elektronisches
dokument

Dynamics and functional aspects

of histone modifications in plants

Kumulative Dissertation

zur Erlangung des akademischen Grades
doctor rerum naturalium (Dr.rer.nat.)
vorgelegt der

Mathematisch-Naturwissenschaftlich-Technischen Fakultat
(mathematisch-naturwissenschaftlicher Bereich)
Der Martin-Luther-Universitat Halle-Wittenberg

von Frau Zuzana Jasendakova

geb. am: 26.09.1974 in: KoSice, Slowakei

Gutachterin bzw. Gutachter:

1. Prof. Ingo Schubert, Institut fir Pflanzengenetik und Kulturpflanzenforschung (IPK), Gatersleben
2. Prof. Gunther Reuter, Martin-Luther-Universitat, Halle-Wittenberg

3. Dr. Jerzy Paszkowski, Friedrich Miescher Institut, Basel

Halle (Saale), 8.September 2003

urn:nbn:de:gbv:3-000005488
[http://nbn-resolving.de/urn/resol ver.pl 2urn=nbn%3A de%3A gbv%3A 3-000005488]



The closer one looks at the performance of matter in living
organisms the more impressive the show becomes.
Max Delbrtck (1906 - 1981)
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1. Introduction

The genetic information of cellular organisms is encoded in DNA, and realized by
transcription into RNA, followed by translation into proteins. In eukaryotes, most of DNA is
organized as linear double-stranded helices with single strands in opposite orientation and
base complementarity, forming chromosomes compartmentalized within cell nuclei.
Additionally, genetic information is located in cell organelles (mitochondria, and in plants also
plastids). In vivo, DNA is associated with proteins and RNA in a complex recognized as
chromatin.

The proper functioning of the genome is controlled at several levels: 1) by DNA
regulatory elements in cis (transcription factor binding sites etc.); 2) by epigenetic
mechanisms (i.e., heritable influence on gene activity not accompanied by a change in DNA
sequence) mediated mainly by DNA methylation and histone modifications; and 3) by higher
order structure of chromatin (degree of DNA packaging, spatial arrangement of chromatin

within nucleus). Chromatin organization and epigenetic phenomena are interrelated.

1.1. General chromatin structure

In contrast to the mostly circular prokaryotic genomes of 10%-10” bp, eukaryotic
nuclear genomes, can be several orders of magnitude larger (108-10"" bp) and consist of a
species-specific set of linear chromosomes. Because chromosomes (Waldeyer, 1888; from
Greek chroma — colour, soma — body) could be stained and recognized individually only
during nuclear division, the majority of cytogenetic work since 19" century has been done on
dividing nuclei (either mitotic or meiotic).

Each metaphase chromosome consists of two sister chromatids attached at the
centromere, the region where a proteinaceous complex, the kinetochore, interacting with
microtubules and responsible for chromosome movement, is assembled prior to nuclear
division. After chromatid separation and movement towards spindle poles during anaphase
and telophase, the chromosomes start to decondense, when daughter nuclei enter
interphase.

In some species, the chromosomes maintain their polar anaphase orientation also
during interphase resulting in location of centromeres and telomeres at the opposite nuclear
poles (Dong and Jiang, 1998; Abranches et al., 1998). This so-called Rabl orientation (Rabl,
1885) is usually observed in plants with larger (>5000Mb) genomes (Dong and Jiang, 1998).

Non-Rabl orientation of interphase chromosomes was often detected in mammals.




Mammalian interphase chromosomes occupy distinct, non-overlapping territories as shown
by chromosome painting (fluorescence in situ hybridization with chromosome-derived DNA
probes) (Cremer et al., 1993; Cremer and Cremer, 2001). This is also true for Arabidopsis
chromosomes (Lysak et al., 2001; Lysak et al., in press).

The chromosomal DNA associates with proteins and undergoes hierarchical folding.
The basic unit of chromatin organization ubiquitous for all eukaryotes is the nucleosome,
consisting of: (i) a nucleosome ‘core’ formed by two molecules of each of the histone proteins
H2A, H2B, H3, H4 (histone octamer), (ii) ~146 bp of DNA being wrapped around the core,
and (iii) 15-55 bp of linker DNA connecting the adjacent nucleosome core particles (Luger et
al., 1997). The nucleosome array known also as ‘beads on the string’ (11-nm chromatin fibre)
is further folded (with participation of linker histone H1) into 30-nm chromatin fibre. At this
level, the compaction ratio of DNA is ~30-40-fold. The further levels of chromatin fibre folding
into large chromatin domains and chromosome territories are still poorly understood
(Belmont et al., 1999).

