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1. Introduction

1.1. Chromosomes, karyotypes and theirs variations

1.1.1. Historical background: the chromosome discovery

In 1888, Heinrich von Waldeyer (1888) introduced the term “chromosome”, from
the Greek chroma for colored and soma for body, to designate the filaments present in
the cell nucleus and previously described by Walther Flemming (1878) to be involved
in the phenomenon of cell division (mitosis). During the first decade of the twentieth
century, the Mendel’s laws of heredity in which each individual present two “factors”
(identical or not) for each trait, with one “factor” coming from each parent, was
rediscovered. In 1902, Walter Sutton (1902) noticed that chromosomes are organized as
pairs and that during meiosis gametes received only one chromosome from each pair.
This observation supported the idea that the so-called “Mendel’s factors” responsible
for heredity are located on chromosomes. Seven years later, Wilhelm Johannsen (1909)
introduced the term “gene” (from the Greek genno for give birth) instead of “Mendel’s
factor” to describe the units of heredity. In 1911, Thomas Hunt Morgan (1911) with his
work on the Drosophila X chromosome, proved Sutton’s theory (Sutton, 1902) that
chromosomes are the carriers of genes and thus established the chromosomal theory of
inheritance. In 1931, Harriet Creighton and Barbara McClintock (1931) demonstrated
by an elegantly simple experiment in maize, that exchanges between genes are
accompanied by exchange of cytologically visible chromosome parts, indicating that
genes are physically aligned along the chromosome.

Today, we know that chromosomes are organised by successive coiling and
folding of a single double-stranded DNA molecule (carrying the genetic information)

together with specific protein complexes (e.g., histones).
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1.1.2. Chromosome abnormalities and karyotype evolution

Morphologically, a chromosome can be divided into three regions, the short arm,
the long arm and the centromere (the primary constriction of monocentric
chromosomes). Chromosomes are classified according to their centromere position
(Levan et al., 1964), as metacentric (centromere in median position), submetacentric
(centromere between the middle and the end but closer to the middle), acrocentric
(centromere near one end) or telocentric (centromere in terminal position). The
chromosomal constitution of each organism is reflected by its karyotype, which consists
of a specific number of chromosomes of particular size and shape. Because karyotypes
are dynamic structures, the reconstruction of ancestral karyotypes on the basis of well
described extant karyotype is necessary to understand the evolutionary direction of
karyotypic variation.

The development of complementary techniques for studying chromosomes made
it possible to compare karyotypes and describe karyotypic differences within and
between species, genera and even families to an extent that was not possible before.
With the sequencing of several eukaryotic genomes and subsequent comparative
analyses of whole-genome sequence (for review see Eichler and Sankoff, 2003) or by
comparative genetic mapping (exemplified for grasses in Moore et al., 1995) to
establish chromosome colinearity and to determine changes in synteny or gene order,
the identification of chromosome rearrangements became feasible. Advances in diverse
chromosome banding techniques (for review see Sumner, 1990) or more recently in situ
hybridization methods like comparative chromosome painting (CCP; reviewed for
vertebrates in Wienberg, 2004; Murphy et al., 2004) had enabled the microscopic

detection of chromosome rearrangements.
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Regardless of the type or location of a chromosome rearrangement, such events
require chromosome breaks resulting either from a DNA double strand break (DSB) or
two nearby single strand breaks in the DNA duplex of one or more chromosomes.
Breaks can be generated by exogenous (e.g., ionizing radiations) or endogenous (e.g.,
reactive oxygen species) agents. Because “open” DNA ends cannot ligate to each other
without catalysis by specific enzymes, the cellular repair machinery is actively
implicated in the generation of chromosomal rearrangements (Pfeiffer et al., 2000).
Also, during illegitimate crossing-over between repetitive elements in the genome after
their pairing (for review see Bzymek and Lovett, 2001) or during transposition of
mobile genetic elements such as transposons and retroelements (for review see Lonnig
and Saedler, 2002) chromosome rearrangements may occur.

Consequently, karyotypes may differ within and between plant and animal species
(White, 1978; Grant, 1981; Levin, 2002) and may change via diverse mutation and/or
recombination processes. Alterations in the karyotype of an organism can arise from
several basic types of rearrangements that modify the chromosome structure (size, shape
and internal arrangement) or the chromosome number (Schubert et al., 1991; Schubert

and Rieger, 1994).

1.1.2.1 Variations as to the chromosome structure

Structural chromosome rearrangements can be subdivided into qualitative and
quantitative changes (Schubert et al., 1991). Qualitative structural rearrangements
modify the chromosomal gene order but do not eliminate/duplicate any chromosomal

region. The two general classes of qualitative structural rearrangements are:

— Translocations: they occur by breaks and reciprocal exchanges between different

chromosomes. During meiosis I, when a reciprocal translocation is in a
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heterozygous state (translocation heterozygote), translocated chromosomes and
theirs non-translocated homologs form a quadrivalents (cross-like structure). In
such case, there are two possible patterns of segregation. The balanced alternate
segregation results in a cell with the two normal chromosomes and another one
with both translocated chromosomes. Adjacent segregations can result in cells
containing a normal chromosome together with a translocated one, resulting in
duplications and deletions of the chromosomal segments involved in the

translocation, respectively.

Inversions: they occur when a segment of a chromosome is excised and
reintegrated in opposite orientation into the same chromosome position, resulting
in a reversed gene order. Inversions are called, pericentric when the centromere is
included in the inverted region and paracentric when the centromere is not
involved. In a cell heterozygous for an inversion, homologs pair in a characteristic
loop structure (inversion loop) during meiosis. A single crossing-over within the
loop can form a dicentric chromosome and an acentric fragment (without a

centromere).

Quantitative structural rearrangements modify the gene dosage of a chromosomal

region. The three general classes of quantitative structural rearrangements are:

Duplications: tandem duplications occur when the duplicated segments are
adjacent to one another. Insertional duplications occur when duplicated segments

are on different parts of the same chromosome or even on another chromosome.

Deletions: interstitial deletions consist of two breaks within a chromosome,
resulting in the loss of an internal region and terminal deletions consist of a single

break, resulting in the loss of one of the ends of a chromosome.
12



1.1.2.2 Variations as to the chromosome number

When somatic cells contain two complete sets of homologous chromosomes
(diploid; 2n) and gametes have half of this number (haploid; n), the organism is
considered as euploid. The ploidy of cells can vary by an increase in complete
chromosome sets (polyploidy) or by changes in number of individual chromosomes,
with gain or loss of entire chromosomes (aneuploidy). A change of the basic number of

chromosome without gain or loss of entire chromosomes is called pseudoaneuploidy.

— Polyploidy: is more rare in animals than in plants (Mable, 2004). Polyploidy can
occur in all somatic cells of an organism or it can be restricted to a specific tissue
or group of cells (endopolyploidy; e.g., trichomes in plants or insect’s salivary
glands). Polyploidization can occur by either autopolyploidization if the same
chromosome set was amplified (e.g., Solanum tuberosum) or allopolyploidization
if chromosome sets originate from different cross-hybrized parental species (e.g.,
Triticum aestivum). Allopolyploids originate mainly from crosses between closely
related species yielding homeologous pairs of chromosomes. Polyploidy can arise
from (i) a spontaneous somatic chromosome doubling during mitosis, (i) a non-
disjunction/non-reduction of homologous chromosomes during meiosis resulting
in unreduced gametes (for review in plants see Ramsey and Schemske, 2002) or
(7ii) in animals through the multiple fertilization of a single egg (Al-Hasani et al.,
1984). Polyploidy can also be artificially induced by treatment with drugs
inhibiting cell division (e.g., by colchicine, a potent inhibitor of microtubule

polymerization).
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Aneuploidy: is characterized by the presence of larger (hyperploidy) or smaller
(hypoploidy) chromosome number than that of individuals with the original
chromosome complement. The complete absence of a chromosome pairs is
referred to as nullisomy (2n-2). Aneuploidy results from a chromosomal
missegregation during meiosis or mitosis, e.g., by (i) a irregular multipolar or
bipolar cell division arisen from supernumerary centrosomes (for review see Pihan
and Doxsey, 1999), (ii) a nondisjunction, when chromatids of a metaphase
chromosome fail to disjoin correctly during segregation in anaphase and both
sister chromatids migrates to one pole of the daughter cell (Schubert et al., 1991;
Kirsch-Volders et al., 2002), or (iii) by chromosome loss, when a chromosome
remains lagged at the equator and does not migrate to corresponding spindle poles

during anaphase (Yang et al., 2003).

Pseudoaneuploidy: it is a particular type of aneuploidy in which an individual

present an either larger or smaller chromosome number but a similar amount of
DNA as the original chromosome complement (Schubert and Rieger, 1994).
Pseudoaneuploidy can result from a Robertsonian rearrangement (Robertson,
1916), consisting of a “fusion” of two nonhomologous telo- or acrocentric
chromosome pairs into a metacentric one, resulting in the reduction of the total
number of chromosomes or a “fission” of a metacentric chromosome into two
telo- or acrocentrics ones, resulting in the increase of the total number of

chromosomes (Holmquist and Dancis, 1980; Schubert et al., 1991).
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1.2. Chromosomal rearrangements and speciation

Darwin’s theory (1859) about adaptive evolution is based on the premise that
variations are present naturally in all species, producing new traits within individuals.
Natural selection or “survival of the fittest” (Spencer, 1864) occurs when a variation
becomes advantageous by increasing the fitness of the carrier organism for survival or
reproductive capacity. The selected advantageous trait is then preferentially inherited
from parents to progeny, increasing the frequency of such traits in subsequent
generations. Darwin called the process by which a variation between individuals is
generated “individuation”, but he did not make any claims as to the nature of this
variation.

The nature of this variation was a mystery until the discovery that chromosomes
of Drosophila melanogaster and D. simulans differ by a large inversion (Sturtevant,
1921). Then in 1937, Theodosius Dobzhansky (1937) observed in Drosophila
pseudoobscura  different geographic distributions for various chromosomal
rearrangements, apparently because of their varying Darwinian fitness in different
habitats. He concluded from his observations that “mutations and chromosomal changes
arise in every species and supply the raw materials for evolution”, providing crucial
evidence for Darwin’s theory. Afterwards, chromosomes and their variations were
introduced into evolutionary theory (Stebbins, 1971; White, 1978; King, 1993;
Reiseberg, 2001). Michael J.D. White (1978) concluded that “Over 90% (and probably
over 98%) of all speciation events are accompanied by karyotic changes” and “in the
majority of cases the structural chromosomal rearrangements have played a primary role
in initiating divergence”. These observations and hypotheses provided important
contributions to the emerging synthesis of Darwinian natural selection with the
Mendelian theory of heredity, variously called the “modern” or ‘“neo-Darwinian”

15



evolutionary synthesis in which evolution occur rapidly through genetic variations
under changing environmental conditions.

Because karyotypic variations seem to be directly connected to the appearance of
new species and to the evolution of actual ones, it is important to elucidate the genetic
mechanisms by which karyotypes are evolving from a common ancestor. Also, because
the chromatin structure during interphase is dynamic, complex and functionally
relevant, it is important to understand under an evolutionary aspect the direct impacts of

these rearrangements on the interphase nuclei architecture and thus function.

1.3. Aims of the dissertation

The present dissertation divided into three parts, based on the application of
fluorescence in situ hybridization (FISH) methods on species of the Arabidopsis

lineage, try to answer the following technical problem and biological questions:

How to reduce costs and labor necessary to prepare large amounts of labelled

probes required for extensive FISH applications?

FISH methods used in the present work to detect numerical/structural chromosome
aberrations, to elucidate evolutionary chromosome rearrangements and to study spatial
chromosome arrangements within interphase nuclei require large amounts of labeled
probes. Conventional amplification and labeling of such probes is very time-consuming
and expensive. Therefore, an alternative approach for amplification and labeling of
BAC inserts at reduced costs and labor has been developed based on the principle of

viral rolling circle replication.
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How looked the hypothetical ancestral karyotype of the Arabidopsis lineage?

Can the colinearity based genetic approach be confirmed, specified and extended
by cytogenetic approaches?

How in detail evolved the low chromosome number of A. thaliana from a
hypothetical ancestor with a higher chromosome number?

What is the mechanism behind the “chromosome fusions” postulated on the basis

of genetic data for the evolution of the A. thaliana karyotype?

Based on A. thaliana/A. lyrata comparative genetic mapping data and using
comparative chromosome painting with probes from A. thaliana chromosomes on A.
lyrata, the eight A. lyrata chromosomes were assigned to their linkage groups, the
individual centromere positions were integrated and a hypothetical ancestor of the
Arabidopsis lineage with n=8 chromosome pairs was reconstructed. In a reverse
approach, applying A. thaliana specific probes arranged according to A. lyrata linkage
groups to A. thaliana chromosomes, events associated with the evolutionary
chromosome number reduction from the hypothetical ancestor of the Arabidopsis
lineage (n=8) toward the actual A. thaliana karyotype (n=5) were identified, providing
new insights as to the mechanism that most likely led to the chromosome number
reduction during the evolution toward the extant A. thaliana karyotype and probably

also to the variation of diploid chromosome numbers in other groups of organisms.
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Do karyotypic variations (number, size, shape and sequence composition of
chromosomes) between related Arabidopsis species have an impact on chromosome

arrangement and nuclear organization in interphase nuclei?

To study potential consequences of the dynamic character of the karyotype, i.e. the
differences in genome size, chromosome number, chromosome size and chromosomal
constitution, on the nuclear organization, the karyotype of 4. [yrata and the architecture
of its interphase nuclei has been studied in detail. The chromosome territory (CT)
arrangement and the frequency of homologous pairing and sister chromatid alignment in
A. lyrata nuclei was investigated. From comparisons with the corresponding situation
observed for A. thaliana or non-plant systems (Drosophila and mammals), some general

conclusions were derived.
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2. Results & discussion

2.1. Large scale probe generation for FISH and chromosome painting

2.1.1. Principles and applications of chromosome painting

A variety of nucleic acid hybridization techniques is widely used in life science
(e.g., Southern hybridization, Northern hybridization) exploiting the ability of single-
stranded DNA or RNA sequences to pair complementarily. Among these, FISH
methods represent a powerful tool for visualizing the location of specific nucleic acid
target sequences on a chromosome or within nuclei or tissue sections by means of
probes complementary to targets. For that purpose, probes have to be labeled by
incorporation of fluorochrome- or hapten-linked nucleotides, hybridized to target
sequences and detected either directly or by immunostaining of the hapten.

