live 2C guard cell nuclei of homozygous EL70@k@nts, Kato and Lam (2003)
only rarely observed four GFP spots. For statisgealuation, they counted GFP spot
numbers in live guard cell nuclei of cotyledondhefmizygous and homozygous EL702C
plants and of homozygous EL700S plants (Figure 8B3thce EL700S plants contain
the same construct as EL702C plants except folatheperator array, homogeneously
distributed GFP signals but no GFP spots were dégdem the nucleoplasm. In
hemizygous EL702C plants Kato and Lam (publishedétinka et al. 2005) found
5% of 92 nuclei without spots, 66% with one spat%@with two and 2% with three
spots. In homozygous EL702C plants 12% of 197 mwee without spot, 34% showed
one spot, 37% two, 11% three and 6% four spoteoinozygous EL700S plants, 55 out
of 56 nuclei showed no, and one nucleus (<2%) sHowame spot. The single spot
observed in an EL700S nucleus and a third spavanhemizygous EL702C nuclei were
most likely caused by spontaneous aggregation &-Iaérepressor-NLS molecules. The
absence of GFP spots in some EL702C nuclei migliueeto a high level of unbound

GFP-lac repressor-NLS protein yielding a strongraNefluorescence intensity that
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prevents discrimination of spots at the tagged. I@itiis initial experiment was
performed by N. Kato) The less than expected numbers of GFP spots aralewclei
of homozygous and hemizygous EL702C plants indic&i¢her frequent association
and/or a lack of appearance of GFP spots in theskeinTo distinguish between these
options, FISH experiments were performed to tradévidual lac operator loci with and

without expression of the GFP-lac repressor.
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Figure 8: GFP spot numbers in living guard cell nuclei (2€pm cotyledons of
dexamethasone-treated transgenic seedlings. (Agr8ehof chromosome 3 with position
of transgene insertions (indicated in green) in E2C line. The proximal locus harbors
two transgenes in inverse orientation. (B) Percgataf nuclei with 0, 1, 2, 3, and 4
spots of hemizygous EL702C plants=92), of homozygous EL702C plants=097) and of
homozygous EL700S plants=56). (C) Representative images of nuclei with 02,13, or 4
spots from each of the lines and schematic vieth@lflac operator array loci on chromosome 3

in each line.
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3.3.2. GFP spots always co-localize with FISH signals ¢&c operator arrays, but

not vice versa

At first, GFP spots and FISH signals of thee operator repeats were counted in
flow-sorted 2C nuclei of homozygous EL702C plamswhich expression of the GFP-
lac repressor protein was induced with dexamethag®@ex) (Figure 9). Nuclei
without clear GFP spots were excluded from evadmaiOut of 63 analyzed nuclei, 30%
showed one, 35% two, 25% three and 10% four GFB spocontrast, 22% of nuclei
showed four FISH signals, 35% two, 35% three andsB&tved one FISH signal (Figure
9A). All GFP spots coincided with lac operator FISH signal (Figure 9B), but nate

versa.
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Figure 9. Co-localization of GFP-spots afdc operator-FISH signals in Dex-treated 2C leaf
nuclei of homozygous EL702L plants. (A) Percentafi@uclei with 1 to 4 GFP spots versus
FISH signals. There may occur less GFP spots tHaid Bignals in one nucleus. (B) Examples of
nuclei with 1, 2, 3 or 4 GFP spots coinciding wile operator-FISH signals. (C) Example of a

nucleus with missing GFP spot (arrow). Nuclei wesanterstained with DAPI. Bars 1@n.
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In total 83% out of 252 FISH signals coincidedhvat GFP signal. Thus, 17% of the
transgene loci cannot be detected by a GFP spbeiatreated homozygous EL702C
nuclei under the applied conditions (Figure 9C)pagmntly, some GFP spots could
not be discriminated because of high overall flsoence intensity and/or rapid
bleaching of signals within a minute of exposuress than 4 FISH signals per nucleus

may be most likely due to ectopic or allelic aliggmhof thelac operator arrays.

3.3.3Lac operator arrays pair more often than random in nudei of transgenic

plants and thus enhance pairing frequency of adjacd endogenous regions

To test whether the lower than expected numberigrfats forlac operator arrays is
indeed due to homologous pairing, FISH experimevits the lac operator array and
BACs flanking the transgenic loci were conducteie Tpairing frequency of thiac
operator arrays was assessed by tri-color FISH BAC MGL6 (79.5 kb, ~54 kb
downstream of the insertion, red) flanking the alisdcus, BAC F18C1 (100.8 kb, ~55
kb upstream of the insertion, yellow) flanking fhr@ximal locus andac operator probe
(green) (FigurelOB-D), in 60 hemizygous untrea&?l,homozygous untreated and 59
homozygous Dex-treated EL702C nuclei. Tlae operator array alignments were
classified as two different types of homologousipgi If two signals (MGL6, red and
F18C1, yellow) co-localized with #ac operator signal (green), the alignment was
identified as ectopic pairing. If all signals ofieir MGL6 or F18C were co-localized with
lac operator signal, the alignment was identified &dialpairing. In hemizygous nuclei,
ectopic pairing was detected for 13% of the operator loci without Dex-treatment. In
homozygous EL702C nuclei without Dex-treatmentppict pairing was observed for

27% of thelac operator array loci and allelic pairing for 34%the loci. After Dex-
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treatment, these values increased to 35% (ectapring, P=0.052) and 45% (allelic

pairing,P=0.017), respectively (Figure 10A).
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Figure 10. Ectopic and allelic pairing of théac operator arrays in EL702C plants. (A)
Percentage of loci showing ectopic pairing (untdahemizygous nuclei) or ectopic/allelic
pairing (untreated and Dex-treated homozygous fuc(®) Scheme of chromosome 3
(EL702C) with indicated position of used probes) 82ample of hemizygous nuclei showing
ectopic pairing (top) or separation (bottom) ofnsgenic loci. (D) Sample of homozygous
nuclei with ectopic pairing of both transgenic lodop), allelic pairing of only the
distal locus (middle) or separation of both lo@tfbm). Nuclei were counterstained with DAPI.
Bars, 3um.

To to find out possible effects t#c operator loci on the neighboring regions, the
pairing frequency of BACs F18C1 (yellow) and MGL@d) that flank théac operator

array in EL702C nuclei was analyzed by two-col@H#lin wild-type (=153) versus
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hemizygous ri=60) and homozygou$£62) EL702C nuclei without Dex-treatment. In
addition, 61 and 59 nuclei of wild-type and homaayg EL702C after Dex-treatment

were also analyzed (Figure 11).
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Figure 11. Homologous pairing and ectopic association of megjiflanking thelac operator
transgene. (A) Percentage of homologously paired8{Bci, homologously paired F18C1 loci
and association between both regions in wild-tyyeenizygous and homozygous EL702C nuclei
without or after Dex treatment. (B) Schemes of aimwmeome 3 (wild-type and EL702C) showing
the position of BACs MGL6 and F18C1 used for FISE) Homozygous EL702C nuclei
showing homologous pairing of MGL6 (top) or ecto@ssociation intrachromosomally or

between homologues (bottom). Nuclei were counterstewith DAPI. Bars, 3im.

Homologous pairing of both regions as well as rthesterologous association
occurred without significant differences (i.e. 3%-@er locus, Figure 11A) in wild-type
and hemizygous EL702C nuclei, irrespective of Deatment. In homozygous EL702C
nuclei, homologous pairing (10%<0.05 for MGL6 and 14%2<0.001 for F18C1) and
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ectopic association (994;>0.05) occurred more often than in wild-type. Atlar
increase of homologous pairing (20Ps0.032 and 22%42=0.177, respectively) as well
as of ectopic association (17%=0.013; Figure 11A) was found after induction of
GFP-lac repressor protein expression in homozy@w&2C nuclei (all aP<0.001
when compared to wild-type).

Homologous pairing of ~100 kb regions along défdr chromosomes OA.
thaliana accession Col occurs on an average in about 5%rohtc nuclei (see part
3.2.4.). In wild-type nuclei, allelic pairing andtepic association of the regions that flank
thelac operator loci in EL702C occur with a similar freqag (3%-6% per locus). These
values are also within the range predicted for camdappearance of homologous
pairing according to simulations based on the RSBdeh (see Materials and
methods). The homozygous presence ofldb@perator arrays results in a 4-fold to 10-
fold higher frequency of allelic as well as of gmtopairing of these loci compared to the
average values observed for endogenous sequenedlg-type nuclei (compare values
for BACs F18C1 and MGL6 in Figure 11A with those fac operator arrays in Figure
10A). The high allelic pairing frequency of thertsgene may exert a “dragging” effect
on the flanking regions (Figure 11A). In hemizygnte dragging effect is not obvious
because (i) pairing of the transgene is less fragtiean in homozygotes and (ii) in
most cases FISH signals of flanking regions areassied by those dhc operator
loci during ectopic transgene pairing. On the basithese data it is speculated that
tandem repetitive sequences promote homologousias®m in Arabidopsis. Such
a tendency for homologous association of tanderaatspcould also be the reason for
association of multiple transgene insertion locivneat nuclei (Abranches et al. 2000;
Santos et al. 2002).