At microscopical level, three distinct chromatin domains in interphase nuclei can be
distinguished. The lowest chromatin density is found in the nucleolus, where rRNA gene
transcription and ribosomes assembly takes place (Lamond and Earnshaw, 1998). Based on
cytological observations, the remaining chromatin is made up of faintly stained and partially
decondensed euchromatin and intensely stained and highly condensed heterochromatin
(Heitz, 1928). The distinction of eu- and heterochromatin was initially inferred from staining
properties. Later it was found that eu- and heterochromatin differ for instance in gene
density, content of repetitive DNA sequences, meiotic recombination frequency, replication
timing, chromatin composition, nucleosome spacing and accessibility to nucleases (Henikoff,
2000a; Table 1).

Table 1. Summary of euchromatin and heterochromatin features (Henikoff, 2000a)

euchromatin heterochromatin
interphase appearance less condensed highly condensed
sequence composition mostly non-repetitive repetitive
gene density high low
replication timing throughout S-phase late S-phase
meiotic recombination normal frequency low frequency
nucleosome spacing variable regular
nuclease accessibility variable low

The biological relevance of constitutive heterochromatin, mainly composed of
tandemly and dispersed repetitive DNA sequences, is still a matter of debate (Henikoff,
2000a). It is widely accepted that heterochromatinization serves as a kind of defense
mechanism against mobile elements such as transposons and retrotransposons by silencing

their potentially deleterious transcriptional and transpositional activity. Only in a few




exceptional cases genes are expressed even when located within constitutive
heterochromatin (e.g. in Drosophila, Lu et al., 2000 and references therein). Moreover, it has
been argued that heterochromatin often located in the vicinity of centromeres
(pericentromeric heterochromatin), might be required for proper centromere function
(Henikoff, 2000a). Indeed, protein components of heterochromatin, like for example HP1
(heterochromatin protein 1) and its homologues (Eissenberg and Elgin, 2000) were proven to
be essential for correct chromosome segregation (Kellum and Alberts, 1995; Ekwall et al.,
1995; Bernard et al., 2001; Nonaka et al., 2001).

There is increasing evidence that (the interplay of) at least two factors are involved in
heterochromatin assembly: (i) repetitive sequences, capable to trigger the assembly of
silenced chromatin (Fourel et al., 2002), and (ii) histones, the most abundant proteins within
chromatin, which contribute to heterochromatin assembly by specific post-translational

modifications.

1.2. Histones and the functional importance of their post-translational

modifications

The ubiquity of nucleosomes as the basic structure of eukaryotic nuclear genomes is
paralleled by the high evolutionary conservation of core histones (Thatcher and Gorovsky,
1994). Histone H4 differs by only two residues between cow and pea (DelLange et al., 1969).
Histones H4 (102 amino acids) and H3 (135 amino acids), are about 10-fold less divergent
than H2A and H2B, while the linker histone H1 is a rather variable molecule (van Holde,
1989; Thatcher and Gorovsky, 1994). Sequence-variant subclasses were identified for all
core histones except H4 (Brown, 2001). Some of them have acquired special functions, like
for example H2A.X (involved in DNA repair in human, Paull et al., 2000), H2A.Z (essential
role in early mammalian development, Faast et al., 2001), or macroH2A (preferentially
located at transcriptionally silent X chromosomes of mammals, Constanzi and Pehrson,
1998). Specific histone H3 variants occur at nucleosomes of active centromeres and
contribute to the distinct chromatin organization within these chromosomal regions in yeasts
(Cse4 in S.cerevisiae, Meluh et al., 1998; SpCNP-A or Cnp1 in S.pombe, Takahashi et al.,
2000), Drosophila (Cid, Henikoff et al., 2000b), human (CENP-A, Sullivan et al., 1994), and
Arabidopsis (HTR12, Talbert et al., 2002).

The central part of a histone molecule is a globular domain formed by three helices,
also known as histone fold (Luger et al., 1997). The N-terminal ‘tails’ contain high amounts of
basic amino acids such as lysine and arginine, resulting in a positive net charge of the tail at

physiological pH. Tails of core histones were found to mediate internucleosomal contacts




(Luger et al., 1997) and change their interactions when the chromatin fibre undergoes folding
or compaction, suggesting that specific tail interactions are correlated with specific fiber
conformations (Wolffe and Hayes, 1999). The influence of histone variants on nucleosome
structure and/or folding properties of nucleosomal arrays is still largely unknown (Horn and
Peterson, 2002).