One variant of FISH is chromosome painting (CP; Lichter et al., 1988; Pinkel et
al., 1988). CP allows the visualization of specific individual chromosomes or
chromosome segments by in situ DNA hybridization with chromosome-specific probes
and fluorescence microscopy. CP became a powerful tool in fundamental research and
cytogenetic diagnostics and was applied for the identification of individual chromosome
(e.g., Lichter et al., 1998), for the detection of numerical and/or structural chromosome
aberrations (e.g., Ferguson-Smith, 1997; Ried et al., 1998; Blennow, 2004; Langer et
al., 2004), for the elucidation of evolutionary chromosome rearrangements (e.g.,
Wienberg and Stanyon, 1995; Svartman et al., 2004; Lysak et al., 2005 and 2006) and
for the study of spatial chromosome territory arrangement within interphase nuclei (e.g.,
Cremer and Cremer, 2001; Fransz et al., 2002; Pecinka et al., 2004). The applied
painting probes are usually generated by degenerate oligonucleotide primed-polymerase

chain reaction (DOP-PCR) from DNA of flow-sorted (Cremer et al., 1988; Telenius et
19



al., 1992) or microdissected chromosomes (Meltzer et al., 1992), or by nick translation
of contiguous BAC clones arranged in pools of five BACs each (Lysak et al., 2001,
2003; Pecinka et al., 2004). In particular, the preparation of the necessary large amounts
of painting probes on the basis of BAC contigs, needed to paint plant chromosomes,

requires time-consuming and expensive amplification and labeling procedures.

2.1.2. Introduction to the rolling circle amplification

In the 1990-ies, a new amplification technique for circular DNA molecules called
rolling-circle amplification (RCA) has been developed based on the rolling-circle
replication mechanism (Fire and Xu, 1995; Lizardi et al., 1998) of certain retroviruses,
retrotransposons (Feschotte and Wessler, 2001) and bacterial plasmids (Kornberg and
Baker, 1992). The RCA wused in laboratories is an isothermal enzymatic reaction

generating linear amplicons from a circular single-stranded DNA (Figure 1).

» random hexamer primers « ¥ 29 DNA polymerase

= v
iompcte Q 1®y X
A A = &\<

. A — " A

Denaturation Initiation Amplification Branched
amplification
Figure 1: Scheme of the rolling circle amplification process. After thermal denaturation, the random
hexamer primers hybridize to the circular DNA template at multiple sites. The amplification starts
extending each primer by the @29 DNA polymerase. Because of the strand—displacing activity of the @29
DNA polymerase, newly synthesized strands become accessible to new primers resulting in a branched

amplification structure.
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As a highly efficient reaction producing large amounts of DNA from a low
amount of starting templates with a lower error level than PCR, RCA has been adapted
to amplify template DNA for sequencing (Lasken and Egholm, 2003) and library
construction (Dean et al., 2001; Faruqui et al., 2001). RCA was also applied for the
detection of DNA sequences as small as 50 nucleotides (Zhong et al, 2001), for
genotyping single nucleotide polymorphisms (Ladner et al., 2001; Lizardi et al., 1998;
Pickering et al., 2002), or for protein profiling in multiplexed microarray immunoassays
(Schweitzer et al., 2000, 2002; Zhou et al., 2004).

Several DNA polymerases are suitable for RCA reactions (Demidov, 2002). One
is the thermostable @29 DNA polymerase which originally replicates the 19 kb long
linear double-stranded DNA genome of bacteriophage @29 (Watabe et al., 1984).
During the cyclic RCA process, the @29 DNA polymerase performs strand
displacement synthesis using random hexamer primers and generating multiple tandem
linear double-stranded copies >70 kbp (Blanco et al., 1989) of the circular DNA
template. An additional 3°’—5’exonuclease activity with proof reading function ensures
a high accuracy (Esteban et al., 1993; Nelson et al., 2002) but requires exonuclease-
resistant random-hexamer primers with 3’-thiophosphate-protected ends to increase the

amplification yield (Dean et al., 2001).

2.1.3. RCA products as DNA probes for FISH

To test whether RCA products can be used after labeling as probes for FISH, six
individually purified BACs with inserts from distinct positions along A. thaliana
chromosomes 1 and 4 (AT1 and AT4) were amplified separately by RCA. A ~1,000-
fold amplification yield was obtained from 5 ng input DNA (Figure 2A). Then, RCA

products were separately labeled by nick translation with biotin-dUTP or digoxigenin-
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dUTP and hybridized (20 ng/slide) to flow sorted 2C nuclei from A. thaliana leaves.
Single distinct FISH signals without background indicated that RCA products labeled
by nick translation are suitable as probes for FISH (Figure 2B).

Next, it was tested whether it is feasible to amplify several BACs together. For
that purpose, 20 individual BACs representing a contig of chromosome AT1 (either as
aliquots from liquid bacterial culture with an optical density around 1.4 at a wavelength
of 600 nm, or as purified plasmid DNA) were pooled. After 8 hours of RCA, the
amplification yield (~5 pg from 5 ng input DNA in a 20 pl reaction) turned out to be
equal, independently of whether 1 or simultaneously 20 BACs were amplified and
whether the template DNA was from culture aliquots or consisted of isolated BAC-
DNA. A fraction of each RCA product (1 pg) was labeled separately by nick translation
with biotin-dUTP, digoxigenin-dUTP, DNP-dUTP or Cy3-dUTP, and then hybridized
(20 ng/BAC/slide) to flow-sorted 2C nuclei and pachytene chromosomes of 4. thaliana

(Figure 2B).

Nl M RCA ¢

10kb

B A. thaliana chromosome 1 (AT1)

5kb

Figure 2: RCA products as DNA probes for FISH. A) Agarose gel with RCA products obtained from 5
ng input DNA after 8 hours at 30°C. Lanes: M: DNA size marker (GeneRuler 100 bp DNA Ladder,
Fermentas, St. Leon-Rot, Germany), RCA: rolling circle amplicon from an individual BAC, c: control
experiment without @29 DNA polymerase. The DNA samples were run on a 1 % agarose gel. B) FISH
on flow-sorted 2C nuclei of A. thaliana with RCA amplicons of individual BACs from A. thaliana
chromosome 1 (AT1) and on pachytene chromosomes with an RCA amplicon of 20 pooled contiguous

BAC:s, all labeled by nick-translation. Bars =5 um.
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Similar to the probes amplified from single BACs, RCA products from pools of several
BACs labeled by nick translation yielded specific, distinct and reproducible FISH

signals.

2.1.4. Direct probe labeling by RCA

At first, individual BACs (either from aliquots of a liquid bacterial culture or as
purified plasmid DNA) with inserts from different positions along A. thaliana
chromosome AT1 and 4 were separately amplified and labeled in one step by RCA for 8
hours with biotin-dUTP, Cy3-dUTP, digoxigenin-dUTP or DNP-dUTP. RCA labeling

experiments with DNP-dUTP yielded no product (Figure 3).

M c Cy3 Dig Bio DNP

10kb

Skb

Figure 3: Direct probe labeling by RCA. Agarose gel (1%) showing single BAC probes labeled and
amplified by RCA from 170-200 ng input DNA after 8 hours at 30°C. Lanes: M: DNA size marker
(GeneRuler 100 bp DNA Ladder, Fermentas). c: control experiment without @29 DNA polymerase. The
RCA reaction was performed with Cy3-dUTP (Cy3), digoxigenin-dUTP (Dig), biotin-dUTP (Bio) and

DNP-dUTP (DNP).

The RCA products obtained from aliquots of bacterial culture were not
quantitatively sufficient for FISH experiments. With isolated BAC-DNA, labeling by

RCA vyielded reproducible results. The RCA products were of almost the same quantity
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when biotin-dUTP, Cy3-dUTP or digoxigenin-dUTP were used as modified
nucleotides. On agarose gels the RCA-labeled products revealed a smear of high
molecular weight linear amplification products and additionally a very large product
that could not enter the gel likely due to ramification of amplicons (Demidov, 2005).
The amplification rate was ~10-fold when 170-200 ng DNA were used as starting
material (instead of 5 ng input as in RCA for amplification without labeling). The ~100-
fold lower amplification rate of the labeling RCA in comparison to RCA without
labeling might be caused by sterical problems during the incorporation of labeled
nucleotides or by unidentified components in the solution of labeled nucleotides that
inhibit @29 polymerase. After size reduction by DNase treatment, the resulting probes
(20 ng/BAC/slide) were successfully used for FISH experiments on flow sorted nuclei.
Further was tested the feasibility to directly label several BACs together in one
RCA reaction. Either 20 or 50 contiguous BACs from A. thaliana chromosome AT1
were isolated, pooled and labeled in one step by RCA. The product amounts obtained
with biotin-dUTP, Cy3-dUTP and digoxigenin-dUTP after 8 hours of RCA were similar
to each other and to that obtained by RCA labeling of a single BAC (~2 pg product/200
ng input in 20 pl reaction volume). Different amounts of RCA-labeled probes (1-20
ul/slide) derived from 20 contiguous BACs were used for FISH to flow-sorted nuclei or
spread-preparations from young flower buds. In parallel, DNA isolated from the same
20 BACs and labeled by nick translation was hybridized to flow-sorted nuclei or spread-
preparations (~20 ng/BAC/slide). FISH signal intensities obtained with both probes
were compared in order to find out the optimal concentration of RCA-labeled probes.
Both types of probes yielded the same specific and distinct signals nearly without any
background when 5 pl (~500 ng/20 BACs or ~25 ng/BAC/slide) of RCA-labeled probes

were applied to fixed chromosomes (Figure 4).
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20 BACs

Figure 4: Direct probe labeling by RCA. FISH on flow sorted 2C nuclei, diplotene and pachytene
chromosomes, with 20 contiguous BACs from A. thaliana chromosome 1 (AT1) amplified and labeled
(Cy3: Cy3-dUTP, Dig-Al488: digoxigenin-dUTP and Bio-TxRed: biotin-dUTP) in one step by RCA.

Bars =5 um.

2.1.5. RCA economizes DNA amplification and labeling

The usual procedure to prepare probes for FISH and CP experiments from single
or pooled BACs requires time-consuming and expensive amplification and labelling
procedures (cultivation of bacteria, isolation of BAC-DNA and nick translation). As an
alternative approach, the application of RCA using @29 DNA polymerase for
amplification or for amplification and labeling offers several advantages. Because is it
an isothermal reaction, there is no need for a special equipment like a thermal cycler.
Furthermore, a 1,000-fold amplification of DNA from a single purified BAC or from a
mixture of several BACs in a single RCA reaction saves the handling time needed for
cultivation of bacteria and isolation of individual BAC-DNA to obtain an equivalent
DNA amount and minimizes the risk of stock contamination. Moreover, it is also
possible to amplify BAC-DNA directly from aliquots of liquid cultures, of bacterial

glycerol stocks or even from pools of such BAC resources.
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With RCA of up to 50 BACs (Figure 5), combining amplification and labeling in
one reaction, only a ~10-fold amplification is obtained. However, because nick
translation is no longer needed, this procedure considerably economizes labor and
material. The procedure for simultaneous amplification and labeling of BAC pools can

be scaled from 20 pl to a reaction volume of at least 160 pl.

ATl

>
50 BACs

Figure 5: Direct probe labeling by RCA. FISH on pachytene chromosomes, with 50 contiguous BACs
from A. thaliana chromosome AT1 amplified and labeled with Cy3-dUTP (pseudocolored in yellow) in

one step by RCA. Bar =5 pum.

2.1.6. Detection of chromosome aberrations with probes labeled by RCA

In collaboration with Dr. L. Lopez-Molina and N. Kinoshita (Geneva
University, Geneva), RCA was used to label large probe contigs in order to specify and
characterize the T-DNA insertion profile in the T-DNA mutagenized A. thaliana line
B31 (ecotype Wassilewskija) produced at the INRA in Versaille, France (Bechtold et
al., 1993; Kinoshita et al., manuscript in preparation). According to sequencing data
(Figure 6A), B31 carries two T-DNAs (~8.5 kb each), both flanked on their left border
(LB) by at least 0.5 kb of the BAC F1P2 from the bottom arm of the wild-type A.
thaliana chromosome AT3 (downstream of nucleotide 68,281 and upstream of
nucleotide 68,281 for the T-DNA1 and T-DNAZ2, respectively) and on their right border
(RB) by at least 2 kb of BAC T28P16 and at least 8 kb of BAC T30D6 for T-DNAT and

T-DNA2, respectively (both BACs harbor DNA from the bottom arm of A. thaliana
26



chromosome AT2). Five differentially labeled contigs covering entirely chromosomes
AT2 and AT3 were arranged according to the most probable insertion profile
hypothesis. CP revealed a duplication of the region between BAC T30D6 and T28P16
of chromosome AT2, translocated between the transgenes within the BAC F1P2 from

the bottom arm of the wild-type chromosome AT3 (Figure 6B and C).

A T-DNA2 T-DNA1
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WT B31

AT3 AT2 AT3
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Figure 6: Visualization of chromosomal rearrangements in a A. thaliana T-DNA insertion line by CP
with probes label in one step by RCA. A) Schematic representation of the T-DNA insertion profile for
both T-DNA 1 and 2 deduced from partial sequencing data. RB and LB correspond to the right and left
border of the insert, respectively. The T-DNA 1 is inserted in an inverted orientation regarding the T-
DNA 2. The BAC F1P2 from AT3 was found to be divided into two parts by the insert at the position
68,281 bp. B) Schematic representation of the complex probe used to paint A. thaliana chromosome AT2
and AT3 in A. thaliana transgenic line B31. Black arrows on chromosome AT3 of line B31 indicate T-
DNA inserts flanking the duplicated/translocated region (in brace). C) Chromosome painting with the
complex probe on line B31 pachytene chromosomes reveals the duplicated region originally from AT2
translocated to the AT3 bottom arm. Black spheres/arrow indicate NOR of AT2; empty

squares/arrowheads indicate centromeric regions of AT2 and AT3. Bar =5 pm.
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2.2. Karyotype evolution in the genus Arabidopsis

2.2.1. A. lyrata karyotype is similar to the Arabidopsis lineage ancestral karyotype

Among species of the Brassicaceae family, chromosome numbers vary from n=4
in Physaria and Stenopetalum to n=128 Cardamine concatenata (see Appel and Al-
Shehbaz, 2003). Within the genus Arabidopsis and its close relatives, basic chromosome
numbers vary between 5, 6, 7 and 8, with most species having 8 chromosome pairs.
According to the currently accepted Brassicaceae phylogeny (Koch et al., 1999, 2000
and 2001; Al-Shehbaz and O’Kane, 2002) and based on comparative genetic maps
between A. thaliana (n=5) and A. lyrata (n=8; Kuittinen et al, 2004; Yogeeswaran et al.,
2005) as well as between A. thaliana and Capsella rubella (n=8; Boivin et al., 2004), an
ancestral karyotype with n=8 chromosomes pairs has been inferred. It has been
suggested that the karyotype of 4. thaliana descended from the ancestral karyotype by
two reciprocal translocations, three chromosome fusions and at least three inversions
(Koch and Kiefer, 2005; Yogeeswaran et al., 2005).