Expression of the GFP-lac repressor protein in deygous EL702C nuclei

yielded a further increase of allelic and ectoparmg of the transgene locus by
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additional 5 to 10% (Figure 10A), with a dragginffeet on the flanking regions
(Figure 11A). Most likely, GFP-lac repressor protdinding to thelac operator
arrays, rather than just expression of the trarsgenforces allelic and ectopic pairing
of the lac operator arrays. Wild-typkac repressor (tetramerizing form) can bitat
operators on different DNA molecules, tethering etbgr loci on different
chromosomes (Straight et al. 1996; Weiss and Simf887). Because in this study a
dimerizing mutant form of the laepressor was used (Kato and Lam 2001), which can
bind only onelac operator site (Robinett et al. 1996), the capabiit tethering two
chromosomes should be minimized in EL702C. Nevkrsise spontaneous association of
GFP-lac repressor protein molecules bound to @éiffdac operator loci might increase
the pairing frequency. Previously, Kato and Lam(2preported that movement
of tagged chromatin in Arabidopsis nuclei, in spitfebeing spatially constrained,
may span ~0.085um/min. Because homologous chron®segions of ~100 kb are
either paired or separated by less than h2in ~20 % of Arabidopsis nuclei on
average, it seems reasonable to assume that dhengi2 h of Dex-treatment random
associations dfic operator sites may occur and become stabilizeda@aggregation of
GFP-lac repressor proteins.

The pairing behavior dac operator arrays is apparently not sequence speAifi
similar pairing frequency as for thac operator arrays was found also for the tandem
repetitive transgenic hygromycin phosphotrasnfe@&eT) locus (composed of ~15
rearranged plasmid copies of together ~100 kb)a(d&®A. Probst in Pecinka et al. J.
Cell Sci, submittegl. This locus is silent within the homozygoAs thalianaline A
(Mittelsten Scheid et al. 1991, 1998) and activateithe mom1-1mutant (Amedeo et al.
2000) without alteration of DNA methylation and tbise modifications (Probst et al.
2003). In nuclei of line A, 30% of HPT FISH signalgere paired. This value is

significantly higher P<0.001) than the ~5% of pairing observed for vasiendogenous
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euchromatic regions along the Arabidopsis chromesofRecinka et al. 2004). However,
it is not significantly different®>0.05) from the allelic pairing frequency of traeag
lac operator arrays (34% of loci) in homozygous EL702¢lei. In mom1-1nuclei,
association of HPT FISH signals (21%) was stillnsigantly higher than the
average pairing frequency of Arabidopsis endogeraghromatic region$>€0.001).
Sequence-specific but more or less location-indéget somatic association of
multiple inserted arrays dét operator andac operator has been reported for budding
yeast (Aragon-Alcaide and Strunnikov 2000) althoubls was not confirmed by
FISH or in the absence of fusion protein. For thene organism, associationtet
operator arrays was shown to depend on the expresbkihetet repressor fusion-protein
(Fuchs et al. 2002). In Drosophilac O arrays apparently do not necessarily enforce
homologous pairing since it was possible to tradersive separation of homologues
and even of sister chromatids during premeiotic-@&l(Vazquez et al. 2002), although

somatic pairing occurs regularly in many Drosophgaues.

3.3.4.The transgenic tandem repeats co-localize neooften than the flanking

regions with heterochromatic chromocenters

During the FISH analysis described above, a fregisieatial association déc operator
loci with heterochromatic chromocenters (detectedst@ongly DAPI-stained regions)
was noticed. Therefore the frequency of positiom&rlap (co-localization) of FISH
signals of F18C1l, MGL6 andac operator probes with strongly DAPI-stained
chromocenters was quantified in homozygous EL70aen without (=41) and after
Dex-treatmentr{=31). For comparison, the overlap of FISH signalsIGL6 and F18C1
probes with heterochromatin was monitored in 621xype nuclei (Figure 12). In wild-

type nuclei, chromocenters could not be clearlytidigaiished only on the basis of
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DAPI staining. Therefore, they were marked by FIS8ith 180 bp centromeric
repeats and 45S rDNA, the main components of hetesmatin in Arabidopsis (Fransz
et al. 2002). While 8-14% of MGL6 and F18C1 FISHymsls co-localized with
heterochromatin in all types of nuclei tested, 3@P4ac operator signals overlapped
with chromocenters in untreated, and 44% in Deatée homozygous EL702C nuclei
(both P<0.001 when compared to the flanking regions). App#y, the co-localization
of lac operators with heterochromatin did not interfer¢hveéxpression of the GFP-lac
repressor protein in homozygous EL702C nuclei aljinathe lac repressor gene is placed

closely to thdac operator array (Figure 12).

A,* B
Bl \viGL6 lact: lisl
w || =] F18C1 (1N | |
B 12cO MGL6 EL702C
Significant differences to the
30 4 regions flanking /acO in Chi-
square test,*** P<0.001 C

20 J homozygous EL702C

) r
0

percentage of signals in chromocenters

' ®
e

WT EL702C EL702C
homozygous homozygous
Dex+

Figure 12. Association frequency of tHac operator arrays and of BACs F18C1 and MGL6 with
heterochromatic domains. (A) The percentage of FfgHals associated with heterochromatin in
nuclei of wild-type (MGL6, F18C1) and of homozygobk702C plants without and after Dex
treatment (MGL6, F18C1ac operator) is shown. (B) Scheme of chromosome 3 Q2Cj with
positions of the sequences used for FISH. (C) Hygozs EL702C nucleus with one diskat
operator FISH signal within a DAPI-intense heterochatic chromocenter (arrow). The second
one and the paired proximkldc operator FISH signals as well as all flanking oegi are in

euchromatin. The nucleus was counterstained witPDBar, 3um.
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In order to test whether pairing tdc operator loci precedes association with
heterochromatin, the number laic operator loci per overlap with a chromocenter was
counted. Within 31 Dex-treated homozygous EL702Cleiuharboring 124 loci), 54
loci were associated with a chromocenter, of whidlwere detected as a single locus,
24 as two, 12 as three and 4 as four paired lgggesting that transgene pairing is not
a prerequisite for association with heterochromatin

Similar observations as to the association wittereehromatic chromocenters
were made also for the transgenic HPT locus (Ab&ran Pecinka et al. 2005). Co-
localization with heterochromatic chromocenters ¥asd for 50% of HPT signals in
line A and for 49% irmom1-1nuclei. This is significantly mord>£0.001) than found for
BACs MGL6 and F18C1 in wild-type. Because 60-65%heferochromatin-associated
HPT loci were not paired, homologous pairing seapido be a prerequisite for spatial
association of HPT loci with chromocenters. Hertbe, association frequency of the
HPT locus with heterochromatin is even higher ttieat observed for theac operator
arrays, independent of its transcriptional status @ a preceeding homologous pairing.
The HPT locus is clearly larger than tlae operator locus and becomes often visible
as an intensely DAPI-stained chromocenter (Prabat 003). Because the HPT locus
co-localized more often than thec operator locus with heterochromatin, the tendency
of tandem repeats to associate with heterochronmatrabidopsis interphase nuclei
might correlate with the size of the entire repsattaining locus.

The mechanism by which repeat sequences areddrggethromocenters remains
to be elucidated. Probably, tandem repeat loci tenassociate with each other on the
basis of sequence homology but also with heterocatic chromocenters containing
other repeat sequences. This would render tand@mate better candidates for
anchoring euchromatin loops to heterochromatin &tiog to the

‘chromocenter-loop-model’ (Fransz et al. 2002) thdispersed repeats such as
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Emil2 elements that colocalize with chromocenters omlyl{7% of nuclei (S.

Klatte and I. Schubert unpublished results).

3.3.5.Conclusions as to the local alterations ofnterphase chromosome
arrangement caused by repetititve transgenes andubrescent chromatin
tags

Fluorescent protein mediated chromatin taggingcdmseaed by thdac operator/lac
repressor system is useful to trace distinct chtom@omains in living eukaryotic
nuclei. To interpret the data correctly, it is innfant to recognize influences of the
tagging system on nuclear architectures of the belés. Within anArabidopsisline
that carriedac operator/lac repressor/GFP transgenes, the traadgenfrequently
associate with each other and with heterochromatromocenters. Accumulation
of tagging fusion protein further enhances the aisdmn frequency. Experiments
with a transgenic plant carrying another multi-coppansgene also revealed,
independent of its transcriptional state, unusuhilyh frequencies of association
with each other and with heterochromatin. From ¢hessults it is conclued: (i) the
lac operator/lac repressor chromatin tagging system atigy the spatial chromatin
organization in the host nuclei (in particular whaore than one insertion locus is
present) and (ii) loci of homologous transgeniceas associate more often with

each other and with endogenous heterochromatinaharage euchromatic regions.
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4. Outlook

i) In previous studies, | could show that transgeaindem repetitivéac operator
arrays frequently associate with each other andh witeterochromatic
chromocenters in Arabidopsis nuclei. The origireddged line was crossed with
Arabidopsis mutantsdfiml1 and metl) showing reduced levels of DNA and
histone methylation and altered chromatin orgammatin interphase nuclei
(Soppe et al. 2002) within the group of E. Lam.uraitstudies using these tagged
mutant lines will show whether the global changesDINA methylation and
histone modifications have an impact on homologoaising and heterologous
association of interstitial tandem repeats.

i) Whole-mount FISH experiments on Arabidopsis trooeristematic tissues will
show whether the CT arrangement in mitotically \actcells differs from that
observed in differentiated tissues. Nuclei of ntergtic cells have a prominent
phenotype (spheric shape; large nucleolus compriairleast 50-60% of nuclear
volume and chromatin occupying only relatively thager adjacent to the nuclear
periphery) and thus differ significantly from preusly analyzed Arabidopsis
nuclei. Therefore, new SCD model simulations ofd@n CT arrangement in
nuclei of meristematic cells will be performed.

iii) The seeds of flowering plants contain two fi@&ation products: the diploid
embryo and triploid endosperm. The embryo resutismmfa fusion between the
maternal genome of the egg and the paternal genbthe sperm. The endosperm
is a product of fusion between one paternal genofmine sperm and the two
maternal genomes of the (homo-diploid) central.c€he ploidy ratio of two
maternal to one paternal genome in the endosperanitisal for normal seed

development. So far, the role of higher-order clattmstructure in endosperm
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nuclei, and in particular, the arrangement of theeptal genomes, have not been
investigated. Using CP, it is aimed to determinestiiar the parental genomes in
Arabidopsis endosperm nuclei possess a non-randoanggment and/or a
specific topology that could underlie the parenbagin effects observed during
seed development.