Aminoacid residues at specific positions within histone tails are subject to a number
of post-translational modifications such as acetylation, methylation, phosphorylation,
ubiquitination or ADP-ribosylation (van Holde, 1989; Smith et al., 1995; Spencer and Davie,
1999) (Figure 1). Modifiable aminoacids occur also within globular domains, as for example
lysine 79 of H3 (Feng et al., 2002; van Leeuwen et al., 2002). Data accumulated during the
last two decades have shown that histones are important ‘players’ in regulating chromatin

functions via their modifications (see below).
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Figure 1: Sites of post-translational modifications on the histone tails (adopted from Zhang and
Reinberg, 2001; Richards and Elgin, 2002). K9 of histone H3 can be either acetylated or methylated.
In plants, K20 of histone H4 is not methylated but acetylated (Waterborg, 1992). Additionally, within
the globular domain of H3 K79 can be methylated (Feng et al., 2002; van Leeuwen et al., 2002).




1.2.1. Histone acetylation

Histones can be acetylated at specific lysine residues of histone H3 (K9, 14, 18, 23)
and H4 (K5, K8, K12, K16, and in plants also at K20, see Fig.1), as well as of H2A and H2B
(Fig.1). Since the initial observation of histone acetylation (Philips, 1963), this modification
was studied intensively. The association of acetylated histones with transcriptionally active
chromatin was proposed soon after the recognition of this modification by Allfrey et al. (1964)
and is now well-documented (e.g., Hebbes et al., 1988; Grunstein, 1997; Struhl, 1998).
Acetylation of histones causes a decrease of the net positive charge of the tail resulting in
less condensed chromatin structure and increased accessibility of regulatory factors to DNA.
Many transcriptional activators possess intrinsic histone acetyltransferase activity (Brownell
et al., 1996; Struhl, 1998). Histone acetylation is a reversible process and deacetylation,
mediated by histone deacetylases, is generally required for transcriptional silencing
(Grunstein, 1997; Spencer and Davie, 1999).

In agreement with this, transcriptionally silenced heterochromatic domains are usually
less acetylated than euchromatin. For example in yeast telomeres, histone hypoacetylation
and heterochromatin assembly is mediated by the Sir-proteins complex in a step-wise
process (Grunstein, 1998; Moazed, 2001). In mammals, the inactivated X chromosome
appears as facultative heterochromatin and is largely free of acetylated histones (Jeppesen
and Turner, 1993). Also heterochromatic regions of mitotic plant chromosomes are usually
less acetylated than euchromatin (Houben et al., 1996, Belyaev et al., 1997) but certain
heterochromatin fractions may contain specifically acetylated histone isoforms (for example,
H3Ac9/18 and H3Ac14 in Vicia faba, Belyaev et al., 1998). Similarly, Drosophila
heterochromatin is enriched in H4 acetylated at K12 (Turner et al.,, 1992). Nucleolar
organizers (NORs) of Drosophila and mammals usually do not contain large amounts of
acetylated histones, while in V.faba and other plants NORs belong to the most intensely
acetylated regions of mitotic chromosomes (Belyaev et al., 1997). Despite the fact that
transcription is downregulated during mitosis, strong acetylation at euchromatic regions of
the mitotic chromosomes is largely maintained, and therefore histone acetylation at
euchromatin during mitosis was suggested to represent an epigenetic mark at potentially
transcriptionally active regions transmitted to daughter nuclei (Jeppesen, 1997).

During replication, diacetylated histone H4 is incorporated into newly formed
nucleosomes, e.g. in Tetrahymena thermophila (acetylated at lysines 4 and 11), Drosophila
and human (acetylated at lysines 5 and 12; Sobel et al., 1995). This phenomenon could be
traced also at the level of large chromatin domains. Studies in plants have shown that

histone deacetylase blocked for more than 2h before mitosis mediated strong acetylation of




histone H4 at heterochromatin suggesting reversible alterations of the histone acetylation
status during interphase (Belyaev et al., 1997). In mammals, heterochromatin becomes
highly acetylated during its replication and deacetylated towards mitosis (Taddei et al., 1999).