Since the linkage groups (LGs) of A. lyrata largely correspond to those of the
more distantly related C. rubella (Koch and Kiefer, 2005), the karyotypes of both
species should be largely similar to the ancestral karyotype of A. thaliana and its
relatives (the terminology AKI to 8 for ancestral karyotype was used to designate the
eight chromosome pairs of 4. lyrata as well as of the ancestral karyotype). Because of
this similarity, 4. lyrata has become a species of interest in chromosome evolution
studies (e.g., Kuittinen et al., 2004; Johnston et al., 2005; Yogeeswaran et al., 2005).
Nevertheless, its karyotype is only incompletely characterized since for instance
centromere positions which are important for elucidating karyotype evolution are

difficult to determine by genetic methods.
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As A. lyrata is closely related to 4. thaliana, CP with probes derived from A.
thaliana genomic libraries was applied to 4. lyrata (Lysak et al, 2003) in order to
address the chromosome pairs representing the eight LGs and their homeology
relationship to the five A. thaliana chromosome pairs. Multicolor CP using A4. thaliana
BAC contigs arranged according to the eight LGs of 4. lyrata (Kuittinen et al., 2004;
Yogeeswaran et al., 2005) were applied to 4. lyrata pachytene chromosomes and, as
expected, labeled each one bivalent of the eight A. [yrata chromosome pairs (Figure 7).
Additionally, using FISH in combination with multicolor CP on pachytene or mitotic
chromosomes, all major heterochromatic blocks were localized on A. [lrata
chromosomes. All five nucleolus organizing regions (NORs) were found at a terminal
position on the short arm of acrocentric chromosomes AK1, 3, 4, 5 and 7 (Figure 7A
and C). The single 5S rDNA locus was localized on the short arm of the acrocentric
chromosome AK4. The euchromatic region between the 5S rDNA locus and the
pericentromeric region did not hybridize with our BAC probe collection (Figure 7B).
Centromeres of AKI, 3, 5, 6 and 7 occupy genetically the same positions as in A.
thaliana. The centromeres of AK2, 4 and 8 were physically localized by “trial and
error’-FISH using differently labeled BAC contigs corresponding to presumed
individual short and long chromosome arms. BACs harboring inserts from most
proximal chromosome arm positions were exchanged between the arm-specific contigs
until each arm flanking the strongly DAPI-stained pericentromeric regions on painted
pachytene chromosomes was labeled in only one color (as exemplified for AK4 in
Figure 7B). Together these results allowed to define the karyotype of A. lyrata. This
was than used to reconstruct, to a certain extent, the karyotype of the Arabidopsis
lineage ancestor with n=8 chromosome pairs and to specify the evolutionary dynamics

of karyotypes within the genus Arabidopsis.
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A. lyrata (n=8)

AK1 AK2 AK3 AK4 AKS5 AK6 AK7 AK8

e NOR
* 5S IDNA
O Centromeric repeats

Figure 7: The karyotype of A. Ilyrata. A) Localization of NORs (green) on mitotic metaphase
chromosomes using 45S rDNA as a probe. B) Localization of the 5S rDNA (yellow) in close vicinity to
the centromeric region (violet) of AK4 pseudocolored in red (short arm) and in green (long arm). The
insert without DAPI fluorescence reveals the labeling of additional centromeric regions within a large
chromocenter. C) Pachytene complements of A. lyrata AK1 to 8 painted by A. thaliana BAC contigs
arranged according to the LGs of 4. lyrata and each pseudocolored in a distinct color according to the
idiogram of the A. lyrata karyotype (in the center). Arrowheads indicate centromeric regions; white

arrows indicate NORs; the asterisk indicates the unique 5S locus on AK4 top arm. Bars =5 pm.
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2.2.2. Structure and relatedness of centromeric repeats in Arabidopsis species

Within the Arabidopsis genus, four distinct ~180 bp centromeric repeat types are
known: (i) the pAL1 sequence of A. thaliana (n=5; Martinez-Zapater et al., 1986;
Maluszynska and Heslop-Harrison, 1991), (if) the pAa sequence of A. arenosa (n=8;
Kamm et al., 1995) and (iii) the pAgel and pAge2 sequences of A. halleri subsp.
gemmifera (n=8) and A. lyrata subsp. kawasakiana (n=16; Kawabe and Nasuda, 2005).
The presence of pAa, pAgel and pAge2 repeat families for A. lyrata subsp. Lyrata
(n=8) was demonstrated via PCR with repeat-specific primer pairs according to Kawabe
and Nasuda (2005) and yielded a characteristic ladder pattern of ~180 bp intervals.
Since no PCR products were obtained with single primers, the centromeric sequences
are arranged as direct tandem repeats. In total 6 pAa (3 dimers), 6 pAgel (2 trimers) and
13 pAge2 (2 dimers and 3 trimers) ~180 bp repeats were cloned and sequenced.

The pAa family of 179 bp revealed 88.8-94.4% and 87.7-92.2% similarity within
and between the three cloned dimers, respectively. The pAgel family of 168 bp showed
91.0-94.0% and 90.4-94.0% similarity within and between the two cloned trimers,
respectively. Interestingly, the pAge2 family of 176 bp revealed a particular
arrangement of individual repeat units, with a sequence similarity between all first and
between all last repeat units of both dimeric and trimeric clones that was higher than
between the units of a single clone (86.4-98.8%, 84.6-99.4% and 77.4-88.6%,
respectively; see Figure 8 insert and Appendix Table 1 page 97). This might indicate
that di- and trimers rather than monomers are the units of concerted evolution of the
pAge2 sequence. Furthermore, phylogenetic relationships between previously reported
centromeric repeats (Martinez-Zapater et al., 1986; Kamm et al., 1995; Hall et al., 2005;
Kawabe and Nasuda, 2005) and the newly isolated ones indicate that the different repeat

families are with 100% probability clustered separately from each other (Figure 8).
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Figure 8: Neighbor-Joining tree of centromeric repeats of the genus Arabidopsis. The unrooted neighbor-

joining tree was derived from the maximum-likelihood distances for different centromeric repeat types

from several Arabidopsis species. In total, 129 repeats were analyzed: 7 pALI1 repeats from A. thaliana

(Martinez-Zapater et al., 1986), 45 pAa repeats from A. arenosa (Kamm et al., 1995; Hall et al., 2005), 6

pAa, 6 pAgel and 13 pAge2 repeats from A. lyrata subsp. lyrata (present study), 21 pAa and 3 pAgel

repeats from A. lyrata subsp. kawasakiana and 6 pAa, 19 pAgel and 3 pAge2 repeats from A. halleri

subsp. gemmifera (Kawabe and Nasuda et al., 2005). Numbers indicate percent bootstrap values

supporting the major groups in the tree. Insert: clustering of the 1** monomeric units (in bold) as well as of

the 2°™ and/or the last monomeric units (in italics) from A. lyrata subsp. lyrata pAge2 clones.
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The chromosome-specific centromere localization of the three repeat families in
A. lyrata was determined by FISH with differently labeled pAa, pAgel and pAge2
probes in combination with chromosome-specific painting probes. The centromeres of
chromosomes AK1, 3, 4, and 7 were found to possess the pAa repeat and chromosomes
AK2, 5, 6 and 8 the pAgel repeat. The centromere of AK6 has an additional small
cluster of pAge2 repeats. FISH on extended DNA fibers with differently labeled probes
for all three centromeric repeat families confirmed largely a homogeneous repeat
composition per centromere (Figure 9A to C). Even in the case of the AK6 centromere,

the repeat families pAgel and pAge2 were not intermingled (Figure 9C).

Figure 9: Localization and distribution of the three centromeric repeats types present in A. lyrata. A)
Pachytene chromosome AKS5 pseudocolored in red (short arm) and in green (long arm) and the pAgel
repeat family of its centromeric region in blue. The insert without DAPI fluorescence reveals the labeling
of additional centromeric regions. Arrow indicates AKS NOR. B) Differential labeling of pAa (red) and
pAgel (green) and C) pAgel (green) and pAge2 (red) on a 2C interphase nucleus (insert) and on DNA

fibers. Bars =5 um.
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2.2.3. Conclusion as to the evolution of centromeric repeats in Arabidopsis species

To interpret events of karyotype evolution at the level of centromeric repeat
sequences, pAa, pAgel and pAge2 centromeric repeats were integrated into the physical
and the genetic map of A. lyrata. Since the evolutionarily young karyotype of A.
thaliana revealed only one type of centromeric repeat (pAL1), resembling more the pAa
than the pAgel or pAge2 sequences (see Appendix Figure 1 page 96), it is of interest to
know whether the ancestral karyotype of the Arabidopsis lineage possessed one (as 4.

thaliana) or more (as A. lyrata) types of such repeats.

For four of the five A. thaliana centromeres, the corresponding positions in the A.
lyrata karyotype revealed pAa sequences (Figure 10). For the centromere of AKS,
corresponding to the AT3 centromere of 4. thaliana, no pAa but pAgel sequences were
detectable by FISH. The same was true for the homeologous centromeric region within
the subsp. petraea and other closely related species all with 8§ chromosome pairs such as
A. halleri and A. cebennensis (data not shown). According to the phylogenetic
relationship between previously reported centromeric repeats (Martinez-Zapater et al.,
1986; Kamm et al., 1995; Hall et al., 2005; Kawabe and Nasuda, 2005) and the newly
isolated ones, a pAa-like repeat is probably the eldest centromeric repeat within the
Arabidopsis genus (Figure 8, Appendix Figure 1 page 96). Together, these data suggest
that pAL1, pAgel and more recently pAge2 repeats evolved from an ancestral pAa-like
sequence during the last ~10 million years after the divergence of 4. thaliana, A. lyrata

and A. halleri from their common ancestor.
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AK1 AK2 AK4 AK3 AK5 AK7 AKG6 AK8
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pAL1 pAL1 pAL1 pAL1 pAL1

Figure 10: Evolution of centromeric repeats in Arabidopsis species. Schematic idiogram of 4. /yrata and
A. thaliana karyotypes indicating the different types of centromeric repeats for each of the eight 4. lyrata
and five A. thaliana chromosomes. Chromosomes are highlighted in distinct colors according to the eight
LGs of 4. lyrata. Black spheres indicate NORs and squares indicate centromeric regions (in white: pAa in

A. lyrata and pAL1 in A. thaliana; in grey: pAgel with or without pAge2).
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2.2.4. Mechanism of chromosome number reduction in 4. thaliana

With the aim to visualize the components of the ancient ancestral karyotype with
eight chromosome pairs (AK1 to 8) on the present day A. thaliana karyotype with five
chromosome pairs (AT1 to 5), multicolor CP was performed with BAC pools arranged
according to the entire or partial eigth LGs of A. lyrata on A. thaliana pachytene

chromosomes (Figures 11 to 14).

A Putative ancestor (n=8) B A. thaliana (n=5)
AK1 AK2 AK3 AK4 AKS AK6 AK7 AK8 AT1 AT2 AT3 AT4 ATS
12
i o) o,
F2—» o
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F3—» 11

Linkage group 1and 2 L|nkage group 3,4 and 5 Linkage group 6, 7 and 8

\)'AK1
k I. - ,/"};T1

Figure 11: Evolution of the A. thaliana karyotype based on comparative chromosome painting. A)
Idiogram of the putative ancestral karyotype (AK1 to 8) based on the 4. lyrata karyotype (Figure 7). The
ancestral chromosomes are presumed to bear NORs (empty spheres) at the same positions as in 4. lyrata.
5S rDNA loci were omitted in both A. thaliana and ancestral karyotypes. B) Idiogram of the A. thaliana
karyotype indicating the composition of chromosomes AT1 to 5 derived from the ancestral karyotype (A)
and the events involved in chromosome number reduction. Inversions (I), translocations (T), and fusions
(F) are enumerated as reported (Koch and Kiefer, 2005). C) to E) Pachytene complements of A. thaliana
(AT1 to 5) and A. Iyrata (AK1 to 8) painted by A. thaliana BAC contigs arranged according to the
linkage groups of 4. Iyrata and pseudocolored according to A and B. Empty squares/arrowheads indicate

centromeric regions; empty spheres/arrows indicate NORs. Bar =5 um.
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Figure 12: Reconstruction of A. thaliana “fusion” chromosome AT1. A) Painting of AK2 of A. lyrata
and ATI1 shows that a pericentric inversion has occurred before AK2 “fused” with AK1. B) AT1 arose
from a pericentromeric inversion within AK2 followed by a reciprocal translocation with breakpoints at
the short arm end of AK1 and close to the centromere of (acrocentric) AK2. The minichromosome arising
as a second translocation product is dispensable and got lost. Empty spheres indicate NORs actually
found in 4. lyrata. Empty squares/arrowheads indicate centromeric regions. I1 and F3 are enumerated as

in Figure 11. Bar =5 pm.

Painting of A. thaliana pachytene chromosomes with probes corresponding to the
A. lyrata LGs 1 and 2 identified 4. thaliana chromosome 1 (AT1); probes homeologous
to LG2 labeled the distal part of the bottom arm of AT1 (Figure 11C). Subdividing the
probe for LG2 in three differently labeled subcontigs revealed an inversion comprising
the top (short) arm of AK2 (Figure 12A). This inversion has been detected by genetic
mapping in C. rubella (Boivin et al., 2004) and very recently also in A. lyrata (Hansson
et al., 2006). Because neither centromeric nor telomeric sequences of chromosome AK2
were detected at the point of “fusion” within AT1 neither by FISH nor by sequencing
(The Arabidopsis Genome Initiative, 2000), it was concluded that a pericentric
inversion transformed AK2 into an acrocentric chromosome. This inversion event was
followed by a reciprocal translocation between the short arm end of AK1 and the centric
end of AK2, resulting in AT1 (Figure 12B). The second very small translocation

product, consisting mainly of telomeric repeats from AK1 and AK2 and of the AK2
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centromere, became lost most likely because it failed to pair properly during meiosis

and lacked essential genes.

b) Linkage group 3.4 and 5:

AT2
A AT2 AT3 AT3 AT3
Ipe
AK4 H [ <F-2>
|- AK35 I 8
AK3/5

Figure 13: Reconstruction of A. thaliana chromosomes AT2 and AT3. A) Partial painting of AK4 of 4.
lyrata shows no pericentric inversion involving the top arm. B) AT3 arose from a reciprocal translocation
between AK3 and AKS. AT2 arose from a translocation between AK3/5 and an (acrocentric) AK4. A
paracentric (Ipa) and a pericentric (Ipe) inversion within AK4 are presumed to explain the origin of AT2.
The minichromosome arising as a second translocation product is dispensable and got lost. Empty
spheres/arrow indicate NORs actually found in 4. lyrata; black spheres indicate NORs actually found in
A. thaliana. Empty squares/arrowhead indicate centromeric regions. T2 and F2 are enumerated as in

Figure 11. Bar =5 pm.