(Peri)centromeric and telomeric regions asdecimore frequently than interstitial
euchromatic chromosome regions in Arabidopsis mnuckased on this
observation, it is assumed that interstitial regioshould be involved less
frequently than chromocenters and chromosome terminspontaneous and
induced homologous exchange aberrations. Durindjtepost-treatment mitosis
after mutagen exposure, multicolor CP should allowdentify the chromosomes
involved in exchange aberrations. If Arabidopsisoaosome regions containing
tandemly repeated sequences are preferentiallylvedoin mutagen-induced
structural chromosome aberrations as observedthfar @rganisms (Schubert et
al. 1994, 2004), the breakpoints of exchange ati@nsain the first post-treatment
mitoses should predominantly occur within pericemteric or NOR regions
detectable by size and composition of anaphasgdsidnd/or acentric fragments
after multicolor CP.

Comparative CP to other species of Brassicaceaefamily is now feasible
(Lysak et al. 2003). This method is utilizifg thaliana chromosome specific
painting probes arranged according to comparatereetic maps oArabidopsis
lyrata andCapsella rubellaSchmidt et al. 2004uittinen et al. 2004). Studies on
interphase nuclei of relatedrassicaceae species, will show whether a
chromosomal constitution different from that Af thalianaresults in a different
CT arrangement. The experimental results will bengared to corresponding

SCD model predictions for random CT arrangement.
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5. Summary

I. Establishing of chromosome painting inArabidopsis thaliana and detection of

chromosome rearrangements

Painting experiments with the complete set of BAGs the chromosome 4 tiling path
resulted in cross-hybridization signals on otheroofbsomes (Lysak et al. 2001).
Therefore, individual BACs were analyzed for theegance of repetitive DNA
sequences in TIGR database and by Dot Blot hylaidia. Clones containing >5% of
mobile elements in TIGR database or yielding stroylgridization signals on Dot Blot
were omitted from the painting probes. From 1,588ed BACs, 77% were considered
as suitable for CP.

Confirmed CP probes allow visualization of chroomos rearrangements. For the
transgenic Arabidopsis line T665-IST, sequencinthefT-DNA insertion site suggested
a translocation between the top arm of chromosoar@3he bottom arm of chromosome
5 (Aufsatz et al. 2002). Using CP, the predicteatremngement could be verified and the
position of the chromosome 5 bottom arm terminas was unknown for T665-IST was
found on the top-arm of chromosome 3, providinglente for a reciprocal translocation
between both chromosomes. Furthermore, a previolguspected inversion between
two T-DNA insertion sites (4.2 Mbp apart from eaother) on the top arm of
chromosome 3 was detected by CP in the ArabiddpssEL702C (Kato and Lam

2003).
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[I. Arrangement of interphase CTs and homologous piaing in somatic nuclei of A.

thaliana

Using chromosome specific painting probes, arramgegnand potential dynamics of
Arabidopsis CTs were studied in 2C, 4C and 8C nuftlem roots and leaves.
Individual CTs were found to be frequently assadatHowever, this arrangement
corresponds to the computer model prediction fodoan CT arrangement and is due to
the low number of Arabidopsis chromosomes=0). Only the homologues of the
NOR-bearing chromosomes 2 and 4, associate morpdngly than expected at
random. This is apparently because of frequerdclmhent of NORs to a single
nucleolus (in >90% of Arabidopsis nuclei), whichdiaes association of NOR-bearing
arms and of entire homologoues. This arrangemerg gamsistently found in all
investigated types of nuclei. Furthermore, thetnsaposition of a geneFWA) within
its chromosome territory does not obviously depemds transcriptional state.

Single-point homologous pairing occurs on avelage9% of somatic nuclei, i.e.
not significantly more than expected at random-%B&%). Only in 0.2% of nuclei, two
segments at distant chromosomal positions weredfdoenpair simultaneously. No
significant differences as to the frequency of posal homologous pairing were
observed in Arabidopsis mutants with an increaseduiency of somatic homologous
recombination. This suggests that the increasedambination frequency is rather due
to more intensified search for homology after spoabus as well as induced DNA
damage than to a generally increased level of hogaoois associations.

Thus Arabidopsis differs from Drosophila (charaized by regular somatic
pairing of homologues) and shows that similaritgé@nome size, sequence organization
and chromosome number does not necessarily causeeatical arrangement of

interphase chromosomes.
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lll. Alteration of the local interphase chromosome arrangement by tandem

repetitive trangenes and fluorescent chromatin tags

The lac operator/GFP-lac repressor tagging syssesmpiowerful tool to study chromatin
dynamicsin vivo. However, the results as to the arrangement efphtase chromosomes
achieved with this system have to be consideretiazely. In many Arabidopsis nuclei
lac operator arrays do not reflect the spatial orgetion at the integration loci under
wild-type condition and may lead to invalid conétuss as to positional homologous
pairing frequencies (Esch et al. 2003). This probt®uld become significant especially
when homozygous or multiple insertions of repetitwrays are present. The main reason
for the increase in allelic and ectopic associafreguency of thdac operator arrays
(compared to the flanking sequences under wild-tgpedition) is most likely the
repetitive nature of the transgene construct. Tihgles behavior of the HPT locus
further supports the idea that #. thaliana the tandem repetitive nature of a
transgene locus might be responsible for an in@@adlelic and ectopic pairing
frequency of transgenic sequences as well as fan@eased co-localization frequency
with endogenous heterochromatin. GFP-lac reprepsatein molecules that tag the
lac operator arrays may further enhance the frequehdyomologous pairing of the
operator repeats, most likely via aggregation of fgpressor molecules bound to the

differentlac operator arrays in close vicinity.
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6. Zusammenfassung

I. Etablierung des Chromosomenpaintings furArabidopsis thaliana und Nachweis
von Chromosomenumbauten

Painting-Experimente mit einem Satz kunstlicher tBagnchromosomen (BACs), die
das gesamte Chromosom 4 abdecken, ergaben Hyérgigssignale auch auf den
anderen Chromosomen (Lysak et al. 2001). Deshatbddemualle verfiigbaren BACs flr
die tbrigen 4 Chromosomen anhand von Datenbank+ationen (TIGR) und mittels
Dot-Blot-Hybridisierung mit genomischer DNA auf Amsenheit von repetitiven
Sequenzen Uberprift. Klone, die mehr als 5% molitlemente oder starke
Hybridisierungssignale mit genomischer DNA aufwigseurden nicht in die Painting-
Proben einbezogen. Von 1585 BACs wurden 77% alsdfis Painting geeignet
gefunden.

Selektierte Painting-Proben ermoéglichten den Nagsiwvon strukturellen
Chromosomenaberrationen. Die Sequenzierung einBdNA-Insertionsortes in der
transgenen Arabidopsis-Linie T655-IST liess einanBiokation zwischen dem kurzen
Arm von Chromosom 3 und dem langen Arm von ChrommoSovermuten (Aufsatz et
al. 2002). Durch Chromosomenpainting konnte diesmahme verifiziert werden.
Weiterhin konnte eine vordem nicht vermutete Inwgrszwischen zwei 4,2 Mb
voneinander entfernten T-DNA-Insertionsorten imzZam Arm von Chromosom 3 der
Linie EL702C (Kato & Lam 2003) mittels geeignetemiming-Probenin situ

nachgewiesen werden.