A chromatin structure relaxed by histone acetylation and therefore accessible to
regulatory factors, was found to correlate with DNA recombination and repair processes as
well (McBlane and Boyes, 2000; McMurry and Krangel, 2000; Ikura et al., 2000; Bird et al.,
2002).

1.2.2. Histone methylation

The evidence for histone methylation was first demonstrated by Murray (1964).
Histone methylation concerns arginine (R2, R17, R26 of H3, and R3 of H4) and lysine
residues (K4, K9, K27, K79 of H3, and in animals K20 of H4) (Fig.1). Mono- or dimethylated
arginines and mono-, di-, or trimethylated lysines were reported (Bannister et al., 2002).
While arginine methylation is largely connected with transcriptional activation (Zhang and
Reinberg, 2001), the situation is more complex for lysine methylation.

Methylated K4 of H3 was found at transcriptionally active chromatin in fission yeast
(Noma et al., 2001), budding yeast (Bernstein et al., 2002) and chicken (Litt et al., 2001).
However, it is also required for rDNA silencing in budding yeast (Briggs et al., 2001).

High amounts of methylated K9 of H3 were first detected in transcriptionally silenced
domains of fission yeast (Noma et al., 2001) but interestingly this modification is not present
in budding yeast (Strahl et al., 1999; Briggs et al., 2001). Heterochromatin contains high
amounts of H3 methyl K9 also in Drosophila (Schotta et al., 2002) and mammals (Peters et
al., 2001). The methyl-group of K9 provides a binding site for HP1 (heterochromatin protein
1) (Bannister et al.,, 2001; Lachner et al., 2001) thus it is involved in assembly of
heterochromatin (Nakayama et al., 2001). The heterochromatic state can ‘spread’ from an
initial ‘mark’ by self-association of HP1 molecules (Eissenberg and Elgin, 2000).

At lower levels, H3K9 methylation is detectable also in Drosophila (G. Reuter,
personal coomunication) and mammalian euchromatin where it is involved in the
transcriptional repression of developmental genes (Tachibana et al., 2002), and was found to
be involved also in cell cycle-dependent downregulation of cyclin E expression via HP1
recruitment. In contrast to constitutive heterochromatin, H3K9 methylation is restricted to a
single nucleosome at the cyclin E promoter (Nielsen et al., 2001). Although an increasing
number of histone methyltransferases has been described since Rea et al. (2000) have first
shown that mammalian homologues of Drosophila Su(var)3-9 encode H3K9-specific

methyltransferases (reviewed in Lachner and Jenuwein, 2002), histone demethylases that




would actively remove methyl groups (analogously to histone deacetylases), are not yet
identified. For the active turnover of methylated histones, mechanisms including histone
replacement (Ahmad and Henikoff, 2002) and/or tail clipping have been suggested
(Bannister et al., 2002).

1.3. Cross-talk between histone modifications and the ‘histone code’

hypothesis

The high diversity of histone modifications, as well as the high number of residues
that can be modified within histone tails, and the correlation of individual modifications with
various nuclear processes, lead to the hypothesis that specific combinations of histone
modifications provide a histone ‘code’, which after ‘translation’ by downstream factors
determines specific chromatin functions (Turner, 1993; Strahl and Allis, 2000; Turner, 2000).

For instance phosphorylation at serine 10 of H3 is correlated with different functions
such as chromosome condensation prior to and during mitosis (Hendzel et al., 1997; in
plants Houben et al., 1999), and transcription during interphase (Cheung et al., 2000b).
H3S10-phosphorylation precedes and facilitates K14 acetylation during transcriptional
activation (Cheung et al., 2000a; Lo et al., 2000), but negatively affects methylation at K9
(Rea et al, 2000). To enable K9 methylation during heterochromatin assembly in fission
yeast, K14 and K9 have to be deacetylated first (Nakayama et al., 2001).

Modifications within one histone can influence those of other histones in a so-called
‘trans-histone’ regulatory pathway. This was first reported for S.cerevisiae, in which H2B
ubiquitination controls methylation of H3K79 and H3K4 during gene silencing (Sun and Allis,
2002; Briggs et al., 2002).