Probes designed according to A. lyrata LGs 3, 4 and 5 labeled chromosomes AT2
and AT3 (Figure 11D). Thus, AT2 comprises the terminal part of the top arm of AKS,
followed by the proximal part of the bottom arm, the centromere, and the top (short)
arm of AK3 and by the entire AK4 (without a centromere). AT3 is homeologous to the
bottom arm, the centromere, and part of the top arm of AKS, and a large part of the
bottom arm of AK3 (Figure 11B). Our data show that the centromeres of AT2 and AT3
retained the same genetic position as in AK3 and AKS and confirm that chromosomes
AT2 and AT3 have been formed by a reciprocal translocation between AK3 and AKS,
as indicated previously (Kuittinen et al., 2004; Yogeeswaran et al., 2005; Koch and
Kiefer, 2005). Within AK4, no pericentric inversion involving the top arm was found by

FISH with pools subdividing this region (Figure 13A). However, a paracentric inversion
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constituting the entire short arm, followed by a pericentric one, could have generated an
acrocentric AK4 that fused with AK3/5 to AT2 by a reciprocal translocation without
interrupting colinearity to LG4. The small second translocation product consisting of

telomeres and the centromere of AK4 was lost (Figure 13B).
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Figure 14: Reconstruction of 4. thaliana chromosomes AT1, AT2 and ATS. A) Partial painting of AK6
and full painting of AKS8 of 4. lyrata reveals pericentric inversions involving part of AK6 top arm (top)
and entire top arm of AKS (bottom). B) AT4 was formed by means of a reciprocal translocation between
AK6 and AK7 and subsequent pericentric inversion; additionally, it gained an NOR. AT5 arose from a
pericentric inversion within AKS8 followed by a reciprocal translocation with breakpoints at the short arm
end of AK6/7 and close to the centromere of (acrocentric) AKS8. The minichromosome arising as a second
translocation product is dispensable and got lost. Empty spheres indicate NORs actually found in A.
lyrata; black spheres indicate NORs actually found in 4. thaliana. Empty squares/arrowheads indicate

centromeric regions. T1, 12, 13 and F are enumerated as in Figure 11. Bars =5 pm.

Probes designed according to A. lyrata LGs 6, 7 and 8 labeled chromosomes
AT4 and ATS (Figure 11E). AT4 is homeologous to the top (short) arm of AK6 and to
the bottom arm of AK7. Chromosome ATS comprises the bottom (long) arm of AKS,

the top (short) arm of AK7 and the entire AK8 (without a centromere). The first step

39



towards the recent chromosomes AT4 and ATS5 was a reciprocal translocation
apparently between the centromeres of AK6 and AK7 (Figure 14B). The inversion in
the long arm of AT4 was originally detected by genetic mapping (Yogeeswaran et al.,
2005; Boivin et al., 2004) and could be confirmed by CCP (Figure 14A). This
apparently pericentric inversion (Lysak et al., 2003) occurred simultaneously with or
after the translocation between AK6 and AK7. Another inversion within the bottom arm
of ATS in comparison with C. rubella LG H (Yogeeswaran et al., 2005; Boivin et al.,
2004; Koch et al., 2005) originally generated an acrocentric chromosome from AKS.
Finally, a reciprocal translocation “fused” this acrocentric AK8 with AK6/7 to form
ATS5 (Figure 14B). Thus, this fusion followed the same scheme as the fusion that

contributed to the formation of AT1 (Figure 12B) and AT2 (Figure 13B).

2.2.5. Conclusions as to the karyotype dynamic in the genus Arabidopsis

Multicolor CP of pachytene chromosomes of 4. thaliana with probes arranged
according to the LGs of A. lyrata (considered to represent largely the ancestral
karyotype of A. thaliana and its relatives), allowed to detect all inversion (I),
translocation (T) and “fusion” (F) events that apparently contributed to the evolution
toward the actual A. thaliana karyotype, as inferred from comparative genetic maps
(Kuittinen et al., 2004; Yogeeswaran et al., 2005; Koch and Kiefer, 2005). More
importantly, chromosome painting using a contiguous BAC tiling path for 4. thaliana
allowed to localize the border of chromosomal inversions and translocations more
precisely than what was deducible from comparative maps with a low or medium

marker density.
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For the following events, the chronological order of chromosome rearrangements

leading to chromosome number reduction in A. thaliana is fixed (Figures 11 to 15):

¢ Inversion I1 — “fusion” F3, resulting in AT1
e Translocation T1 — inversion 12 and I3 — “fusion” F1, resulting in AT4 and AT5S
¢ Translocation T2 — para- (Ipa) and pericentric (Ipe) inversions in AK4 — “fusion”

F2, resulting in AT2 and AT3

However, it remains uncertain which group of linked events occurred earlier or later.

A A thaliana (n=5) F A. thaliana
A AT\ A2 AT3  AT4  ATS
Fs ") I
T2/Ipallpe/F2 T2 2R
T1/12/13/F1 F2> R pallpe
L - F18013
C. rubella ~5 mya
(n=8)

Centromeric regions
Ancestor (n=8) B 9

Figure 15: Evolution of the A. thaliana karyotype. A) The events leading to chromosome number
reduction in the course of evolution from an ancestor with n=8 chromosomes towards the karyotype of 4.
thaliana. Inversions (1), translocations (T) and “fusions” (F) events as well as divergence time estimations
are from Koch and Kiefer (2005). Only consecutive paracentric and pericentric inversions (Ipa/Ipe in
blue) are newly proposed. Events that require a distinct chronological order are arranged together but it
remains uncertain which group of linked events occurred earlier or later. B) Idiogram of A4. thaliana
karyotype indicating the composition of chromosomes AT1 to 5 derived from the ancestral karyotype

(Figure 11A) and the events involved in chromosome number reduction.
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Furthermore, it is suggested that “fusion” events reducing the basic chromosome
number from eight to five are based on reciprocal translocations between meta-
/submetacentric and acrocentric chromosomes, the latter generated by pericentric
inversions. In addition to the “fusion chromosomes”, the minichromosomes, which
typically do not contain essential genes, resulted from these translocation events and
became lost sooner or later. This scenario explains three eliminations of centromeres
during the evolution towards the A. thaliana karyotype. It can also explain a potential
loss of terminal NORs. However because only one of the two A. thaliana NORs (on
AT2) coincides positionally with one of the five A. [yrata NORs (on AKS) and because
the single 5S rDNA locus of 4. lyrata (on AK4; see Figure 7) does not coincide with
neither of the three or four 5S rDNA loci of the A. thaliana karyotype (Fransz et al.,
1998) a direction, during karyotype evolution, of alterations involving rDNA loci
cannot be clearly derived. This is in line with the high degree of polymorphism of 5S
and 45S rDNA loci reported for several groups of organisms (for higher plants see e.g.,
Schubert and Wobus, 1985; Fuchs et al., 1998; Ali et al., 2005).

Additionally, major repetitive sequence blocks (NOR, telomeres and centromere)
appear to be preferentially involved in the chromosome rearrangement contributing to
the karyotype evolution. Of the 20 breakpoints contributing to the 10 rearrangements
that distinguish the karyotype of A. thaliana and A. lyrata, 85% involved centromeric
(10 breakpoints) or terminal (7 breakpoints) positions where repetitive sequences are
clustered. Concordant with our observations, in telomerase-deficient 4. thaliana plants,
terminal NORs representing extended clusters of tandem repeats participate in
chromosome rearrangements ~10-times more often than expected at random (Siroky et

al., 2003).
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The reconstruction of the karyotype evolution of Neslia paniculata (2n=14),
Turritis glabra (2n=12) and Hornungia alpina (2n=12; Lysak et al., 2006) revealed that
the recurrent chromosome number reduction from an ancestral karyotype with eight
chromosome pairs for these species was following similar routes as found for A.
thaliana, again with breakpoints within the major repetitive sequence blocks,
confirming the mechanism proposed for the evolution of the 4. thaliana karyotype and
indicating that chromosome fusions might generally result from reciprocal translocation

generating products of extremely unequal size.
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2.3. Organization of interphase nuclei within the genus Arabidopsis

2.3.1. Introduction to the organization and architecture of interphase nuclei

Already in 1885, Rabl (1885) proposed an interphase chromosome orientation
with centromeres and telomeres clustered at opposite nuclear poles, reflecting the
anaphase arrangement of chromatids. The so-called Rabl-orientation has been
confirmed by FISH, particularly for species with large monocentric and biarmed
chromosomes, such as those of barley (Jasencakova et al., 2001), but not for 4. thaliana
(Fransz et al., 2002; for review see Dong and Jiang, 1998). Since the time chromosome
painting has been established for mammals (Lichter et al., 1988; Pinkel et al., 1988), it
became obvious that individual chromosomes of euploid species occupy distinct three-
dimensional chromosome territories (CTs; for review see Cremer and Cremer, 2001). A
radial arrangement of CTs with gene-dense chromosomes located more internally and
gene-poor ones more at the nuclear periphery seems to be typical for many cell types of
vertebrates (Cremer et al., 2001; Habermann et al., 2001; Kozubek et al., 2002; Mahy et
al., 2002a, b; Tanabe et al., 2002).

Aside from polytene chromosomes (Metz, 1916), development- and cell cycle-
specific somatic pairing of homologous chromosomes has been described for
Drosophila (Hiraoka et al., 1993; Csink and Henikoff, 1998; Fung et al., 1998) but
seems to be the exception rather than the rule in A. thaliana interphase nuclei (Pecinka
et al., 2004). A close spatial homologous association of disomic addition chromosomes
was also found in tapetum nuclei but rarely in other tissues of wheat/rye addition lines
(Aragon-Alcaide et al., 1997).

To ensure an equal transmission of the genetic material during mitosis, anaphase
does not begin until sister chromatids are attached by their kinetochores to spindle fibers

from opposite poles. In yeast, sister chromatids are aligned by ring-shaped cohesin
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complexes surrounding them every ~11 kb from early S-phase until the onset of
anaphase (Koshland and Guacci, 2000). However, in A4. thaliana, sister chromatids
(except at centromeres) are frequently not closely aligned along their euchromatic arms
in meristematic as well as in differentiated nuclei of 4C and higher DNA content
(Schubert et al., 2006).

In A. thaliana nuclei it was previously reported (Pecinka et al., 2004) that side-by-
side arrangement and somatic pairing frequencies of individual CTs are predominantly
random. An exception was the more frequent association of homologous NOR-bearing
chromosomes, apparently due to an early post-mitotic fusion of the four initial nucleoli.
Comparison of the experimentally obtained data in A. lyrata with the random
chromosome/chromatin arrangement within computer-simulated nuclei as well as with
corresponding data for A. thaliana (Pecinka et al., 2004; Schubert et al., 2006) and other
organisms with a different chromosomal constitution, chromosome number and genome
size should unravel the nuclear architecture under an evolutionary aspect and reveal a
possible effect of karyotypic evolutionary variations on the general interphase CTs

arrangement and nuclear organization.

2.3.2. Size estimation for all A. lyrata chromosomes/chromosome arms

As a preliminary step required to simulate CT arrangement of 4. /yrata, in virtual
interphase nuclei according to the “Spherical 1 Mb Chromatin Domain” model (SCD
model; Kreth et al. 2004; see Computer simulations page 69 to 73 in Materials and
Methods), the size of each individual A. /yrata chromosomes/chromosome arm was
determined. At first, the total genome size of 4. lyrata was estimated to be ~245 Mb
(0.25 pg/C) compared to ~157 Mb (0.16 pg/C; Bennett et al., 2003) in 4. thaliana.

Then, the size of individual chromosomes was estimated on the basis of comparative
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genetic mapping between A. thaliana and A. lyrata subsp. lyrata (Yogeeswaran et al.,
2005) and 4. lyrata. subsp. petraea (Kuittinen et al., 2004), respectively. The physical
size (in Mb) of individual chromosome arms of 4. /yrata was estimated according to the

size of colinear regions in A. thaliana expressed as distances between their most distal

bacterial artificial chromosomes (BACs) (TAIR, http://arabidopsis.org) without
considering NORs and pericentromeres. These values were transferred proportionally to
A. Iyrata and together approached ~185 Mb assuming (i) a ~1.5-fold homogeneous
increase in genome size compared to A. thaliana and (ii) a uniform distribution of
dispersed repeats for both species. The ~60 Mb difference between these ~185 Mb and
the total 4. lyrata genome (~245 Mb) was distributed equally to the 8 centromeres and
the 5 NORs (i.e., ~4.6 Mb/heterochromatic block). Alternatively, the chromosome size
was estimated by dividing the genome size of A. lyrata through the relative area of
individually painted mitotic metaphase chromosomes. Both approaches yielded similar

results (Table 1).

Table 1: Estimated size of individual 4. [yrata chromosomes (Mb)

AK1 AK2 AK3 AK4 AKS5 AK6 AK7 AKS8

tDNA (NOR)" 46 46 46 46 46
Short arm (8) 10.0 3.1 6.6 4.4 84 106 8.4 4.0

Centromeric 4.6 4.6 4.6 4.6 4.6 4.6 4.6 4.6

region”

Long arm (L) 24.5 11.1 18.3 13.9 15.4 16.1 18.3 11.3
Chromosome 437 18.8 34.1 275 33.0 313 35.9 19.9
size 422 ® 203 ° 337 ° 289 ° 317 ® 298 ® 365 ° 219 °

Total genome size ~ 245.0

Arm sizes were estimated from the physical distances between the most distal BACs of all collinear
regions comprising the A. lyrata linkage groups within the A. thaliana genome (TAIR database)
multiplied by ~1.5 (see text).

* Estimated from the difference between the total of the arm size (~185 Mb) and the A. lyrata genome
size (~245 Mb).

" Based on the relative area of painted mitotic metaphase chromosomes.
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Based on comparative genetic mapping data (Kuittinen et al., 2004; Yogeeswaran et al.,
2005), physical mapping data by CCP (see pages 28 to 35) and the estimated size for
each individual chromosome, a detailed description of the 8 chromosomes pairs of A.

lyrata (Figure 16) was provided.

AK 1
[ B NOR
= 55 rDNA

AK 3 AK7

AK 4 Centromeric repeats:

e
N =
(3]

{
::::::::::ﬁ;’:EJ

AK 2 |

,_________

@ pAge2+
O pAa

ATA o AT AT3

— 5.0Mb

ATS

Figure 16: Idiograms of A. lyrata (AK1-8) and A. thaliana homeologs (AT1-5) based on genome size,
comparative painting and collinearity between genetic maps. The different types of centromeric repeats,
NORs and 5S rDNA arrays are indicated. The eight 4. [yrata chromosomes are highlighted in distinct
colors that correspond to the homeologous regions on A. thaliana chromosomes. The translocated short
arm regions of AKS and 7 and the homeologous parts of AT2 and ATS are framed in green and red,
respectively. The arrow indicates the region on AL4 between the 5S rDNA and the centromeric region
which remained unlabeled after CP (see Figure 7B). The chromosome size proportions are according to

Table 1 for AK1-8 and according to Appendix Table 2 (page 98) for AT1-5.