[I. Anordnung von Interphase-Chromosomenterritorien und homologe Paarung in
somatischen Zellkernen vorA. thaliana
Mittels chromosomenspezifischer Painting-Proben denr die Anordnung und die

potentielle Dynamik von Chromosomenterritorien irC-2 4C- und 8C-Kernen
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unterschiedlicher Form (kugelig, spindelférmig,bdtamig) aus Wurzeln und Blattern
von A. thaliania untersucht. Individuelle Chromosomenterritorien reva
groRenabhangig in beliebigen homo- und heterolodgembinationen (x — y% der
Kerne) miteinander positionell assoziiert. Dieseoimung entsprach der Vorhersage
durch Computersimulationen gemaf einer zufalligdwo@osomenanordnung und
beruht auf der geringen Chromosomenzahl ®orthaliana (2n = 10). Lediglich die
Homologen der NOR-tragenden Chromosomen 2 und 4rwhaufiger assoziiert als
zufallsgeman erwartet. Dieser Befund beruht waleistibh darauf, dass in >90% der
untersuchten Kerne alle Nukleolusorganisatoren moit einem Nukleolus in einer
Weise vergesellschaftet waren, die die Assoziatimm NOR-tragenden Armen sowie
vollstandiger homologer NOR-Chromosomen bedingtes® Anordnung wurde in
allen untersuchten Kerntypen gefunden.

Am Beispiel des Blutengens FWA konnte gezeigt werddass die relative
Position eines Genes innerhalb oder aulerhalb desprechenden durch Painting
markierten Territoriums nicht zwingend von der Biaptionsaktivitat abhangt.
Punktuelle Homologenpaarung tritt an unterschideéiic chromosomalen Positionen
durchschnittlich in 4,9% der Zellkerne auf, d.rchtihdufiger als zufallsgemaf (in 5,9 —
7,8 % der Kerne) erwartet.

Auch in Mutanten mit signifikant erh6hter Frequearz somatischen homologen
Rekombinationsereignissen bleibt die punktuelle ridagsfrequenz unverandert.
Wabhrscheinlich basiert die erhohte Rekombinati@wgfenz eher auf einer intensiveren
"Homologie-Suche" als auf haufigerer Homologenpagru

Der Unterschied zu den an Drosophila erhobenenrigiein (reguléare somatische
Homologenpaarung) zeigt, dass Ahnlichkeiten hirtBth GenomgroRe,
Sequenzorganisation und Chromosomenzahl nicht maoligyerweise eine gleiche

Anordnung der Interphasechromosomen bedingen.
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lll. Lokale Veranderungen der Chromosomenanordnungdurch tandem-repetitive
Transgene und fluoreszierende 'Chromatin-tags'
Das Lac-Operator/GFP-Lac-Repressor-System ist eeiggetes Werkzeug zum
Studium der Chromatindynamik vivo. Jedoch sind die entsprechenden Ergebnisse mit
Vorsicht zu betrachten, da es sich um kunstlicltlggiene Loci mit z.T. unnatirlichen
Proteinkonzentrationen handelt. In vielen Arabidsikernen spiegelt die Anordnung
der Lac-Operator-Repeats daher auch nicht die rélenl Organisation der
entsprechenden Loci unter Wildtypbedingungen widerd kann zu falschen
SchluR3folgerungen hinsichtlich der punktuellen Hésgenpaarung fiihren (Esch et al.
2003). Dies ist vor allem dann der Fall, wenn hoygote oder multiple Insertionen von
Tandem Repeats vorliegen. Die wesentliche Ursathalieé erhdhte Frequenz alleler
und ektopischer Paarung der Lac-Operator-Repeatd/engleich zu flankierenden
Sequenzen unter Wildtypbedingungen liegt hochstedai@inlich in der repetitiven
Struktur des transgenen Konstruktes. Ein &ahnlicMeshalten des HPT-Locus
unterstitzt die Annahme, dass in Arabidopsis dideéarepetitive Natur von Transgen-
Loci fur eine erhohte Frequenz der homologen Papsoicher Loci untereinander
sowie fur eine haufigere Assoziation mit endogendeterochromatin verantwortlich
ist.

GFP-Lac-Repressormolekiile bewirken wahrscheirdide zusatzliche Erhéhung
der Homologen-Paarungsfrequenz von Lac-Operatoe&emurch Aggregation von an

unterschiedliche aber benachbarte Repeats gebun&apeessormolekilen.
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Appendix: The tiling path of BAC clones used for chomosome painting of all five
Arabidopsis thaliana chromosomes

Appendix: Table 1. The tiling path of BAC clones frosirabidopsis chromosome laccording to the MATDB (http://mips.gsf.de/
proj/thal/db/). All BACs that were excluded fromipigng probes either because of a strong sign&airBlot and/or presence of

mobile elements within annotated sequences in Td&@base are shown in grey.

part 1 part 2 part 3 part 4
Clones Genbank no.  Clones Genbank no.  Clones Genbank no.  Clones Genbank no.
T28K15  AC022522  F16L1 AC0739042  F5D14 AC007767
T25K16  AC007323 TI6E15  ACO68562 (1965 AC055769
F6F3 AC023628  T12C24  AC025417  |F12K8 | |AC006551 | F6N18 AC017118
F22L4 AC061957  F13K23  ACO12187  T22J18  AC003979
TING AC009273  F3F19 AC007357  F19G10  AF000657  TOL6 AC021045
F22M8  AC020622  T6J4 ACO11810  T26J12  AC002311  T1609 AC027035
T7123 U89959 F13B4 AC027134  F26F24  AC005292  F10C21  ACO51630
T6A9 AC064879  F21F23  AC027656  F28C1L  AC007945  TLE4 AC069299
T14P4 AC022521  F16Al4  AC068197
F22D16  AC009525  F7AL9 AC007576  T23E23  AC002423  T3M13  AC022288
F1003 ACO06550  F14L17  AC012188  F3l6 AC002396
F15K9 AC005278  T5E21 AC010657 F23M19  AC007454
F21B7 AC002560  F10B6 AC006917  F5A9 AC004133
F2IMI1  AC003027  T15D22  AC012189 F12K21  AC023279
F20D22  AC002411  FOLl AC007591
FI9P19  AC000104  T16N11  ACO13453
T1G11 AC002376  F7H2 AC034256
F13M7 AC004809  T24D18  AC010924  TIK7 AC013427
T7AL4 AC005322  F309 AC006341  T24P13  AC006535
T25N20  AC005106  F19K19  ACO11808  T2Pil AC005508
F3F20 AC007153  F17F16  AC026237  T7N9 AC000348
T20M3  AC009999 F17L21  AC004557
T21E18  AC024174  F20D23  AC007651  T17H3  AC005916
TI3M22  AC026479  T22C5 AC012375
T2D23 AC068143  F28G4 AC007843  F28L5 AC079280
F12K11  AC007592  F1L3 AC022492  F13K9 AC069471
F11A6 AC034257  F3H9 AC021044
F10K1 AC067971 F3M18  ACO010155
F22G5 AC022464  TIOF20  AC034107  F1K23 AC007508
F24B9 AC007583  T10022  ACO069551  |F28N24 | AC021043
T6D22 AC026875  F15H18  ACO13354  F15D2 AC068667
T23G18  ACO011438  F25I16 AC026238  T3M22  AC079288
12767 AC006932 FIN18 AC008030
F22013  AC003981  F14D16  AC068602  TI1P2 AC022455
F7G19 AC000106  T29M8  AC069143  |[T2H7 . |Acozaize
TI2M4  AC003114  F18014  AC025808  F12P21  ACO73506
T31J12  ACO06416  F14P1 AC024600  T4K22  AC025295
F14J9 AC003970  F6F9 AC007797  F26G16  AC009917
F2IM12  AC000132  T20H2 AC022472  T5I8 AC007060
T2711 AC004122  F14010  AC026234 AC004135
F14N23  AC005489  F5MI5 AC027665
T10024  AC007067 F28K20  AC004793
F20B24  AC009398  FOHL6 AC007369  TIOE23  ACO007654
T16B5 AC007354  T22111 ACO12100  TSE3 AC027135
T19D16  U95973 F16F4 AC036104  F27M3  ACO74360
T28P6 AC007259  F24J8 AC015447
T23]18  ACO11661  F8K7 AC007727
F25C20  AC007296  T26F17  ACO013482  F3C3 AC084165
F12F1 AC002131 F27G20  AC084110
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Appendix: Table 1 (continued)