The vast amount of data accumulated during recent years suggested it would be
useful to distinguish between short- and long-term transcriptional effects of histone
modifications (Turner, 2002). Whereas transcriptional activation (consisting of a cascade of
transient events) of different genes might require distinct combinations of histone
modifications (Agalioti et al., 2002; Daujat et al.,, 2002), long-term maintenance of
transcriptional state appears to share common features even in evolutionarily distant
organisms (Richards and Elgin, 2002). Because the setting of chromatin imprints involves
also DNA methylation (Jones and Takai, 2001; Martienssen and Colot, 2001), and binding of
silencing RNAs (Volpe et al., 2002), the histone code could represent a part of a
comprehensive ‘epigenetic code’, which might be responsible in its entirety for the

functionally organization of chromatin (Turner, 2002).




1.4. Interactions between histone modifications and DNA methylation in

chromatin remodeling

Correct DNA methylation, mainly at cytosine residues, is essential for the normal
development of mammals and plants. It is involved in epigenetic processes such as X
chromosome inactivation, imprinting, and silencing of transposons (Jones and Takai, 2001;
Martienssen and Colot, 2001).

How DNA methylation patterns are set up during development is not yet fully
understood. The process of chromatin assembly behind the replication fork is very likely the
crucial time point either for maintenance and/or de novo establishment of chromatin imprints.
In addition to histone modifications, ATP-dependent chromatin remodeling factors are
involved in changing the chromatin conformation (Tsukiyama, 2002). In Arabidopsis, a
mutation of the gene encoding DDM1 (decrease in DNA methylation 1), homologous to yeast
SWI2/SNF2 ATP-ases (Jeddeloh et al., 1999), results in a decrease of overall DNA
methylation by about ~70% compared to the wild-type (Vongs et al., 1993). The activity of
DNA methyltransferases remained unaffected in ddm7 (Kakutani et al., 1995). Similar effects
were found for the mutant /sh, affecting a mammalian homologue of DDM1 (Dennis et al.,
2001), suggesting that these chromatin remodeling factors play a significant role in regulation
of DNA methylation levels, possibly by regulating the access of methyltransferases to
chromatin.

Histone modifications are tightly linked with cytosine methylation of DNA (Richards
and Elgin, 2002). Methylated DNA associates with protein complexes that contain histone
deacetylases and mediate transcriptional repression (Jones et al., 1998; Nan et al., 1998; Ng
and Bird, 1999; Zhang et al., 1999). Thus, transcriptionally silent domains usually contain
high levels of DNA methylation and low levels of histone acetylation. Shortly after replication
DNA is hemimethylated and chromatin is enriched in acetylated histones. Maintenance DNA
methyltransferase associated with histone deacetylases appear at replication foci of silent
chromatin to ensure the retainment of high levels of DNA methylation and of histone
hypoacetylation (Rountree et al., 2000).

The relationship between DNA methylation and histone methylation has been
investigated in Neurospora crassa. A genetic screen for DNA hypomethylation mutants
yielded the dim-5 mutant, with the gene encoding a histone H3 methyltransferase being
disrupted. This suggested that K9 methylation of H3 acts upstream of DNA methylation
(Tamaru and Selker, 2001). In Arabidopsis, KRYPTONITE, a major H3K9-specific histone
methyltransferase was found to direct CoNpG methylation at the superman locus (Jackson et

al., 2002). However, CpG methylation at 180-bp centromeric repeats was not affected in the




absence of KRYPTONITE (Jackson et al., 2002; Johnson et al., 2002), suggesting a more
complex relationship between H3K9-methylation and DNA methylation in Arabidopsis than in

Neurospora.

1.5. Short characterization of the three investigated plant species

Microscopical studies on chromatin modifications within entire nuclei during the cell
cycle and in relation to specific nuclear processes are anticipated to provide a more global
view on nuclear chromatin organization and to complement molecular data on the chromatin
modifications and on the functional role of genes involved. For this purpose, three plant
species offering different advantages have been selected, allowing to uncover the features of

general relevance.

Vicia faba (2n=12), due to easy handling of root tip meristems and large size of metaphase
chromosomes, is historically one of the best cytologically characterized plant species.
Reconstructed karyotypes which allowed to distinguish individual chromosomes, proved to
be a powerful tool in characterization of chromosomal domains (for instance by various
banding techniques, as well as by localization of repetitive sequences by FISH; reviewed in
Fuchs et al., 1998). Faba bean was the first plant species for which chromosomal distribution
patterns of acetylated histones were reported (Houben et al., 1996), indicating a modulation
of histone H4 acetylation during interphase (Belyaev et al., 1997) and differences between

the chromosomal acetylation patterns of H3 and H4 (Belyaev et al., 1998).