2.3.3. Interphase arrangement of the major heterochromatic blocks

Analyzing the interphase nuclei of 4. lyrata, centromeric regions and NORs
were found to form intensely DAPI-stained heterochromatic chromocenters. Similar as
in A. thaliana (Fransz et al., 2002), centromeric chromocenters are preferentially
localized at the nuclear periphery and NORs (in most nuclei) form a single nucleolus

surrounded by most of the telomeres (Figure 17).
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To test whether within the outermost radial layer (as thick as the average
centromeric FISH signal diameter) of round-shaped nuclei of A. thaliana and A. lyrata,
centromeres are randomly distributed, computer simulations were performed. To that
aim the “Random Spatial Distribution” (RSD) model (Pecinka et al., 2004) was
modified (see pages 72 and 73). The model considers associated NORs or centromeres
as single entities corresponding to single FISH signals that may represent more than one
NOR or centromere. FISH with probes for all centromeric repeats of 4. lyrata (labeled
in one color) to interphase nuclei showed that centromeres in meristematic and in
differentiated 2C and 4C nuclei are associated with a lower-than-expected frequency.
The association tendency was similar (P>0.05) for the pAa and the pAgel repeats. The
same was observed for 2C nuclei of A. thaliana after FISH with pAL1 repeats (Table 2).
Probably due to the presence of two chromosome arms that emanate from each

chromocenter, the possibility for association of centromeres is spatially restricted.

Table 2. Distribution of centromeric or NOR FISH signals in 4. lyrata® and A. thaliana® nuclei of different ploidy

Number of FISH signals/nucleus (%)

Species Probe Ploidy n
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
pAa 2C Observed 204 00 15 1.0 29 69 21.1 40.7 26.0
4C Observed 200 00 00 00 20 50 17.0 395 360 00 00 00 00 05 00 0.0 0.0
pAgel 2C Observed 204 00 05 19 34 59 230 377 274
4C Observed 200 00 00 00 00 3.0 160 415 385 05 00 00 00 00 00 05 0.0
3 Observed 204 00 00 00 05 05 05 20 05 20 20 59 142 167 206 21.1 137
§ E:Aa 2C RSDmodel 10° 0.0 0.0 00 01 09 34 91 168 223 214 150 75 26 06 0.1 0.0
= pAgel X2 test’ - - - - - * sk skksk kel skeksk skeksk skeksk skeksk skekok skeksk skokk
4C Observed 204 00 00 00 00 00 00 00 00 05 54 64 152 19.6 240 157 123
Observed 159 163 20.7 189 17.6 163 38 12 06 0.6 0.0
NORs 2C RSDmodel 10° 08 49 140 237 261 187 88 25 14 00
XZ test® sk kdok - * sk TS * - - -
Observed 204 00 00 00 40 50 18.0 320 18.0 17.0 6.0
S pAL 2C RSDmodel 10° 0.0 0.1 1.1 60 17.0 27.9 272 153 4.6 0.6
= %2 test’ - - - - ok ok k% k KRk ok
£ Observed 221 109 308 448 13.6
~

NORs 2C RSDmodel 10° 34 214 450 30.1

%2 test’ ok KRk - ok

Data obtained with the RSD model modified to simulate the centromeric repeat distribution in a peripheral nuclear layer appears in italics.

%5 NORs and 8 centromeres (4 pAa and 4 pAgel) corresponding to a maximum of 10 and 16 FISH signals in 2C nuclei, respectively.
2 NORs and 5 centromeres corresponding to a maximum of 4 and 10 signals in 2C nuclei, respectively.

¢ Significance level of differences between observed association frequency versus the random expectation according to the model: - P>0.05; *

P<0.05; ** P<0.01; *** P<0.001.
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The comparison between the observed number of FISH signals obtained with a
45S rDNA probe (at maximum 10 FISH signals for 4. lyrata and 4 for A. thaliana) with
the random expectation according to the RSD model revealed a strong association
tendency of NORs in both species. This higher-than-random association of NORs
reflects their attachment to only one nucleolus in most of the nuclei (for both species
>90% of nuclei). Because of the terminal NOR positions there is less spatial restriction
regarding associations than for centromeres which are flanked by two arms. As
observed in A. thaliana interphase nuclei, telomeric FISH signals usually appeared
around NORs/nucleoli (Figure 17); this was to be expected at least for those 10 termini

associated with 45S rDNA.

Figure 17: Arrangement of the major heterochromatic blocks in A. lyrata interphase nuclei. Centromeric
chromocenters (pAa, pAgel and pAge2 all pseudocolored in violet) are preferentially localized at the
nuclear periphery when inspected in 3D. 5S rDNA arrays (red) are associated with the centromere of
AK4. NORs (yellow) form (in most leaf nuclei) a single nucleolus (arrowhead) surrounded by most of the

telomeres (green). Bar =5 pm.
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2.3.4. Random side-by-side positioning of entire CTs

A random frequency of CT association was shown for the symmetric
chromosomes ATI, 3, 5 and a higher one for the NOR-bearing acrocentrics AT2 and 4
of A. thaliana (Pecinka et al., 2004). To test for CT arrangement in a species with a
higher chromosome number and DNA content, the association frequency of 11 out of 36
possible homologous and heterologous CT combinations for 6 of the 8 A. lyrata
chromosomes was analysed. To this aim, differentially labeled 4. thaliana BAC contig
probes, arranged according to the corresponding linkage groups of A. lyrata, were
applied for comparative painting to round-shaped 2C leaf nuclei of A. lyrata (Figure
18B). The association frequencies were scored in at least 100 nuclei and compared to
those predicted by the “spherical 1 Mb chromatin domain” model (SCD model; see
pages 70 and 71) for random arrangement. The association frequencies observed for the
individual CT combinations were rather high (53.4-96.6%), and not significantly
different (P>0.05) from that of the 10° simulated nuclei (52.2-98.1%; Figure 18C).
Thus, in 4. lyrata as in A. thaliana nuclei, the side-by-side positioning of CTs is

random.
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Figure 18: Association of homologous or heterologous CTs in A. [yrata 2C leaf nuclei. A) Entire
pachytene chromosome AK6 pseudocolored in green (arrowhead indicates centromeric region). B)
Simultaneous painting of chromosomes AK2 (red) and AK6 (green) in interphase nuclei showing
association between homologs (left and right) and additionally at least one association between heterologs
(right). C) Observed (bold) and expected (italics) frequencies of homologous or heterologous pair-wise
association of selected chromosomes in A. /yrata round-shaped 2C leaf nuclei (number of evaluated
nuclei in parentheses). The differences between simulated and observed association values were not

significant (P>0.05) in Fisher’s exact test. Bars =5 pm.
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2.3.5. Random association of homologous chromosome arm territories

The association frequency of homologous chromosome arm territories was studied
for A. lyrata chromosome AK6 and for NOR-bearing chromosomes AK3 and AKS in
2C leaf nuclei. Differently labeled probes for the short and the long arm of each studied

chromosome were applied (Figure 19).

Figure 19: The association of homologous chromosome arm territories in A. /yrata nuclei. A) Entire AK3
pachytene chromosome pseudocolored in red (short arm) and in green (long arm). Arrow indicates NOR
and arrowhead centromeric region. B) Possible arrangements of homologous arm territories in 4. lyrata

round-shaped 2C leaf nuclei (S short arm, L long arm, + associated, - separated). Bars = 5 pm.

Association of homologous chromosome arm territories was analyzed in round-
shaped, spindle-shaped and rod-shaped nuclei with respect to (i) association of both
arms, (ii) of only short arms, (iii) of only long arms, (iv) or complete separation (Figure
19B). For the chromosome AK6, observed association frequencies in nuclei of different
shapes showed clearly a similar tendency as observed for A. thaliana chromosomes
(Pecinka et al., 2004): the highest association frequency occurred in round-shaped, an
intermediate one in spindle-shaped, and the lowest one in rod-shaped nuclei (see

Appendix Table 3 page 98). The homologous arm association frequency of chromosome
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AK®6 in round-shaped nuclei showed no deviation from random expectation according
to the SCD model (Table 3). On the contrary, homologous arms of the NOR-bearing
chromosomes AK3 and AKS5 associated significantly more often (P<0.001) than

expected at random (Table 3).

Table 3: Association frequencies of homologous arm
territories in 2C round-shaped nuclei from A4. lyrata leaves

Association frequency (%)

Homologs

n S+L+ S+L- S-L+ S-L-

AK3 Observed 107 448 103 93 355
SCD model 10° 29.0 2.8 329 353

¥ test® sk kR kkk =

AKS5 Observed 112 51.9 9.8 134 250
SCD model 10° 359 8.1 22.1 339

¥ test* dkok = & &

AK6 Observed 119 26.9 59 269 403
SCD model  10° 299 52 21.1 438

» test® - - - -

S=short arm, L=long arm, +=associated, -=separated, n=number of
analyzed nuclei.

*Significance level of differences between observed association frequency
and random expectation according to the SCD model: - P>0.05; * P<0.05;
** P<0.01; *** P<0.001.

NOR-bearing chromosomes are underlined in grey.

2.3.6. Random somatic homologous pairing

Allelic alignment (or homologous pairing) of ~100 kb segments (corresponding to
the average BAC insert size) was analyzed for five euchromatic regions along 4. lyrata
chromosomes AK1 and AK6 in 2C and 4C flow-sorted round-shaped leaf nuclei. The
frequency of homologous pairing (one compact signal per BAC pair) versus separation
(more than one signal per BAC pair) was scored and compared to the random pairing
frequency predicted by the RSD model (see pages 71 and 72). The observed frequencies
of positional homologous pairing (2.4-5.7% in 2C nuclei) were on average ~10-fold
lower than that for the association of both arms of a homologous CT (Table 3)

indicating that CT association does not reflect homologous alignment. Positional
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homologous pairing in 2C and 4C round-shaped nuclei appeared not significantly more
often than expected at random according to the RSD model prediction that was 4.8% in

2C and 2.6% in 4C nuclei (Figure 20A).

A 2C leaf nuclei 4C leaf nuclei
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U F20N2 (164) (174) (200)
NOR
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Figure 20: Positional somatic homologous pairing and sister chromatid alignment in A. lyrata nuclei. A)
The pairing frequency (% per nucleus) in 2C and 4C spherical leaf nuclei and the sister chromatid
alignment (% per homolog) in 4C spherical leaf nuclei was analyzed by FISH with differentially labeled
BAC probes from seven positions along A. lyrata chromosomes AK1, AK4 and AK6 (number of
evaluated nuclei in parentheses). The y* test revealed no significant differences (P>0.05) between
simulated (grey background) and observed pairing frequencies. B) Homologous pairing or separation of
two adjacent BAC positions (top), of centromeric (middle) and of 5S rDNA sequences (bottom) in 4.

lyrata 2C nuclei. Bar =5 pm.
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Furthermore, the pairing frequency for the BAC pairs close to the NOR (on AK1
short arm) was not significantly higher than at the other positions in 2C and 4C 4. lyrata
nuclei. The similar pairing frequency along chromosomes indicates that association of
NORs to a single nucleolus does not reflect homologous alignment between the
euchromatic chromosomal positions tested (1.1% to 7.8% of the analyzed homologs;
Figure 20A).

The frequency of homologous pairing was further analyzed for two
heterochromatic loci comprising tandem repetitive DNA arrays: the unique 5S rDNA
locus on chromosome AK4 and the unique centromeric region of AK6 carrying a major
cluster of pAgel and a minor one of pAge2 repeats. The pairing was scored in a similar
way as for BACs harboring unique sequences. The results were compared to the random
pairing frequency predicted by the corresponding model variant (Figure 20A; see pages
71 to 73 for the computer model). The observed pairing frequencies for the 5S rDNA
locus (5.0% in 2C and 2.7% in 4C nuclei) and for the pAgel/pAge2 centromeric region
(7.8% in 2C and 2.1% in 4C nuclei) were not significantly different (P>0.05) from
random expectation for 10° simulated nuclei (4.2% and 10.4% in 2C versus 1.7% and

2.6% in 4C nuclei, respectively).

2.3.7. Sister chromatid alignment

It is assumed that sister chromatid alignment is mediated by cohesin complexes
from replication in S-phase until the onset of anaphase (reviewed in Hagstrom and
Meyer, 2003). However, recent observations have shown that sister chromatid
alignment is incomplete in 4C A. thaliana interphase nuclei except for sister
centromeres which are mostly aligned (Schubert et al., 2006). To elucidate the situation

in A. lyrata, sister chromatid alignment was analyzed in 4C leaf nuclei by FISH with

55



differently labeled pairs of BACs harboring inserts from adjacent sequences of five
positions along AK1 and 6 (the same positions as tested for positional homologous
pairing, Figure 20A). Sister chromatids were considered to be aligned at both homologs
if one or two FISH signals per locus appear in a nucleus. Three or four FISH signals per
locus were taken as an indication of separated sister chromatids at one or both
homologs, respectively. Sister chromatid alignment was not significantly different
(P>0.05) between the euchromatic chromosomal positions tested (73.1% to 78.3% of
the analyzed homologs; Figure 20A)

This analysis was extended to two types of repetitive sequences, the single 5S
rDNA locus on AK4 and the unique cluster of pAgel/pAge2 centromeric repeats on
AK6 (Figure 20A). In these cases 95% of pAgel/pAge2 positions and 92.7% of 5S
rDNA homologous positions showed sister chromatid alignment. Furthermore, the
numbers of centromeric FISH signals follow the same Gaussian distribution in 2C and
4C leaf nuclei (see Table 2 page 48), indicating that also other sister centromeres should

be aligned in most cases.

2.3.8. Nuclear organization seems to be conserved within the genus Arabidopsis

The side-by-side arrangement was random for 11 homologous and heterologous
CT combinations of 6 A. lyrata chromosomes. Similar observations were made for all
possible combinations in A. thaliana nuclei. The investigated two NOR-bearing
chromosomes (AK3 and AKS5) showed a significantly more frequent association of both
arms than expected at random, resembling arrangement of the NOR-bearing
chromosomes AT2 and AT4 in A. thaliana (Pecinka et al., 2004). This non-random CT
arrangement in both species might be due to frequent association of all NORs to a single

nucleolus in >90% of nuclei. This is further supported by the observation that the short
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arm of chromosome AK6 showed a random association frequency with its homolog,
while the homeologous regions of the NOR-bearing chromosome AT4 is more often
associated. Similar to the situation in A. thaliana (Pecinka et al., 2004), the observed as
well as the predicted association values between A. lyrata CTs increased proportionally
with  their respective chromosome size and the observed values for
homologous/heterologous CT association and for homologous chromosome arm
territory association were usually highest in round-shaped, intermediate in spindle-

shaped and lowest in rod-shaped nuclei.