part5 part 6 part 7 part 8
Clones Genbank no.  Clones Genbank no. Clones Genbank no. Clones ahénio.
F8L10 AC022520 FON12 AC022355 F14023 AC012654
F12M16 AC008007 F2K11 AC008047 F17M19 AC021665
T3F20 AC018748 F24D7 AC011622 F28P5 AC069273
F22G10 AC024260 T12P18 AC010852 TON14 AC067754
AC009526 T18A20 AC009324 F22C12 AC007764 T10D10 AC016529
F1511 AC006577 F15H21 AC066689 F28P22 AC010926
F20D21 AC005287 FIN19 AC009519 F3N23 AC008017
T7023 AC074228 T22H22 AC005388 F13011 AC006193 T18K17 AC010556
T18F15 AC084807 F14C21 AC069144 ToL24 AC012396
T12C22 AC020576 T7N22 AC073944 T23K8 AC007230 F6D5 AC079676
_ T8F5 AC004512 F25pP22 AC012679
T2P3 AC084820 T18I3 AC079287 F2P9 AC016662
T5A14 AC005223 F1E22 AC007234 FOE11 AC079678
F20N2 AC002328 F12P19 AC009513 F1017 AC020579
T3F24 AC015449 F15E12 AC026480 F1M20 AC011765
F16N3 AC007519 T6H22 AC009894 T6J19 AC066691 F25A4 AC008263
T2E6 AC012463 F14G9 AC069159 T27F4 AC020665 F9E10 AC013258
T6B12 AC079679 F13N6 AC058785 F28G11 AC074025 F22H5 AC025814
T2J15 AC051631 T1217 AC079285 F1B16 AC023754
F21D18 AC023673 F10A5 AC006434
F11A17 AC007932 F12K22 AC079732 T4024 AC083891 T4012 AC007396
TIN15 AC020889 F13D13 AC079991 F1019 AC007152 T23E18 AC009978
FoP7 AC074308 T15M6 AC079604 F5A8 AC004146 F15M4 AC012394
F1114 AC073555 T18124 AC079131 FIN21 AC002130 F14G6 AC015450
T24P22 AC084242 F16M22 AC073943 T1F15 AC004393 F28016 AC010718
F27K7 AC084414 F19C14 AC008051 F12B7 AC011020 F7012 AC079283
F27J15 AC016041 FoK23 AC082643 F12A21 AC008113 F22K20 AC002291
F13F21 AC007504 F20B16 T23K23 AC012563 T14N5 AC004260
F14J322 AC011807 T22E19 AC016447 F2P24 AC078898
F10F5 AC079674 T30E16 AC009317 T2E12 AC015986 T5M16 AC010704
T18C15 AC074110 F23H11 AC007258 T26J14 AC011915 T32E8 AC012193
T2K10 AC005966 F28K19 AC009243
F1413 AC007980 T13D8 AC004473 F14K14 AC011914 T11111 AC012680
F11F12 AC012561 F8A5 AC002292 T6L1 AC011665 F3F9 AC013430
F1736 AC079279 F23C21 AC079675 FAN2 AC008262 T30F21 AC007260
F4M15 AC079027 T7P1 AC018908 F9K20 AC005679
F8A12 AC079284 F11P17 AC002294 F10D13 AC073178 T8K14 AC007202
F23H24 AC079828 T1F9 AC004255 F24J1 AC021046 F20B17 AC010793
F11M15 AC006085 T25B24 AC005850 T6C23 AC013289 F19K16 AC011717
F5D21 AC024261 T13M11 AC005882 T17F3 AC010675 F18B13 AC009322
F19C24 AC025294 F8K4 AC004392 F20P5 AC002062 F516 AC018848
T14L22 AC015448 F19K23 AC000375 F1707 AC003671 T21F11 AC018849
F24J13 AC010796 F23A5 AC011713
FaI5 AC022354 T3P18 AC005698 F5A18 AC011663
F6D8 AC008016
F14G24 AC019018
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Appendix: Table 2. The tiling path of BAC clones fromirabidopsis chromosome 2according to the MATDB (http://mips.gsf.de/
proj/thal/db/). All BACs that were excluded fromipiang probes either because of a strong sign@arBlot and/or presence of
mobile elements within annotated sequences in Td@@base are shown in grey.

part 1 part 2 part 3 part 4
Clones Genbank no. Clones Genbank no. Clones dBénio. Clones Genbank no.
— FI6F14  AC007047 F27C12  AL031369
T22F11  ACO007070
F219 AC005560 T24121  AC005825 F13B15  AC006300
T8O11  AC006069
T23K3  AC007069 F6P23  AC002354 F17H15  AC005395
F23114  AC007265 T23A1  AC007127 T19L18  AC004747
F14H20  AC006532 F536 AC002329
F504 AC005936 MJB20  AC007584 TOJ22  AC002505
T16F16  ACO05312 TI9E12  AC007509 FI8A8  AC003105
T8K22  AC004136 TI7A5  AF024504 F12C20  AC005168
T13L16  AC003952 T20P8  AC005623
T27K22  AC006201 F20F1  AC007154
F8D23  AC007212 T22013  AC007290
T30D6  AC006439 FI2K2  AC006233
FI0AL12  AC006232
MSF3  AC005724 FI5K20  ACO005824
F3C11  AC007167 FI9F24  AC003673 T1E2 AC006929
T20K24  AC002392 F24D13  AC005851
F27F23  AC003058 T3B23  AC006202
F3P11  AC005917 T1B3 AC006283
F6F22  AC005169 T17D12  AC006587
T2G17  AC006081 T8O81L  AC007171
F11A3  AC006569 T11P11  AC007184
F1013  AC007211 T13C7  AC007109 F8N16  AC005727
— F23N11  AC007048
F5H14  AC006234 F16P2  AC004561
F16J10  AC007289 T27A16  AC005496
T20G20  AC006220 F7024  AC007142 F6K5 AC007113
T3P4 AC007170 F3K23  AC006841 F23F1  AC004680
— TIOF5  AC007063 F2G1 AC007119 T27E13  ACO004165
F13J11  AC006436 F7D8 AC007019 T9D9 AC002338
AC005970 T16B14  AC007232 T6B20  U93215
F9B22  AC006528 T26C19  AC007168 T11J7  AC002340
T22C12  AC007197 F14M13  AC006592 F7F1 AC004669
FI5N24  AC007210 TOI22  AC006340 T16B12  AC005311
T1016  AC006304 T30L20  AC005617 F16D14  AC006593
T13P21  AC006067 T20K9  AC004786 T28P16  AC007169
T6B13  AC005398 [F21P24 ACo0a401  ToHo AC007071
[F26c24"AC004705"  T20D16  AC002391 F20M17  ACO006533
T25N22  AC005693 T26120  AC005396 [F2686AC003040""  F22D22  AC006223
T15J14  AC005957 F27L4  AC004482 T32F6  AC005700
FI5A23  AC006298 T29E15  AC005170 T26B15  AC004681
F27010  AC007267 F27D4  AC005967 F24L7  AC003974
[F26H6 " AC006920" = T28124  AC006403 T21L14  AC003033
F9013  AC006248
F19G14  AC006438 F27A10  AC007266 F4P9 AC002332
F7HL AC007134 F13D4  AC006585 T1B8 u78721
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Appendix: Table 2 (continued)

part5 part 6 part 7 part 8
Clones Genbank no. Clones Genbank no. Clones ab&nio. Clones Genbank no.
T14G11 AC002341 T8P21 AC007661 T3K9 AC004261 F16B22 AC003672
F13P17 AC004481 F16M14 AC003028 F13H10 AC005662 T13E15 AC002388
T31E10 AC004077 T19C21 AC004683 T26J13 AC004625 T14P1 AC007659
T29F13 AC003096 T6A23 AC005499 T32G6 AC002510 F4L23 AC002387
F13113 AC007133 T11A7 AC002339 F17K2 AC003680
T4C15 AC004667 T7F6 AC005770 T6D20 u90439 F418 AC004665
T32F12 AC005314 T16B24 AC004697 T24P15 AC002561 T3F17 AC005397
T20F21 AC006068 F12L6 AC004218 F11C10 AC006526
F11F19 AC007017 F17A14 AC003674 F14N22 AC007087 F13A10 AC006418
FoCc22 AC007135 T517 AC003000 F7D19 AC006931 T3A4 AC005819
F2H17 AC006921 T28M21 AF002109 F23E6 AC006580 F19D11 AC005310
F1011 AC006919 F2711 AC007658 MFL8 AC006224 F14M4 AC004411
F13K3 AC006282 T7M7 AF085279 F14B2 AC004450
T1J8 AC006922 T3G21 AC007020 T1024 AC002335 T8I3 AC002337
T2N18 AC006260 T2P4 AC002336 F18019 AC002333
F3G5 AC005896 T7D17 AC007660 F6E13 AC004005
F13M22 AC004684 T20B5 AC002409 F411 AC004521
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Appendix: Table 3. The tiling path of BAC clones fromirabidopsis chromosome 3according to the MATDB (http://mips.gsf.de/
proj/thal/db/). All BACs that were excluded fromipiang probes either because of a strong sign&arBlot and/or presence of
mobile elements within annotated sequences in Td&@base are shown in grey. BACs labelled in bleeewot provided by
ABRC stock center and therefore were not testeDatrBlot, however, these BACs did not contain répedthin annotated
sequences in TIGR database.