Hordeum vulgare (2n=14) is regarded as an important monocot model plant, with a high level
of synteny to other grasses, many of which are important crop plants (e.g., wheat, oat, rice,
maize). Barley mitotic chromosomes are also cytologically well characterized and can be
individually distinguished by visualizing heterochromatin located around centromeres and
proximal parts of chromosome arms (Kakeda et al., 1991; Pedersen and Linde-Laursen,
1994; Pedersen et al., 1996), while most of genes are located at distal parts of chromosome
arms (Kunzel et al., 2000; Sandhu and Gill, 2002). Barley nuclei show the polar Rabl
orientation of interphase chromosomes (Anamthawat-dJonsson and Heslop-Harrison, 1990;
Noguchi and Fukui, 1995; Dong and Jiang, 1998). Structural chromosome mutants resulting

in repression of one of the NORs are described (Schubert and Kinzel, 1990).

Arabidopsis thaliana (2n=10) is considered as a model organism for many aspects of plant

research. Its small genome (~125Mb) is nearly completely sequenced (The Arabidopsis
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Genome Initiative, 2000). The small size of its metaphase chromosomes, uncomfortable for
cytogenetic studies, is compensated by largely extended (~25-fold, compared to mitotic
metaphase) meiotic pachytene chromosomes (Fransz et al., 1998). Heterochromatin makes
up only a small fraction of the entire genome and in interphase nuclei is compartmentalized
around the centromeres as distinct chromocenters (Fransz et al., 2002). The potential for
cytogenetical research of Arabidopsis is enormous due to the high (and steadily increasing)
number of molecularly and phenotypically characterized mutants, which influence nuclear

architecture and chromatin organization.

1.6. Aims of the work

In 1999, at the beginning of the experimental work for this thesis, chromatin modifications
were mostly studied at the level of genes and studies at the level of entire nuclei and distinct
chromatin domains therein to provide more global insight were still lacking for plants. One
reason for this was the difficulty to combine immunolabeling of chromosomal components
and fluorescent in situ hybridisation (FISH) to visualize DNA sequences of interest, together

with the determination of the cell cycle on the same nucleus.

Therefore, the first task was to establish an approach for large-scale isolation of nuclei with
maintained in vivo-structure from meristematic tissues (containing naturally cycling cells) and
their sorting by flow-cytometry according to the DNA content into different cell cycle fractions.
The nuclear fractions had to be tested as to their suitability for immunolabeling of histone
isoforms and other chromatin components in combination with FISH to identify chromatin
domains such as NORs/nucleoli, euchromatin and heterochromatin fractions.

After establishing this approach for faba bean root meristems, it had to be adapted for other

plant species (barley, Arabidopsis), and other tissues, e.g. from leaves and flower buds.

This should elucidate chromatin modification dynamics and chromatin organization in plants
in correlation to nuclear processes such as replication, transcription and heterochromatin

formation and help to answer the following questions:

In Vicia faba and barley:
a) What are the histone H3 and H4 acetylation patterns of specific chromatin domains
(NORs/nucleoli, euchromatin, heterochromatin)? Are these patterns stable or
dynamic throughout the cell cycle? If dynamic, to what processes can the different

levels of histone modifications be correlated?
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For instance: What is the relation of histone acetylation and on-going DNA
replication?
Is histone acetylation correlated with the transcriptional activity of chromatin
domains?

b) Are histone acetylation patterns of chromatin domains and their dynamics similar in
monocot and dicot plants?

c) Do active and inactive NORs in barley differ in histone acetylation levels?

In barley additionally:
a) Is the polar chromatin organization (so-called Rabl orientation) of barley
chromosomes maintained along interphase?
b) What is the sequence of replicating domains in S-phase? At which point of S-phase

do centromeres replicate?

In Arabidopsis:

a) Are the distribution patterns of acetylated histone H3 and H4 and their cell cycle-
dependent dynamics comparable to that of observed for plants with large genomes
(faba bean, barley)?

b) What is the chromosomal distribution and dynamics of methylated H3 isoforms (H3
dimethylK9 vs. H3 dimethylK4) in interphase and dividing nuclei?

c) What is the relationship between DNA methylation, histone acetylation and
methylation during assembly of constitutive heterochromatin? (To be studied in
mutants with defects in DNA methylation (ddm1, met1) or H3K9 methylation (kyp) in

comparison to wild-type plants.)
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2,

Summary of results

An approach to combine immunodetection of chromatin modifications with FISH for
identification of chromatin domains, run-on transcription (to detect transcriptional activity
of chromatin domains), and BrdU incorporation (to reveal replicating chromatin) on
isolated nuclei flow-sorted into different cell cycle fractions (G1, earlyS, midS, lateS, G2)
was established for faba bean [1] and barley [2] root meristems, as well as for various

Arabidopsis tissues [3; 4].