Apparently, a transient positional homologous pairing occurs not more often than
at random along the euchromatic chromosome arms in 4. lyrata as well as in A. thaliana
somatic nuclei (Pecinka et al., 2004). Also for two tandem repetitive heterochromatic
regions, (i) the unique 5S rDNA locus and (if) the unique pAgel/pAge2 centromeric
region, a random pairing frequency was observed in A. lyrata nuclei. Interestingly, in 4.
thaliana, homologous transgenic tandem repeats (256 tandemly arranged lacO repeats =
10 kb) pair 6-7-fold more often than non-repetitive loci and this higher pairing
frequency seems to be correlated with strong CG methylation of those repeats (Pecinka
et al., 2005; Watanabe et al., 2005). The reason for the different pairing frequency of the
transgenic repeat arrays in A. thaliana and the endogenous ones in 4. lyrata (e.g., 5S

rDNA or centromeric repeats) is still unclear.

The alignment of sister chromatids was often found to be incomplete along
euchromatic chromosome arm regions of 4. thaliana (in 23.0-38.1% of 4C nuclei sister
chromatids were not aligned; Schubert et al., 2006). Similarly, at different euchromatic
positions sister chromatids were not aligned in 21.7 to 26.9% of A. lyrata homologs in

4C nuclei. In 4. thaliana, sister centromeres were apparently not separated but it was
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not possible to analyze the heterochromatic regions individually. At the centromeric
pAgel/pAge2 locus on chromosome AK6 and at the 5S rDNA locus on chromosome
AK4, sister chromatids were not aligned in 5.0% and 7.3% of cases in A. lyrata 4C
nuclei, respectively. The high frequency of sister chromatid alignment at the 5S rDNA
locus was likely due to its proximity to the centromere of AK4. For the pAgel/pAge2
locus, sister centromere separation might be over-estimated when also such 4C nuclei
were evaluated that resulted from mitotic division of 8C nuclei instead of representing
the first endoreduplication step. On the other hand, the 100% sister centromere
alignment in A. thaliana 4C nuclei (Schubert et al., 2006) might be an overestimation
because the presence of 10 FISH signals does not exclude that some of them represent
associated centromeres and others separated sister centromeres. In any case, the
alignment of sister centromeres is close to 100% and is required to ensure a proper
segregation of sister chromatids during mitosis. An inhomogeneous cohesin distribution
and/or different degrees of chromatin condensation along chromosomes might explain

the variable alignment along interphase chromosomes (Blat and Kleckner, 1999).

In spite of different chromosome size and chromosome number, the global
CT/chromatin arrangement in A. thaliana (Fransz et al., 2002; Pecinka et al., 2004;
Schubert et al., 2006) and in 4. lyrata nuclei is evolutionarily conserved and follows
similar rules since their divergence ~5 million year (Koch et al., 2000). Contrary to
many other plant species (Dong and Jiang, 1998), both taxa do not expose a Rabl-
orientation of chromosomes. Rather, their centromeres are randomly distributed at the
nuclear periphery and in most nuclei their NORs form a single nucleolus surrounded by
most of the telomeres. Among mammals, CT arrangement is highly conserved for
higher primates over a period of ~30 million year ago (Tanabe et al., 2002) and for

marsupials over a period of ~50-60 million year ago (Greaves et al., 2003). Since the 4.
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lyrata karyotype is very similar to the proposed ancestral one, a similar arrangement of
interphase chromosomes is to be expected also for other closely related diploid
Brassicaceae species. A comparison of interphase chromosome arrangement and
somatic homologous pairing between both studied Arabidopsis species and Drosophila
(showing regular somatic pairing of homologs; Csink and Henikoff, 1998; Fung et al.,
1998) or vertebrates (showing a preferential radial arrangement, reviewed in Cremer
and Cremer, 2001) suggests that phylogenetic relationship has a greater impact on the
interphase chromosome arrangement than similarities in genome size, sequence

organization and/or chromosome number.
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3. Outlook

Interphase nuclear architecture in different tissues and cell types

The present and previous FISH studies on chromosome/chromatin arrangement in
flow-sorted nuclei allowed to obtain information for large numbers of nuclei of a
defined ploidy level (C-value) for 4. thaliana (Pecinka et al., 2004; Schubert et al.,
2006) and A4. lyrata (Berr et al., 2006). However, flow-sorted nuclei are of a flattened
structure and do not provide the spatial origin and positional context of entire tissues
and/or particular cell types. A whole-mount CP technology is meanwhile established in
our laboratory and enables to study interphase architecture for morphologically intact
nuclei from potentially all tissues and even specific cell types that can be addressed in
A. thaliana seedlings. This will in particular allow a comparison of the situation in
meristematic versus various differentiated cells with the corresponding SCD model

simulations.

Chromatin dvnamics and CT arrangement during the sexual plant reproduction

During the sexual plant reproduction a “double fertilization” of the egg and the
central cell of the female gametophyte occurs. Two haploid sperms enter the embryo
sac. One fuses with the haploid egg nucleus, forming a diploid zygote that grows by
mitosis and develops into a multicellular embryo. The second sperm nucleus fuses with
the two maternal genomes of the central cell forming the triploid endosperm, which
nourishes the embryo. Investigating flow-sorted endosperm nuclei from A. thaliana
interploidy crosses by FISH and immunolocalization of specific mark for euchromatin
and for heterochromatin should reveal the impact of varying doses of paternal/maternal

genomes on the nuclear organization and structure during seed development.
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Potential position effects on somatic homologous pairing of tandem repeats

The pairing frequency along the euchromatic chromosome arms in A4. thaliana
(Pecinka et al., 2004) and A. lyrata (Berr et al., 2006) as well as for endogenic tandem
repetitive heterochromatic regions in A. lyrata (Berr et al., 2006) was found to be
random. In contrast to that, the pairing frequency reported for transgenic tandem repeats
(256 tandemly arranged lacO repeats comprising ~10kb) in 4. thaliana was reported to
be 6-7-fold higher (Pecinka et al., 2005; Watanabe et al, 2005). Extended studies
applying transgenic tandem repeats (lacO and tet) at different positions along A.
thaliana chromosomes might clarify to what degree sequence type and/or

chromosomal position have an impact on homologous pairing frequency.

Karvotype evolution

Because CCP is feasible for a broad range of Brassicaceae species (Lysak et al.
2003, 2005 and 2006), the use of 4. thaliana chromosome-specific painting probes,
should enable to elucidate chromosome evolution even for taxa of the Brassicaceae

family remotely related to 4. thaliana.
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4. Materials & Methods

4.1. Plant material, chromosome preparation and isolation of nuclei

Chromosome spreads were prepared from the self-fertile 4. thaliana (accessions
Columbia, C24, Wassileweskija and the T-DNA insertion line B31: INRA, Versaille,
France) and A. [lyrata subsp. lyrata (Bash-Bish, MA, USA; Figure 21) a self-
incompatible (Jonsell, 1995) and outcrossing (Schierup, 1998; Karkkiinen et al., 1999)
species estimated to have diverged from A. thaliana ~5 million years ago (Koch et al.,
2000). Nuclei were isolated from 4. thaliana (accession Columbia) and 4. lyrata subsp.

lyrata. Plants were cultivated in a greenhouse under 16:8 h light:dark cycle.

Figure 21: Closely related species of the genus Arabidopsis. A) A. thaliana adult plant at flowering/seed

set (left), flower, inflorescence and seeds (right, from top to bottom). B) 4. lyrata adult plant at
flowering/seed set (left), flower, inflorescence and seeds (right, from top to bottom). Bars = 1 cm, for

flowers and seeds = 1 mm.
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Pachytene chromosomes were prepared according to Lysak et al. (2001).
Immature flower buds were fixed in Carnoy’s reagent [ethanol:chloroform:acetic acid
(6:3:1)] at RT for at least 48 h with occasional agitation, and stored in 70% ethanol at -
20°C until use for up to one month. Selected inflorescences were rinsed in distilled
water (2 x 5 min) and in citric buffer (10 mM sodium citrate, pH 4.8; 2 x 5 min). Flower
buds of suitable size were excised and digested in 0.3% (w/v) pectolyase, cellulase and
cytohelicase (Sigma, Steinheim, Germany) in citric buffer at 37°C for 2-5 h (depending
on the species). Then the material was washed in ice-cold citric buffer and kept at 4°C
until use. Individual anthers were detached from buds, transferred on a clean
microscopic slide under a stereomicroscope and disintegrated by a needle in a drop of
citric buffer. Subsequently, 10 ul of 45-60% acetic acid were added to the suspension
and the drop was stirred by a needle on a 45°C hot plate for 30 sec to 2 min (depending
on the species). During the stirring 10-40 pl of 45-60% acetic acid were added
preventing the suspension to dry out. Subsequently, chromosomes were fixed by adding
100-200 pl of ethanol:acetic acid (3:1). The slide was tilted to remove the fixative, dried
with a hair-drier and inspected under phase contrast. Suitable slides were post-fixed in
4% formaldehyde in distilled water (v/v) for at least 10 min, air-dried and used for FISH

or stored at 4°C until use.

For isolation of interphase nuclei, young rosette leaves (~4 leaves) were fixed
for 20 min in ice-cold 4% formaldehyde in Tris buffer (100 mM Tris-HCI, pH 7.5, 5
mM MgCl,, 85 mM NacCl, 0.1% Triton X-100). Young leaves were washed 2 x 10 min
in ice-cold Tris buffer, transferred into a Petri dish and homogenized with a razor blade
in 2 x 200 pl of chromosome isolation buffer (15 mM Tris-HCI, pH 7.5, 2 mM Na,-
EDTA, 0.5 mM spermine, 80 mM KCl, 20 mM NaCl, 15 mM mercaptoethanol, 0.1%

Triton X-100). The suspension of nuclei was filtered through a 35 pum mesh filter tube
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and stained with DAPI (1 pg/ml). Per ploidy level, ~1000 nuclei were flow-sorted using
a FACS Aria™ (Becton-Dickinson, Heidelberg, Germany) onto clean microscopic
slides in a drop of sorting buffer (100 mM Tris-HCI, 2 mM MgCl,, 50 mM KCl, 0.05%

Tween, 5% saccharose), air-dried and used for FISH or stored at —20°C until use.

Extended DNA fibers were prepared from 4. lyrata according to Fransz et al.
(1996). Nuclei were isolated from young rosette leaves (~1 g) in freshly prepared ice-
cold nuclei isolation buffer [NIB; 10 mM Tris-HCI, pH 9.5, 10 mM EDTA, 100 mM
KCl, 0.5 M sucrose, 4 mM spermidine, 1.0 mM spermine, 0.1% (v/v) 2-
mercaptoethanol]. The suspension of nuclei was filtered successively through a 120 and
50 um mesh filter. To remove plastids, 10% Triton X-100:NIB (1:20) was added.
Nuclei were centrifuged at 4°C, 3 min at 300g and resuspended in 20 pl of NIB. At this
stage, the suspension could be stored at -20°C in glycerol (1:1). Fibers were prepared
from 30 pl of the suspension, centrifuged at 950g for 5 min and resuspended in 20 pl of
1xPBS (10 mM sodium phosphate, pH 7.0, 143 mM NaCl). Two droplets (~2 ul) of the
suspension were deposited onto a microscopic slide and air-dried for 2-3 min. Nuclei
were lysed 4 min by adding 30 ul of STE buffer [0.5% (w/v) SDS, 100 mM Tris-HCI, 5
mM EDTA, pH 7.0], chromatin was extended by tilting the slide (~45°) and slides were
air-dried. Finally, slides were fixed in 4% formaldehyde in distilled water (v/v) for at

least 10 min, air-dried and used for FISH or stored at 4°C until use.

4.2. DNA material

All BACs were obtained from the Arabidopsis Biological Resource Center
(Columbus, Ohio, USA). DNA of individual clones was isolated by standard alkaline
extraction (Sambrook and Russell, 2001). Clones that according to sequence annotation
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of The Institute for Genomic Research (Rockville, MD, USA; TIGR database:

http://www.tigr.org/) database harbor >5% of mobile elements and/or yielded strong

signals in dot blot hybridization (Lysak et al., 2003) were omitted from probes designed
for CP. The list of BACs used for CP in this study is provided as Appendix Table 4
(pages 99 and 100). Somatic homologous pairing and sister chromatid alignment were
tested in A. lyrata using the following A. thaliana BACs (Figure 18): F6F3, F2214,
T2P11, T7N9, T5SA14, F20N2 (from A. thaliana chromosome 1, GenBank accession
nos. ACO023628, AC061957, ACO005508, AC000348, AC005223, AC002328,
respectively), T4B21, T1J1 (from A. thaliana chromosome 4, accession nos. AF118223,
AF128393, respectively) and TI9N18, F8F6 (from A. thaliana chromosome 5,

accession nos. AL162873 for F8F6).

4.3. Cloning and sequencing of A. lyrata centromeric repeats

The three different ~180-bp centromeric repeat types (pAa, pAgel and pAge2)
were amplified via PCR from 4. lyrata genomic DNA as described (Kawabe and
Nasuda, 2005; for primer sequences see Appendix Table 5 page 101). Amplification
conditions were one cycle of 94°C for 4 min, followed by 20 cycles of 94°C for 30 sec,
50°C for 30 sec and 72°C for 1 min. Each reaction was completed with one further
cycle of 72°C for 4 min. The PCR products were fractionated by electrophoresis on 1%
agarose gel. The amplification bands corresponding to dimers and trimers of the basic
repeat units (~360-bp and ~540-bp, respectively) were isolated using QIAquick Gel
Extraction Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions,
cloned into pCR®2.1-TOPO (Invitrogen, Karlsruhe, Germany) and sequenced with a
MegaBACE™ 1000 Sequencer (Amersham, Freiburg, Germany). The sequences were
analyzed and aligned according to the primer sequences used for PCR delineating the
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first and last nucleotides. All sequences newly determined in this study have been

deposited in the EMBL-EBI database (http://www.ebi.ac.uk/; accession nos.

AM1777597 to AM177606).