part 1 part 2 part 3 part 4

Clones Genbank no. Clones Genbank no. Clones ahénio. Clones Genbank no.
TEL3N AC067753 F14P13  AC009400 MTO12 AB028620 MDB19 AB023036
T4P13 AC008261 F13M14 AC011560 MKP6 AB022219 MYM9 AP000377
T22N4 AC010676 T7M13 AC011708 MIG5 AB026646 F14013 AP001297
T13015 AC010870 FOF8 AC009991 MEB5 AB019230 MuUJ8 AB028621
F4P13 AC009325 F11B9 AC073395 MBG14 AB026641 K13K6 AP002037
F28J7 AC010797 F24K9 AC008153 MRC8 AB020749 K7M2 AP000382
F1C9 AC011664 T19F11 AC009918 MIE15 AP000414 MXP5 AP002048
F14P3 ACO009755 F26K24 AC016795 MYF24 AB026658 MOB24 AB020746
F11A12 AC068900 T21B14 AC069473 K24M9 AP001303 MSD24 AP000740
F16B3 AC021640 F28J15 AC069472 MVE11 AB026654 K7P8 AB028609
F13E7 AC018363 T2E22 AC069474 MCB22 AP002039 K3G3 AP000412
T17B22 AC012328 MBK21 AB024033 K13E13 AP000735 MJL12 AB026647
T21P5 AC009895 MJIM20 AC023838 MHP21 AP002041 MTE24 AP000376
T12J13 AC009327 MGH6 AC024128 MVI11 AP000419 MWL2 AB025639
F20H23 AC009540 MJG19 AP000375 MLD14 AB025624 T5M7 AP001313
T11118 AC011698 MJH23 AP002042 T31J18 AP002065 K13N2 AB028607
T6K12 AC016829 MDC11 AB024034 MMB12 AP000417 K9122 AP000599
T27C4 AC022287 MRP15 AP000603 MPN9 AB025631 MPE11 AB023041
F7018 AC011437 K20M4 AP002038 MZE19 AP002050 MJL14 AP000601
T9J14 AC009465 MMM17  AP001307 MAL21 AP000383 MTC11 AB024038
T12H1 ACO009177 MCP4 AB028610 MQC12 AB024036 F20C19 AP001298
F22F7 AC009606 MDC16 AB019229 K10D20 AP000410 MFE16 AB028611
F18C1 AC011620 MAG2 AP000600 F3H11 AP002034 MLJ15 AB026648
F10A16 AC012393 MLE3 AP000416 MOE17 AB025629 MDJ14 AB016889
F2010 AC013454 MLN21 AB022220 MFD22 AP001304 MQP17 AP000602
F24F17 AC068073 MOA2 AB028617 MSA6 AP000604 MOJ10 AB026649
F28L1 AC018907 MIE1 AB023038 MXL8 AB023045 MYF5 AP001312
F24P17 AC011623 T21E2 AP002061 MHC9 AP001305 K17E12 AP000381
F5E6 AC020580 K15M2 AP000370 MIL23 AB019232 K1G2 AB024028
T8E24 AC036106 F4B12 AP001299 MSD21 AB025634 MMJ24 AB025626
F3E22 AC023912 K7L4 AC023839 MEK®6 AP000739 MGF10 AB018114
F17A9 AC016827 MJIK13 AC024081 MZN24 AB028622 K16N12 AP000371
T1B9 AC012395 MQD17 AB028619 MKA23 AP001306 K24A2 AP001302
F2103 AC009853 MSJ11 AB017071 MMP21 AP002046 MMG15 AB028616
MLP3 AC009176 MVC8 AB026653 MCB17 AB022215 MIG10 AP000415
F17A17 AC013483 MSL1 AB012247 F16J14 AP000731 T19D11 AP002056
T8G24 ACO074395 MYAG6 AB023046 MWI23 AB022223 MZF16 AP002051
F17014 AC012562 MDC8 AP000373 F5N5 AP001300 MFJ20 AB026644
T16011 AC010871 MGL6 AB022217 MXC7 AB026655 T20D4 AP002059
MZB10 AC009326 K2019 AB028608 K13C10 AP000734 MZN14 AP000420
F3L24 AC011436 MUH15 AP001308 K14B15 AB025608 T19N8 AP002057
F11F8 AC016661 K14A17 AB026636 F28F4 AP000733 MLD15 AP000386
F8A24 AC015985 MCE21 AP000384 MLM24 AB015474 MYI13 AP002049
T22K18 AC010927 MGD8 AB022216 MEES5 AP000374 K5K13 AB025615
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Appendix: Table 3 (continued)
part 5 part 6 part 7 part 8
Clones Genbank no.
MRI12 AP000388

Genbank no. Clones dBénio. Clones Genbank no.
FoK21 AL138657 T5N23 AL138650
T6D9 AL157735 F28P10 AL049655
F16L2 AL162459 T15C9 AL132970
T26112 AL132954
T22E16 AL132975

Clones

MMF24 AP002045

MUO10 AP001309 F12A12 AL133314 F1I16 AL161667
T6H20 AL096859 F27K19 AL163832
F13112 AL133292 F18021 AL163763
MTO24 AP000606 T21L8 AL096860 T5P19 AL163972
F1P2 AL132955 T8M16 AL390921
T23J37 AL049746 F2413 AL138655
T17F15 AL049658 F2809 AL137080
T24C20 AL096856 T8H10 AL133248
T20F20 AP002060 T29H11 AL049659 F15B8 AL049660
T8P19 AL133315 T10K17 AL132977
T6J22 AP001314 T21J18 AL132963 FO9D24 AL137081
T2J13 AL132967
F2K15 AL132956 T20N10 AL353032
MQP15 AB016878 T9C5 AL132964 F17J16 AL163527
MED16 AP000738 T16K5 AL132965 F25L23 AL356014
MEDS AB026642 F3A4 AL132978 T16L24 AL138659
Fl11C1 AL132976 F24G16 AL138647
T4A2 AP002066 T20E23 AL133363 T209 AL138658

T3AS5 AL132979 F27H5 AL163852

AL138664 T8B10 AL138646

F24M12 AL132980 T4C21 AL162295

F26013 AL133452 T27115 AL358732

T18N14 AL132968 T20K12 AL137898

F2A19 AL132962

F4F15 AL049711 F15G16 AL132959

T25B15 AL132972 F21F14 AL138642

T10D17 AL353865 T17J13 AL138651
T22K7 AL138641 F3C22 AL353912 T12C14 AL162507
F14L2 AL353818 F8J2 AL132969 F26K9 AL162651
T4D2 AL132958 T20010 AL163816

F4P12 AL132966 F16M2 AL138648

F28D10 AL391254 F5K20 AL132960
F14D17 AL353992 F24B22 AL132957
T12E18 AL132971
T14E10 AL138656
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Appendix: Table 4. The tiling path of BAC clones frorirabidopsis chromosome 4according to the MATDB (http://mips.gsf.de/
proj/thal/db/).Clones used for chromosome painting (accordingysak et al., Plant J 28:689-697, 2001) are unlabéi# BACs
that were either excluded from painting probesairmovided by ABRC stock center are shown in grey.

part 1 part 2 part 3 part 4

Clones Genbank no. Genbank no. Clones dbénio. Clones Genbank no.

Clones

F6N15  AF069299 T5K18  AL022580 F27B13  ALO50352
F5110  AF013293 F24J7  AL021768 F6G3 ALO78464
F6N23  AF058919 TI6H5  AL024486 FONI1  AL109796
FI18F4  AL021637
T18A10  AF013294 FIC12  AL022224 T10C21  AL109787
T32A17  AL161813 FOF13  AL080253 F6l18  AL022198
F2N1 AF007269 T3H13  AF128396 F21C20  AL080254 F6E21  AL049914
F3D13  AF069300 T13K14  AL080282 F8F16  AL021633
F1104  AF096370 TBAL7  AF072897 F737 AL021960 F3L17  AL080283
T15B16  AF104919 T20A10 Ali17386  Tek22  ALO31187 F28M20  AL031004
T7B11  AC007138 T15G18  AC006567 FI8E5  AL022603 F11C18  AL049607
TIOM13  AF001308 T25P22  AL161831 F17L22  AL035527 FION7  AL021636
T2H3  AFO75597 F17A8  AL049482 T8O5  AL021890 F10M6  AL021811
T14P8  AF069298 T5L19  AL049481 FIN20  AL022140 F8B4 AL034567
TIOP11  AC002330 F28M11  AL049487 TI0114  AL021712
538 AC004044 F24G24  AL049488 F7K2  AL033545 FAD11  AL022537
Ta19 AF069442 F7L13  AL049524 TI2H17  AL021635
F4C21  AC005275 T4F9 AL049523 F7HI9  AL031018 F26P21  AL031804
FOH3 AF071527 T12H20  AF080119 F21P8  AL022347 F4l10  AL035525
F25124  AL049525 F16G20  AL031326 F17M5  AL035678
AL049876 FOD16  AL035394 TI6L1  AL031394
T32A16  ALO78468 F1715  AL031032
F25E4  ALO50399 TIOF6  AL109619 F28A23  AL021961
T22A6  ALO78637 FIOM10  AL035521
T26M18  ALO78606 F22K18  AL035356 TAL20  AL023094
T27D20  AF076274 F16J13  AL049638 F617 AL049657 F11111  AL079347
TI0B17  AF069441 T4co AL080318 F13M23  AL035523
T26N6  AF076243 TIP17  AL049730 F24A6  AL035396 T1205  AL035522
F4H6 AF074021 T20K18  AL049640 F23E12  AL022604
T10J18  AF149414 F25G13  AL079349 F15J1  AL117188
TAB21  AF118223 FI7N18  ALO49751 F8D20  ALO31135
T131 AF128393 TOES AL049608 F14M19  ALO49480 F4B14  AL031986

T6G15 AL049656

F20B18 AL049483 T19K4 AL022373
F23E13 AL022141

T32N4 AF162444

F18A5 AL035528

T15N24 AL078465

F10M23  AL035440 F6G17  ALO35601
T24A18  AL035680 F1OF18  AL035605
Va2 TALos0s7e’”  T28i119  AL035709
F27G19  ALO78467 F20D10  ALO35538
T20A15 AL035602 1  F22113  AL035539
T27E11  AL049770 F20M13  AL035540
T13)8  AL035524 TOAL4  AL035656
F26K10  AL049803 F10H22  ALO35679
TeK21 ~ AL021889 F2009  AL021749 T22F8  ALO50351

F15J5  AL110123 Tori7 | AL049917"  F23Kk16  AL078620
TOA21  AL021713 F16A16  AL035353 TIOP19  AL022605
F28J12  AL021710 F25024  ALO78469 T5J17  AL035708
F28A21  ALO35526 F19B15 ALO78470

F13C5  AL021711 F17A13  AL096692
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Appendix: Table 5. The tiling path of BAC clones frorirabidopsis chromosome Saccording to the MATDB (http://mips.gsf.de/
proj/thal/db/). All BACs that were excluded fromipigng probes either because of a strong sign&airBlot and/or presence of
mobile elements within annotated sequences in Td&@base are shown in grey.

part 1 part 2 part 3 part 4
Clones Genbank no. Clones Genbank no. Clones dB&nip. Clones Genbank no.
F7J8 AL137189 T22P22 AL163814 MWD9 AB007651
T1008 AL161746 F14F18 AL163812 MQJ16 AB012244
F7A7 AL161946 MXC9 ABO007727 MDJ22 AB006699
T20L15 AL162351 T2L20 AL592312 K5A21 AB024030
T7H20 AL162508 T24H18 AL353013 K8E10 AB025618
T1E22 AL162874 T19L5 AL391711 MRN17 AB005243
T22P11 AL162971 T2007 AB026660
F9G14 AL162973 T22N19 AL163572 MYJ24 ABO006708
F15A17 AL163002 T6114 AL391710 MKD15 AB007648
F12E4 AL162751 MSH12 ABO006704 T32G24 AB025642
F17C15 AL162506 MXE10 AB011484 K19M13 AB018110
MED24 AB005235 MAC12 AB005230 MQM1 AB025633
F8F6 AL162873 MUA22 AB007650 MRO11 AB005244
F21E1 AL391716 F18022 AL163817 MZF18 ABO009056
T19N18 - T15N1 AL163792 MLES AB010696
T32M21 AL162875 TIL3 AL391149 K12G2 AB016883
T1E3 AL162972 F2G14 AL391146 MOP9 AB006701
MUK11 AB008271 F8M21 AL353993 K16H17 AB016884
MLG18 AB025625 T20K14 AL391143 T31K7 AB025641
MUG13 AB005245 F14F8 AL391144 K18P6 AB010068
K2A11l AB018111 FIN13 AL391145 MXC17 AB016881
K18123 AB010692 T21H19 AL391148 T4C12 AL392145
MOP10 AB005241 MQK4 AB005242 F6A4 AF069716
MTG13 AB008270
K18J17 AB017060 F5E19 AL391147 F21J6 AC006259
K16F4 AP002030 F18G18 AC006258
MBL20 AP002544 MKP11 AB005238
MHF15 AB006700 T10B6 AL391142 T5I5 AC084432
F15M7 AP002543 K3M16 AL391150 F18A17 AC005405
MPH15 AP002032 K10A8 AL391151 T1N24 AF149413
MOJ9 AB010697 MVA3 AB006706 T19G15 AC005965
T28J14 AL163652 MPI7 AB011480 FoD12 AF077407
T211 AL163912 MCM23 AB015473 F21E10 AF058914
MBK20 AB010070 MRG7 AB012246 F2P16 AF007270
MXM12 AB005249 F20L16 AC051626 F15P11 AF160760
F13G24 AL133421 T28N17 AC069328 T21B4 AF007271
T22D6 AL357612 T1A4 AC051627
F8L15 AL392174 F17K4 AC068655 F15A18 AC007478
MAH20 AB006697 T1G16 AC069556
T2K12 AL590346 T24G5 AC069326
T5E8 AL391712 F7K24 AF296837
F17114 AL353994 T20D1 AF296830 F5H8 AB025605
MYH9 AB016893 T29J13 AF296838 F26C17 AF177535 MLF18 AB016877
T31P16 AL356332 F28116 AF296836 T8M17 AF296835
F18D22 AL360334 F5024 AF296825
F12B17 AL353995 F7C8 AF296833
MAJ23 AL392144
T30N20 AL365234 F22D1 AF296834
T5K6 AL391222 T10F18 AC069325 MPA22 AB025630
F2111 AL360314 F13M11 - K12B20 AB018107
F15N18 AL163815 T6G21 AL589883 T31G3 AB026662
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Appendix: Table 5 (continued)

part5 part 6 part 7 part 8
Clones Genbank no. Clones Genbank no. Clones dB&nip. Clones Genbank no.
K22F20  ABO16873 F17P19  AB025603 MGO3  AB019231
K18L3  ABO012241 K24M7  AB019226 FI5L12  AB026632
K19A23  AB025610 T4M5  AP000378 K9B18  ABO15471
KI8CL  AB012240 F6N7 AB025606 MUF9  ABO11483
MXA21  AB005247 KOEL5  AB020744 MXC20  ABOO90S5 MUP24  AB005246
MFC19  AB018113 MNBs " AB018116| < MAEL  ABO15472
KoN11 " AB022213""  MFH8  AB025622 MSL3  AB008269
MRAL9  AB012245 KI9EL  AB013388 MAF19  AB006696
K15122  ABO16870 MYNS  AB020754
MCL19  AB006698 MNC6  ABO15476 MCI2  ABO16887
MDE13  AB025620 MGN6  ABO17066 KI1J9  AB012239
MPL12  AB010698 K608  AB025616 MACO  ABO10069
MUL8  ABO09054 Kitil " AB019223"1  K19P17  AB007644 K22G18  AB022212
FIOEI0  AB028605 MJP23  ABO18115 MTG10  ABO16880
MKM21  ABO16876 MZA15  ABO16882 K18G13  AB013387 MMIO  AB019235
KI3H13  AB024023 MSD23  AB022221 MDK4  AB010695 KI9B1  ABO15469
MYH19  AB010077 QD22 AB013394"  GA469  AP000380 MRG21  AB020751
K14A3  AB025609 F24B18  AB026634 MQB2  ABO09053
MQL5  ABO18117 MRB17  ABO16879 MJH22  ABO09O51
MNJ7  AB025628 K5F14  AB022214 MDC12  AB008265
K21116  ABO17062 MGC1  AB028612 MBG8  AB005232 K9H21  AB023035
MNF13  AB009052 MCA23  AB016886 K13P22  ABO17059 MLE2  AB007649
KIB16  ABO15470 KI6F13  AB024025 MCO15  AB010071 MBK5  AB005234
MHK7  ABO11477 MDN11  ABO17064 MTE17  ABO15479 MGIL9  AB007646
MMGL  AB023040 MiF22 " TAB023039"  MwcCio  AB023043 MBM17  AB019227
MEE6  AB010072 K23F3  AP000372 MDF20  AB0O9050 MHJ24  AB008266
K1013  AB019225 MJE7 AB020745 MWJ3  AB018120  MSJL AB008268
MYC6  ABO06707 KISN18  ABO15468 MYN2L  AB026659 T12B11  AB025640
MPK23  AB020748 K24G6  ABO12242 MDA7  ABO11476 MUB3  AB010076
KI9E20  ABO17061 K24C1  AB023029 MVP7  AB025637
K20J1  AB023028 MXK23  AB026656 MXK3  AB019236
K21P3  AB016872 MCD7  AB009049 F1505  AB026633
MJC20  ABO17067 K798 AB023034  MKN22  AB019234 MQN23  AB013395
K5J14  AB023032 K6M13  AB023033 MIK19  ABO013392 MNA5  ABO11479
MDHO  ABO16888 MNI5S  AB025627 MPIL0  AB020747 K1904  AB026638

K16E1 AB022210 K215 AB025613 MHM17 AB024035
MFO20 AB013391

MJB21 AB007647 MJB24 AB019233 K22J17 AB020743
MBD2 AB008264 MPF21 AB026650 MSF19 AB016891 K14B20 AB018108
MRD20 AB020750 K6A12 AB024031 MUA2 AB011482 K2A18 AB011474
MXI22 AB012248 MRI1 AB018118 K1L20 AB022211
K24F5 AB023030 MBA10 AB025619 MTI20 AB013396 K1F13 AB013389
MNL12 AB017070 MFB16 AB023037 F2C19 AB026635 MSN2 AB018119
MWF20 AB025638 K7B16 AB025617 K21L19 AB024029 MUD21 AB010700
K9D7 AB016875 K16E14 AB026637 MCK7 AB019228 K8A10 AB026640
MQO24 AB026652 K3K7 AB017063 MQJ2 AB025632 K21H1 AB020742
MWD22  AB023044 MZN1 AB020755 K3G17 AB025614
F6B6 AP000368 MFG13 AB025621
K17N15 AB018109 K18B18 AB024027 K919 AB013390
MLN1 AB005239 K10D11 AB025607 MNC17 AB016890
K9L2 AB011475 MIO24 AB010074 F2015 AB025604
MFC16 AB017065 MIM18 AB025623 MTH12 AB006705
K15C23 AB024024 MSG15 AB015478 MMN10 AB015475
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Appendix: Table 6 Dimensions and volumes of different types of nuaksd for computer model
simulations. (Per organ and ploidy level the meslnes were used.)