4.4. Rolling circle amplification (RCA)

The RCA consists of DNA denaturation, rolling-circle amplification under
isothermal conditions and heat-inactivation. Either 0.5 pl saturated overnight liquid
bacterial culture, 0.5 pl bacterial glycerol stock 1:5 diluted in water or 0.5 pl purified
BAC-DNA (5 to 20 ng) were mixed with 2.5 pl 2x annealing buffer (80 mM Tris-HCl,
pH 8.0, 20 mM MgCl,) and 1 pl thiophosphate-modified random hexamer primers
resistant to 3’-5’exonuclease activity (500 pM; 5’-NpNpNpNp°Np°N-3’; Metabion,
Martinsried, Germany). The volume was adjusted to 5 pl by adding distilled water. For
simultaneous RCA of 20 BACs, equal amounts of purified DNA from individual BACs
were pooled and 5 to 20 ng of the pooled DNA was used for the reaction. The mixture
was denatured for 3 min at 95°C, cooled rapidly on ice and combined with 15 pl of
reaction premix containing 2 pl 10x @29 buffer [SO0 mM Tris-HCI, pH 7.5, 100 mM
MgCl,, 100 mM (NH4),SO4, 4 mM dithiothreitol]; 5-7 units @29 DNA polymerase
(New England Biolabs, Frankfurt am Main, Germany) and 2 pul dANTP mix [4 mM of
each d(AGCT)TP; Roche, Mannheim, Germany]. The final volume of the reaction
mixture was adjusted to 20 pl by adding distilled water. The mixture was incubated for
8 h at 30°C and inactivated for 10 min at 65°C. The amplification yield was evaluated
by spectrophotometry or semi-quantitatively on 1% agarose gel (HyperLadder I;

Bioline, Luckenwalde, Germany). The RCA product was stored until use at -20°C.
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4.5. Probe labelling by nick translation or RCA

The DNA isolated from BAC, amplified by PCR or by RCA and used for FISH

was either labeled by nick translation (Ward, 2002) or directly via RCA.

The nick translation mixture consisting of 1 pg DNA (1 ug BAC DNA from
RCA or 1pg isolated BAC DNA), 5 ul 10x nick translation buffer (0.5 M Tris-HCI, pH
7.5, 50 mM MgCl,, 0.05% bovine serum albumin), 5 ul 0.1 M mercaptoethanol, 3.75 ul
dNTP mixture [2 mM each of d(AGC)TP], 1.25 pul dTTP (0.4 mM), 2.5-3.5 ul DNase I
(4 pg/ml in 0.15 M NaCl/50% glycerol; Roche, Mannheim, Germany), 1 ul DNA E.
coli polymerase I (Fermentas, St Leon-Rot, Germany) and 2-4 ul of labeled nucleotides
(either biotin-dUTP, DIG-dUTP, DNP-dUTP, Cy3-dUTP or DEAC-dUTP; prepared as
described by Henegariu et al., 2000) was brought to a total volume of 50 ul by adding
distilled water and incubated at 15°C for 1.5-2 h. When the length of DNA fragments on
1.5% agarose gel was 200-500 bp, the reaction was stopped by incubation at 65°C for
10 min or by precipitation. Labeled DNA was stored at —20°C. The quality of each

labeled probe was tested individually by FISH on pachytene chromosomes.

The 5S rDNA-specific probe was prepared from PCR products obtained from A.
lyrata genomic DNA using primers designed according to the 5S sequence of Glycine
species (Gottlob-McHugh et al., 1990). Probes specific for the four centromeric repeat
families were prepared from PCR products obtained according to Kawabe and Nasuda
(2005) with A. thaliana genomic DNA (pAL1) and A. lyrata genomic DNA (pAa,
pAgel and pAge2). The telomere-specific probe was generated by PCR in absence of

template using primers (TAAACCC); and (GGGTTTA); (Ijdo et al., 1991).
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The direct labeling via RCA (Berr and Schubert, 2006) was identical to the RCA
procedure described above except for using 170-200 ng of purified BAC-DNA as
starting material, and a ANTP mix that contained 0.5 pl unlabeled nucleotides [4 mM
d(AGC)TP, 0.8 mM dTTP] and 0.5 pul labeled nucleotides (either biotin-dUTP, DIG-
dUTP, DNP-dUTP or Cy3-dUTP, all 4 mM; prepared as described by Henegariu et al.,
2000). For simultaneous labeling of several BACs in one RCA reaction, equal amounts
of DNA isolated individually from 20 or 50 BACs were pooled and the same total
quantity of DNA as for the direct labeling of a single BAC (170-200 ng) was used as
starting material. After 8 h of incubation, RCA was stopped and the amplification yield
was estimated by comparison of several RCA product dilutions with the amount of
starting DNA on 1% agarose gels. To obtain probes of a size suitable for FISH, the
RCA mixture was digested by addition of 1-2 ul DNase I (4 ug/ml in 0.15 M NaCl/50%
glycerol; Roche, Mannheim, Germany). When the length of DNA fragments on 1%
agarose gel was 200-500 bp, the reaction was stopped by incubation at 65°C for 10 min

or by precipitation.

4.6. Fluorescence in situ hybridization

Prior to FISH, slides were rinsed in 2xSSC (2 x 5 min), treated with pepsin (100
pug/ml in 0.01 M HCI) for 3-10 min at 38°C, rinsed in 2xSSC (2 x 5 min), post-fixed in
4% formaldehyde/2xSSC (10 min), rinsed in 2xSSC (2 x 5 min), dehydrated in 70, 90,
96% ethanol (2 min each) and air-dried. For FISH, BAC pools labeled via nick
translation or via RCA were precipitated and resuspended in hybridization mix (50%
formamide, 10% dextran sulfate, 2xSSC, 50 mM sodium phosphate, pH 7.0). After
mounting the probe, the slides were placed on a heat block at 80°C for 2 min and
incubated in a moist chamber at 37°C for 12-60 h (depending on the species).
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Post-hybridization washing was performed in 50% formamide (4. thaliana) or
20% formamide (other species) in 2xSSC at 42°C. Fluorescent detection was as follows:
Biotin-dUTP was detected by avidin conjugated with Texas Red (1:1000; Vector Labs,
Burlingame, USA), goat anti-avidin conjugated with biotin (1:200; Vector Labs,
Burlingame, USA) and again with avidin conjugated with Texas Red; digoxigenin-dUTP
by mouse anti-digoxigenin (1:250; Roche, Mannheim, Germany) and goat anti-mouse
conjugated with Alexa 488 (1:200; Molecular Probes, Gottingen, Germany); DNP-dUTP
by rabbit anti-DNP (1:400; Sigma, Steinheim, Germany) and goat anti-rabbit conjugated
with Cy5 (1:100; Jackson Labs, Bar Harbor, USA); Cy3-dUTP was observed directly.
Nuclei and chromosomes were counterstained with 1-2 pg/ml of DAPI in Vectashield

(Vector Labs, Burlingame, USA).

4.7. Microscopic analyses and image processing

Fluorescence signals were analyzed using an Axioplan 2 (Zeiss, Oberkochen,
Germany) epifluorescence microscope equipped with a cooled charge couple device
camera (CCD camera Spot 2e, Diagnostic Instruments, Sterling Heights, USA). Images
were captured separately using appropriate excitation and emission filters. Single plane
images and stacks of optical sections through nuclei were acquired with MetaVue
(Universal Imaging, West Chester, USA) and pseudo-colored and merged using Adobe

Photoshop 6.0 (Adobe Systems, San Jose, USA).

4.8. Computer simulations

Prior to simulations, the average volume was determined on the basis of 3D

deconvolution image stacks for 4. [yrata 2C and 4C spherical leaf nuclei, for ~100 kb
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segment FISH signals in 4. lyrata 2C and 4C nuclei, for 5S rDNA FISH signals in A.
lyrata 2C and 4C nuclei and for centromeric FISH signals (pAL1 in A. thaliana 2C leaf

nuclei and both pAa and pAgel in 4. lyrata 2C and 4C nuclei, see Table 4).

Table 4: Average dimensions and volumes of the different
elements used for computer simulation

Axis length (um)  Volume

Element Species Ploid, n
P Y x vz )

spherical nuclei A. yrata 2C 40 748 578 1.71 38.70
4C 40 9.81 9.04 1.69 7850
A. thaliana®  2C 32 510 440 2.10 25.70

~100 kb segment A. lyrata 2C 40 0.66 0.66 0.66 0.15
4C 40 0.75 0.75 0.75 0.22
5S tDNA A. lyrata 2C 40 0.69 0.58 0.62 0.13
4C 40 1.12 042 0.80 0.20
pAa or pAgel A. lyrata 2C 96 099 0.80 0.89 0.37
4C 80 090 0.90 0.89 0.38
pALl A. thaliana 2C 70 090 0.73 0.81 0.28

*Volume of 4. thaliana 2C leaf nuclei taken from Pecinka et al.. 2004.
n=number of analyzed nuclei.

Average dimensions and volumes were determined on the basis of 3D
deconvolution image stacks.

To assess the three-dimensional topology of CTs within 4. Ilyrata nuclei,
experimental data were compared with the prediction derived from computed
simulations of random association of CTs according to the “spherical 1 Mb chromatin
domain” (SCD) model established by Dr. G. Kreth (Cremer et al., 2001; Kreth et al.,
2004). Based on the compartmentation of interphase CTs into subchromosomal
replication foci of 400-800 nm in diameter (Zink et al., 1998), the SCD model considers
CTs as a chain of spherical 1 Mb domains (500 nm in diameter) connected by entropic
spring potentials, corresponding in number to the DNA content of each 4. lyrata
chromosome (see Table 1 page 46). To permit only minor overlaps, a repulsive potential
between the domains was modeled and a weak energy barrier, essential for maintenance
of a territorial organization of simulated chromosomes, was applied around each CT. As

a start configuration, the model assumes compressed cylinders corresponding to the
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mitotic state of the chromatin domains of the 10 chromosomes to be statistically
distributed within a simulated nucleus. The “start cylinders” are then allowed to relax
according to the “Metropolis Importance Sampling Monte Carlo” method until the
thermodynamic equilibrium is reached. Relaxed CTs fill the nucleus uniformly after
~200,000 Monte Carlo cycles (Figure 22; Metropolis et al., 1953). CTs were considered
as associated if theirs borders were less than 500 nm apart from each other. At this
distance, CTs appear as separated entities at the microscopic level of resolution.
Assuming a distance of 400 nm decreased the expected association frequency of
heterologous CTs by no more than 1% and did not alter the significance level for

comparison of experimental and simulated data for heterologue association.

A Start configuration After relaxation

S s

.. 4\-‘7

Figure 22: “Spherical 1 Mb Chromatin Domain” (SCD) model. SCD simulating the random distribution
of all eight A. lyrata CTs (A, each chromosome in one color) or chromosome AK3 arm territories (B,
short arm in green and long arm in red), cylindrical start configurations representing chromosomes (left)

and after 2x10° relaxation steps (right) for both A and B.

Since the “SCD” model does not simulate domains <I Mb, the geometrical
“random spatial distribution” (RSD) model (Pecinka et al., 2004) was established
by Dr. A. Meister. It was used to simulate random pairing of homologous spherical
~100 kb segments (single BAC FISH signals) and 5S loci within 10° spherical nuclei
according to the volumes determined for 2C and 4C nuclei and for the single BAC and
58S loci FISH signal sizes (see Table 4 page 70 and Figure 23A). The coordinates of

homologous spheres were calculated from random numbers. Homologous spheres were
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considered to be paired if they either overlapped or if the distance between their edges

was <100 nm (i.e. below the resolution of conventional optical microscopy).

Figure 23: The “Random spatial distribution” (RSD) model. A) The RSD model simulates homologous
segments (corresponding to ~100 kb segments or 5S loci) as two spheres with coordinates determined
randomly in a virtual interphase nucleus. B) The modified RSD model simulates the distribution of the
unique pAgel/pAge2 cluster or of all centromeric repeats in a peripheral nuclear layer with a depth
corresponding to the diameter of an average centromeric FISH signal. The frequency of overlapping (red

spheres), taken as single-point homologous pairing is considered to be random.

To assess the random spatial distribution of all centromeric repeats in a peripheral
nuclear layer as reported for A. thaliana by Fransz et al. (2002), the RSD model was
modified. Chromocenters were measured and simulated as 10 pAL1 spheres for 4.
thaliana and as 8 pAgel spheres and 8 pAa spheres for 4. lyrata nuclei within a
peripheral layer (Figure 23B), with a depth corresponding to the diameter of an average
centromeric FISH signal, in 10° round-shaped virtual nuclei of both species. A cluster of
two or more spheres in direct contact was considered to be equal to a single centromeric
FISH signal (one FISH signal/chromocenter may comprise more than one centromeric
region). Additionaly, the modified RSD model was used to simulate the random pairing
of homologous unique pAgel/pAge?2 cluster within 10° spherical nuclei according to the

volumes determined for 2C and 4C A. lyrata nuclei and for the unique pAgel/pAge2
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cluster FISH signal sizes (see Table 4 page 70). The coordinates of homologous spheres
were calculated from random numbers within the peripheral layer. Homologous spheres
were considered to be paired if they either overlapped or if the distance between their
edges was <100 nm.

Differences between experimentally obtained values and simulated ones from the
models were compared by the x> or Fisher’s test and considered as significant at the

P<0.001 level.

4.9. Phylogenetic analysis of centromeric repeat sequences

The phylogenetic analysis of centromeric repeat sequences was based on
sequences of centromeric repeats cloned in the present work (accession nos.
AM1777597-AM177606) aligned alone or together with centromeric repeat sequences
of other Arabidopsis taxa (Martinez-Zapater et al., 1986; Kamm et al., 1995; Kawabe
and Nasuda, 2005; Hall et al., 2005) with Clustal X software. The alignment was
adjusted manually and analyzed with phenetic and cladistic analysis algorithms in
PAUP* 4b10 (Swofford, 2002). Pairwise genetic maximum-likelihood distances were
calculated and an unrooted tree was obtained from neighbor-joining cluster analysis
(NJ). A maximum parsimony analysis (MP) was conducted according to the two step
search strategy (Blattner, 2004) with the heuristic search algorithm implemented in
PAUP*, restricting the number of most parsimonious trees to 20,000. Statistical support
of the branches was evaluated with 500 (in NJ) and 10,000 fast-and-stepwise (MP)

bootstrap re-samples of the data set.
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5. Summary

The impressive diversity and plasticity of organism specific chromosome
complements, the karyotypes, is often directly related to the speciation process. To
understand the evolutionary direction of karyotypic variations and to appreciate the
dynamic character of karyotypes at the level of entire chromosomes or chromosome
segments for interphase nuclear architecture, it is necessary to reconstruct ancestral

karyotypes on the basis of extant karyotypes and phylogenetic data.