Organ Ploidy Nuclear n Axis length (1m) Volume
shape X y z u’)
root 2C sphere 30 5.2 4.1 1.9 22.4
spindle 30 9.4 3.2 1.9 30.0
rod 31 14.3 1.8 18 25.4
4C sphere 32 6.6 5.3 2.2 43.5
spindle 31 10.2 3.6 2.2 43.8
rod 31 18.8 24 21 475
leaf 2C sphere 32 5.1 4.4 2.1 25.7
spindle 32 7.1 3.7 2.0 27.9
rod 32 10.3 25 2.0 26.4
4C sphere 32 6.1 5.2 2.0 34.4
spindle 32 8.7 4.4 2.2 43.4
rod 32 12.7 3.0 21 413

Appendix: Table 7 Experimentally observed association of all homolegand heterologous CT combinations in 4C sphedc a
spindle shaped 4C leaf nuclei

Chromosome Experimentally observed associations
combination spheric nuclen€29; 56.9%) spindle nuclen{22; 43.1%) X (n=51)
n % n % n %

1-1 26 89.7 19 86.4 45 88.2
1-2 27 93.1 22 100.0 49 96.0
1-3 29 100.0 22 100.0 51 100.0
1-4 29 100.0 21 95.5 50 98.0
1-5 29 100.0 22 100.0 51 100.0
2-2 24 82.8 15 68.2 39 76.4
2-3 27 93.1 22 100.0 49 96.0
2-4 29 100.0 20 90.9 49 96.0
2-5 28 93.1 22 100.0 50 98.0
3-3 24 82.8 17 77.3 41 80.3
3-4 29 100.0 20 90.9 49 96.0
3-5 28 93.1 22 100.0 50 98.0
4-4 24 82.8 16 72.7 40 78.4
4-5 29 100.0 20 90.9 49 96.0
5-5 24 82.8 21 95.5 45 88.2
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Appendix: Table 8 Values predicted by the SCD model for random assioci frequency of all homologous and heterologous
CT combinations in nuclei of the three predominantlear shapes

Chromosome SCD model predicton
combination spheric nuclen€10°) spindle nucleirt=10% rod-shaped nuclen¢10°)
n % n % n %

1-1 934 93.4 747 74.7 445 445
1-2 1000 100.0 980 98.0 896 89.6
1-3 1000 100.0 986 98.6 904 90.4
1-4 1000 100.0 972 97.2 901 90.1
1-5 1000 100.0 985 98.5 921 92.1
2-2 817 81.7 657 65.7 436 43.6
2-3 999 99.9 969 96.9 881 88.1
2-4 995 99.5 967 96.7 865 86.5
2-5 1000 100.0 973 97.3 899 89.9
3-3 852 85.2 674 67.4 436 43.6
3-4 997 99.7 968 96.8 884 88.4
3-5 1000 100.0 965 96.5 900 90.0
4-4 785 78.5 560 56.0 381 38.1
4-5 1000 100.0 942 94.2 870 87.0
5-5 905 90.5 635 63.5 419 41.9
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Appendix: Table 9 Experimentally observed associations of chromosameierritories in root and leaf nuclei of diffetesape
and DNA content; T=top arm, B=bottom arm, +=asseda-=separated

Homologues Nuclei Experimentally observed associations
Organ Ploidy Shape n % T+B+ T+B- T-B+ T-B-
n % n % n % n %
Chromosome 1 leaf 2C  sphere 85 70.2 46 54.1 21.7 24 4 129 7 8.3
spindle 29 24.0 9 311 3 103 7 241 14 345
rod 7 5.8 2 286 0 0.0 0 0.0 5 714
X 121 100.0 57 47.1 24 198 18 149 22 182
4C  sphere 34 34 14 412 7 20.6 5 147 8 235
spindle 51 51 25 49.0 11 216 7 137 8 15.7
rod 15 15 8 534 2 133 0 0.0 5 333
z 100 100.0 47 470 20 20.0 12 120 21 210
8C  sphere 33 32.7 16 485 3 9.1 5 151 9 273
spindle 62 61.4 27 436 12 193 7 113 16 .825
rod 6 5.9 0 0.0 2 333 2 333 2 333
x 101  100.0 43 426 17 16.8 14 1338 27 26.8
root 2C  sphere 15 12.5 8 533 4 26.7 2 133 5.7
spindle 53 44.2 24 453 4 7.5 17.0 16 30.2
rod 52 43.3 13 25.0 11 211 9.6 23 442
z 120 100.0 45 375 19 158 16 134 40 333
4C  sphere 15 125 5 333 4 267 5 333 1 6.7
spindle 71 59.2 30 423 17 239 17 239 7909
rod 34 28.3 7 206 14 412 7 209 6 17.6
x 120 100.0 42 35.0 35 292 29 242 14 116
8C  sphere 13 10.8 9 69.2 1 7.7 1 7.7 2 154
spindle 98 81.7 44 449 16 16.3 16 16.3 2242
rod 9 7.5 2 222 1 111 0 0.0 6 66.7
z 120 100.0 55 458 18 15.0 17 14.2 30 25.0
Chromosome 2 leaf 2C sphere 62 51.6 33 532 5 8.1 7 113 17 274
spindle 50 41.7 21 420 3 6.0 14 28.0 12 240
rod 8 6.7 1 125 0 0.0 2 250 5 625
x 120 100.0 55 458 8 6.7 23 192 34 283
4C  sphere 54 45.0 23 426 3 5.6 15 27.8 13 241
spindle 61 50.8 29 475 4 6.6 9 147 19 311
rod 5 4.1 2 40.0 0 0.0 60.0 0 0.0
z 120 100.0 54 45.0 7 5.8 27 225 32 26.7
Chromosome 3 leaf 4C  sphere 51 50 25 49.0 14 274 3 5.9 9 176
spindle 50 49 22 431 13 255 3 5.9 11 216
rod 1 1 0 0.0 0 0.0 1 100.0 0 0.0
x 102  100.0 48 470 27 265 7 6.9 20 196
Chromosome 4 leaf 2C  sphere 49 40.8 23 47.0 2 4.0 11 225 13 26.5
spindle 53 44.2 23 434 2 3.8 14 264 14 26.4
rod 18 15.0 5 278 0 0.0 6 333 7 389
x 120 100.0 51 425 4 3.3 31 258 34 284
4C  sphere 76 63.3 32 416 7 9.0 19 247 19 247
spindle 41 34.2 14 350 5 125 12 30.0 225
rod 3 25 1 333 0 0.0 1 333 333
x 120 100.0 47 39.2 12 100 32 267 29 241
8C  sphere 37 33.0 19 514 8 216 4 10.8 6 16.2
spindle 68 60.7 27 39.6 15 221 8 118 18 26.5
rod 7 6.3 1 143 1 143 0 0 5 714
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z 111 100.0 47 42.0 24 214 12 10.7 29 259

root 2C sphere 13 10.8 7 538 2 154 2 154 2 154
spindle 76 63.4 28 36.8 5 6.6 24 316 19 250
rod 31 25.8 10 323 4 129 5 161 12 387
x 120 100.0 47 39.2 10 83 28 233 35 292
4C  sphere 23 18.8 8 3438 1 43 7 304 7 304
spindle 71 58.2 36 50.7 4 56 13 183 18 254
rod 28 23.0 9 322 3 107 4 143 12 428
x 122 100.0 53 434 8 6.6 24 197 37 303
8C  sphere 37 28.5 20 541 11 29.1 3 8.1 3 81
spindle 82 63.0 34 415 20 244 10 122 18 219
rod 11 8.5 5 454 2 182 1 9.1 3 273
x 130 100.0 59 454 33 253 14 108 24 185
Chromosome 5 leaf 4C  sphere 59 51.3 28 474 79 11. 12 203 9 152
spindle 55 47.8 29 527 6 10.9 10 18.2 13 .623
rod 1 0.9 0 0.0 0 0.0 1 100.0 0 0.0
x 115 100.0 57 49.6 13 113 23  20.0 22 191

Appendix: Table 10 Values predicted by the SCD model for random dation frequency of homologous
chromosome-arm territories in nuclei of the threedpminant nuclear shapes; T=top arm, B=bottom arm,
+=associated, -=separated

Homologues Nuclear n SCD model prediction
shape T+B+ T+B- T-B+ T-B-
n % n % n % n %
Chromosome 1 spheric 40 599 59.9 131 13.1 149 149 121 121
spindle 18 482  48.2 108 10.8 116 11.6 294 29.4
rod 16 236 23.6 91 91 103 10.3 570 57.0
Chromosome 2 spheric 40 391 39.1 33 33 436 43.6 212 212
spindle 18 263  26.3 18 1.8 332 332 387 387
rod 16 187 18.7 18 1.8 211 211 584 58.4
Chromosome 3 spheric 40 489  48.9 258 25.8 86 8.6 167 16.7
spindle 16 387 387 148 14.8 48 4.8 417 41.7
rod 16 235 235 110 11.0 55 5.5 600 60.0
Chromosome 4 spheric 10 252 25.2 17 17 473 473 258 2538
spindle 18 199 199 9 09 304 304 488 488
rod 16 148 1438 9 09 190 19.0 653 65.3
Chromosome 5 spheric 40 570 57.0 191 19.1 97 9.7 142 14.2
spindle 18 358 3538 156 15.6 80 8.0 406 40.6
rod 16 192 19.2 128 128 67 6.7 613 61.3
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