Within the genus Arabidopsis, currently accepted Brassicaceae phylogenies and
comparative mapping data suggested that the karyotypes of 4. thaliana (n=5) and of
related species with 6 or 7 chromosome pairs were derived from an ancestral karyotype
with 8 chromosome pairs. To test this hypothesis, multicolor chromosome painting with
contiguous bacterial artificial chromosome (BAC) pools of A. thaliana arranged
according to the genetic maps of 4. [yrata (one of the closest relatives of 4. thaliana)
and Capsella rubella (both n=8) to A. thaliana chromosome complements was applied.
At first within the karyotype of 4. lyrata the position and the sequence type of the
centromeric repeats and the position of the 55/45S rDNA arrays have been determined.
This allowed to define a putative ancestral karyotype with 8 chromosome pairs, similar
to those of 4. lyrata. CCP between A. thaliana and A. lyrata revealed the evolutionary
mechanism that most likely led to the chromosome number reduction during the
evolution toward the extant A. thaliana karyotype. It is proposed that chromosome
“fusions” in A. thaliana required three steps: () generation of acrocentric chromosomes
by pericentric inversions, (ii) reciprocal translocation between two chromosomes (one
or both acrocentric) and (iif) elimination of a dispensable minichromosome that arose in
addition to the large “fusion chromosome”. This scenario involves preferential
rearrangements between repeats of chromosome termini and around centromeres,
explains the elimination of three centromeres during the evolution towards the A.
thaliana karyotype and seems to hold true also for the examples of chromosome number

reduction within the Brassicaceaea family.
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II. Furthermore, the consequences of karyotypic differences for the architectural
organization of chromosomes in the interphase nuclei of 4. thaliana and A. lyrata have
been studied. In contrast to the situation described for mammals (preferential radial
arrangement of chromosomes) and for Drosophila (extended homologous somatic
pairing), CT arrangement and somatic homologous pairing in interphase nuclei of the
two species 4. thaliana and A. lyrata are predominantly random, except for a more
frequent association of the homologous nucleolus organizer region (NOR)-bearing
chromosomes. The frequent association of NOR-bearing homologues might be enforced
by the attachment of NORs to a single nucleolus in most nuclei. Also, the extend of
sister chromatid alignment of distinct euchromatic and/or heterochromatic regions are
similar for both species. Thus, the predominantly random arrangement of interphase
chromosomes appeared to be conserved between both taxa that diverged ~5 million year
ago inspite of differences in genome size, chromosome shape and number. Since the
chromosomes of 4. lyrata resemble those of the presumed ancestral karyotype a similar
arrangement of interphase chromosomes is to be expected also for other related diploid
species of the Brassicaceae family. In comparison with the situation described for
vertebrates and Drosophila, it seems that phylogenetic relationship has a greater impact
on the interphase chromosome arrangement than similarities in genome size, sequence

organization and/or chromosome number.

I1I. For the economic execution of the extensive FISH experiments necessary in the
above mentioned applications, a time and cost-saving new method, based on the “rolling
circle replication” mechanism of certain viruses and bacterial plasmids, was developed

to amplify and label large quantities of circular BAC DNA molecules.

75



6. Zusammenfassung

Die beachtliche Diversitit und Plastizitit von Organismen-spezifischen
Chromosomenbestinden, den Karyotypen, ist oft unmittelbar mit dem
Artbildungsprozess verbunden. Um evolutiondre Tendenzen der
Karyotypverdnderungen zu vestehen und die Bedeutung der Karyotypdynamik auf der
Ebene von ganzen Chromosomen bzw. von Chromosomensegmenten fiir die
Karyotypevolution und die Interphase chromosome organisation zu erfassen, ist es
erforderlich, ancestrale Karyotypen iiber den Vergleich contemporérer Karyotypen und

unter Einbeziehung phylogenetischer Daten zu rekonstruieren.

Aktuelle Brassicaceen-Stammbdume und vergleichende genetische Karten
sprechen dafiir, dass die Karyotypen von A4. thaliana (n=5) und von verwandten Arten
mit 6 oder 7 Chromosomenpaaren von einem ancestralen Karyotyp mit 8
Chromosomenpaaren abstammen. Zur Uberpriifung dieser Hypothese wurde die
Mehrfarb-Fluoreszens in situ Hybridisierung (FISH), u.a. in Form des ,Chromosomen-
Paintings’, eingesetzt. Dazu wurden Kollektionen kiinstlicher Bakterienchromosomen
(BACs) mit Inserts genomischer DNA von A. thaliana entsprechend den (nahezu
tibereinstimmenden) genetischen Karten von A. [lyrata (einer A. thaliana
niachstverwandten Art) bzw. Capsella rubella (beide Arten mit 8 Chromosomenpaaren)
zusammengestellt und markiert. Zundchst wurden von dem Karyotyp von 4. lyrata
chromosomale Positionen und Sequenztypen filir zentromerische ,Tandem-Repeats’
sowie die Positionen der 5S und 45S rDNA Sequenzen ermittelt. Aus diesen Daten
wurde ein hypothetischer ancestraler Karyotyp definiert. Vergleichendes reziprokes
Chromosomen-Painting zwischen 4. thaliana und A. lyrata erlaubte Schlussfolgerungen
hinsichtlich der evolutiondren Mechanismen, die hochstwahrscheinlich im Verlaufe der
Evolution zu 4. thaliana hin die Reduktion der diploiden Chromosomenzahl bewirkten.
Es wird geschlossen, dass drei sogenannte Chromosomen-,Fusionen’ in jeweils drei
Schritten erfolgten: (i) Entstehung acrozentrischer aus meta-/submetazentrischen
Chromosomen iiber perizentromerische Inversion, (i7) reziproke Translokation zwischen
zwei Chromosomen (zumindest eines davon acrozentrisch, (iii) Verlust des nicht-
essentiellen Minichromosoms, das zusétzlich zu dem groB3en ,Fusions-Chromosom’ aus
der entsprechenden reziproken Translokation hervorgeht. Dieser Ablauf beruht auf einer

bevorzugten Beteiligung von terminalen und zentromerischen Tandem-repetitiven
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Sequenzen an den zugrunde liegenden chromosomalen Strukturumbauten und erklart
gleichzeitig den Verlust von drei Zentromeren im Laufe der Evolution des A4. thaliana-
Karyotyps. Der gleiche Mechanismus ist offenbar auch fiir die Reduktion der diploiden

Chromosomenzahl anderer verwandter Brassicaceen-Arten verantwortlich.

II. Des weiteren wurde die Bedeutung karyotypischer Unterschiede fiir die
Anordnung von Chromosomen und Chromosomenbereichen in Interphasekernen von 4.
lyrata untersucht. Im Unterschied zur Situation bei Sdugern und Vogeln (bevorzugt
radial orientierte Anordnung: genreiche Chromosomen mehr zentral und genarme mehr
peripher) bzw. bei Drosophila (bevorzugt somatische Homologenpaarung) ist die
Anordnung der Chromosomenterritorien und die somatische Homologenpaarung in den
Kernen von A. thaliana und A. lyrata zufallsgemél. Eine Ausnahme dazu bilden die
Nukleolus-Organisator-Regionen (NOR)-tragenden Chromosomen. Beide homologen
Arme dieser Chromosomen sind héufiger als zufallsgemidll rdumlich assoziiert;
wahrscheinlich bedingt durch die Anlagerung aller NORs an nur einen Nukleolus in
>90% aller Kerne. Auch das haufige Fehlen der Schwesterchromatidenassoziation an
distinkten eu- und heterochromatischen Orten haben beide Arten gemeinsam. D.h., die
weitgehend zufallsgemidfle Anordnung von Interphasechromosomen/-bereichen ist fiir
beide Arten seit ihrer Trennung von einem gemeinsamen Vorfahren vor ~5 Millionen
Jahren erhalten geblieben, ungeachtet der Unterschiede, die sich in bezug auf
GenomgrofBe sowie Zahl und Form der Chromosomen seit der Trennung ergaben. Da
die A. lyrata Chromosomen denen des hypothetischen Ancestor-Karyotpys sehr dhneln,
ist eine dhnliche Anordnung von Interphasechromosomen auch fiir andere verwandte
Brassicaceen-Arten zu erwarten. Der Vergleich mit den bei warmbliitigen Wirbeltieren
und bei Drosophila vorliegenden Verhiltnissen fithrt zu der Annahme, dass die
stammesgeschichtliche ~ Verwandtschaft einen groferen  Einfluss auf die
Interphaseanordnung  hat als  Ahnlichkeiten in der GenomgroBe, der

Sequenzorganisation und/oder der Chromosomenzahl.

I1I. Zur oOkonomischen Durchfilhrung der fiir die genannten Untersuchungen
erforderlichen umfangreichen FISH-Experimente wurde ein deutlich Zeit- und Kosten-
sparender Ansatz zur Vervielfdltigung und Markierung groer Mengen von BAC-Insert-
Sequenzen auf der Basis des ,Rolling Circle Amplifikations-Mechanismus’, wie er bei

der Replikation von bestimmten Viren und Plasmiden vorkommt, entwickelt.
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Appendix Figure 1. Multiple alignments and consensus sequences of centromeric repeats of the genus

Arabidopsis. Consensus sequences for pAL (Martinez-Zapater et al., 1986), pAa, pAgel and pAge2

(present study) are shown. The common consensus sequence derived from the four repeat families is

shown on top. Dots indicate sequence identity to the common consensus and asterisks sequence identity

across all four repeat families.
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Appendix Table 1. Percentage of identity between the single ~180 bp centromeric repeats cloned from 4. [yrata
Repeat familly pAa pAgel pAge2
. Clone LypAaB LypAaC LypAaE LypAgeld2B LypAgeld2C LypAge2d4A . LypAge2d4B LypAge2d5A ! LypAge2d5B LypAge2dSE
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LypAdB LypAaBl 9441 91.62 87.71 89.94 90.50 | 65.92 68.97 66.47 | 6536 65.52 65.73 | 65.17 66.67 65.17 6629 6742 6517 6629 6742 6348 6517 66.29
LypAaB2 92.18 88.83 1 91.06 91.62 | 66.67 68.97 66.47 | 64.80 6630 67.78 | 67.60 68.16 - 6536 67.60 68.72 6536 67.60 68.72 : 64.80 67.60 67.60
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LypAgeld2B1 94.05 9337 : 9337 91.67 92.17 | 6229 64.16 1 62.86 60.92 58.05 64.00 59.77 59.43 60.00 63.22 60.00
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3 LypAgeld2B3 91.57 90.36 93.98 | 62.29 62.15 - 62.29 6034 59.54 : 62.86 60.34 60.92 : 59.43 60.12 59.66
< LypAgeld2C1 90.96 91.57 | 60.23 6379 : 6149 6149 62.64 : 6229 61.49 64.00 - 59.09 60.92 64.37
LypAgeld2C | LypAgeld2C2 90.96 | 60.00 63.07 6092 61.71 5829 6207 61.71 6023 61.14 61.49 60.23
LypAgeld2C3 59.88 61.63 - 61.05 59.88 60.47 - 61.99 59.88 61.85 58.72 61.63 61.05
LypAgeadgn | LYPAZ2HAI 7571 190061 79.10 78.53 JONS8] 79.10 79.10 J8ASA 9040 7571
LypAge2d4A2 86,93 77.27 8580 92,05 76.84 85.80 9261 8023 79.55 | 88.64
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LypAge2d5B | LypAge2d5B2 88.64 . 76.84 81.82 84.66
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pAa - pAgel - pAge2

pAge2

Percentage of identity within a single clone.
- Percentage of identity between all 1st repeats of the pAge2 clones.

Percentage of identity between all last repeats of the pAge2 clones.




Appendix Table 2. Size of individual A. thaliana
chromosomes as drawn in Figure 1H (Mb)

NOR* Short arm® CEN°® Long arm® Total
ATI 15.1 9.0 15.4 39.5
AT2 3.5-4.0 3.5 4.0 16.3 27.3
AT3 10.0 4.0 13.6 27.6
AT4 3.5-4.0 3.9 5.3 14.7 27.9
ATS 11.8 4.7 15.3 31.8

NOR=nucleolus organizer region, CEN=centromeric region.
*Copenhaver and Pikaard (1996).

®*TAIR (http://arabidopsis.org/).

“Hosouchi et al. (2002).

Appendix Table 3. Association frequencies of homologous arm territories in 2C
nuclei of different shape from A. lyrata leaves

Nuclei Observed association frequency (%)
Homologs S+L+ S+L- S-L+ S-L-
Shape n %

n % n % n % n %
AL 3 round 107 57.5 48 448 11 103 10 93 38 355
spindle 43 23.1 24 558 2 47 5 11.6 12 279
rod 36 19.4 17 472 1 28 4 11.1 14 389
D 186 100.0 89 47.8 14 75 19 10.2 64 344
ALS round 112 63.6 58 519 11 938 15 134 28 25.0
spindle 31 17.6 15 484 2 64 3 97 11 355
rod 33 18.8 15 455 3 9.1 4 12.1 11 333
D 176 100.0 88 50.0 16 9.1 22 125 50 284
AL 6 round 119 67.6 32 269 7 59 32 269 48 403
spindle 31 17.6 7 226 2 64 5 16.1 17 548
rod 26 14.8 3 115 0 00 5 192 18 69.2
> 176 100.0 42 23.8 9 51 42 23.8 83 47.2

S=short arm, L=long arm, +=associated, -=separated, n=number of analyzed nuclei.
NOR-bearing chromosomes are underlined in grey.
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Appendix Table 4. A. thaliana BAC contigs used for painting of 4. thaliana (AT) and ancestral (AK)
chromosomes in the present dissertation. Note that the size of individual contigs and unlabeled gaps are not
proportional. Undefined edges of some BAC contigs on AK chromosomes are marked by question mark.

A) Probes used in the part: “Large scale probe generation for FISH and chromosome painting (CP)” (page 19-

27).

ATI AT2 | AT3
Fig. 2 : Fig. 4 " Fig. 5 Fig. 6

B) Probes used in the part: “Karyotype evolution in the genus Arabidopsis” (page 28-43) and “Organization

of interphase nuclei within the genus Arabidopsis” (page 44-59).

AK1 AK2 AT1
Fig. 7A E Fig. 7C (p 30) Fig. 7C (p 30);

' Fig. 12A | Fig. 11C ! Fig. 12A

(030) | &11C (30 & 18805l ARV ICECIED
T25K16 :  T25K16 : T25K16 :
T 1 1
T3F20 ! ! 1 ]
F12K21 ; F12K21 |

cen cen ' cen cen
i F2HI0 i F2H10
Ll | ]

T18124 i T18124
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AK3

AK4

AKS

AT2

AT3

Fig.7C(p30)
& 11D(p36)

Fig.7C (p 30)
& 11D(p 36)

Fig.7C(p 30)
& 11D(p 36)

MSN9

0
FSHS

AK6 AK7 AKS8 AT4 ATS
Fligig(f(p;é()’); Fig. 7A | Fig. 7C (p 30) | Fig. 7C (p 30) Fig. 14A | Fig. 11E | Fig. l1E
& 1SAD ®51) (030) | &1IEP36) | &LEE30) | (039 | 036) | (030
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Appendix Table 5. Primer sequences used to study centromeric repeats

Repeat type Primer 5'-3' primer sequence Reference
pALI Reverse ~ AGTCTTTGGCTTTGTGTCTT

Forward TGGACTTTGGCTACACCATG
pAa Reverse ~ AGTTTTCGGTTTTGGAGCTT

Forward  AGGACTTCGGCCACACCCAC

Kawabe and Nasuda, 2005

pAgel Reverse ~ AGGTTTTTTTTGTTTTGCAT

Forward GGGACTTCGTCCTCACTTAC
pAge2 Reverse ~ AGAGCTTCTCCTCCACCTAC

Forward ~AGAGCTTCTCCTCCACCTAC
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