Histone acetylation in Vicia faba and barley

a) Histone H4 (but not H3) acetylation of euchromatin and heterochromatin is cell cycle
dependent and correlated with replication rather than with transcription.
The chromosomal acetylation patterns of histones H3 and H4 differed in V.faba. H3
acetylation (at lysines 9/18 and 14) was more intense at NORs/nucleoli and within the
proximal DAPI-positive heterochromatin fraction lacking 59 bp Fok-tandem repeats,
while interstitial Fok-element-containing heterochromatin (comprising ~70% of
cytologically defined heterochromatin in faba bean) showed less intense acetylation
than euchromatin. This labeling pattern was detected in the majority of nuclei of all
cell cycle stages indicating that H3 acetylation is fairly constant along interphase.
In contrast, H4 acetylation at lysines 5, 8, 12 and 16 showed pronounced cell cycle-
dependent modulation at NORs/nucleoli, euchromatin, and heterochromatin. NORs
and nucleoli showed the highest levels of acetylated H4 during mitosis, G1 and G2
phases, but they lacked acetylated H4 (and even unmodified H4) during S-phase.
Euchromatin revealed the most intense acetylation in midS. All heterochromatin
fractions were weakly acetylated during mitosis, G1, and most of S-phase, but
revealed strong acetylation at lysines 5, 12 and 16 of H4 in lateS/earlyG2. Toward
mitosis, heterochromatin became underacetylated below the level detected at
euchromatin. Deacetylation of lysine 16 was delayed until mitosis, and occasionally
even until next G1 [1].
Experiments using a short BrdU-pulse to visualize replicating DNA combined with
histone immunodetection revealed in V.faba nuclei increased H4 acetylation levels at
euchromatin during early- and midS and at heterochromatin during lateS/earlyG2
indicating a close correlation of a deposition-related acetylation of H4 and DNA
replication [1].
Experiments combining BrUTP incorporation (to label on-going transcriptional activity

of chromatin in unfixed isolated nuclei) and histone H4 acetylation in V.faba nuclei did
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not support a tight correlation between transcription and histone acetylation at the
level of chromatin domains. Nucleoli showed intense transcription irrespective of
histone H4 acetylation level. Euchromatin revealed less intense BrUTP-
immunosignals, and a variable overlap of immunosignals for BrUTP and H4
acetylated at lysine 5 (besides complete and partial colocalization of immunosignals,
frequently non-overlapping signals were detected). Heterochromatin domains
generally lacked BrUTP-immunosignals, as expected. The well-documented fine-
tuned acetylation at nucleosomes containing gene promoters is thus masked by the

pronounced replication-linked H4 acetylation of larger chromatin domains [1].

Histone H3 and H4 acetylation patterns of the monocot H.vulgare and dicot V.faba
are largely similar but not identical.

The monocot barley in general revealed many similarities with the dicot Vicia faba as
to the preservation of histone acetylation patterns.

H3 acetylation remained constant along cell cycle. While acetylation of K14 was more
intense at the telomeric pole harbouring most gene-rich chromatin, acetylation of
K9/18 was uniformly distributed in interphase nuclei.

H4 acetylation at lysines 5, 12, and in addition at lysine 8 (but not at lysine 16 as in
V.faba), showed a cell cycle-dependent modulation which was correlated with the
replication timing of euchromatin and heterochromatin. Increased levels of H4
acetylation were detected also at centromeres around their replication time. Lysine 16

of H4 was more acetylated at the telomeric pole along the entire interphase [2].

High histone acetylation levels at plant rDNA-containing chromatin do not correspond
with its transcriptional activity.

The active NORG6, as well as the inactive NOR7 of the translocation line T2052
carrying both barley NORs at the opposite arms of chromosome 6, showed high
acetylation levels at lysines 5 and 12 of H4 during mitosis. Moreover, in wild-type,
condensed (and transcriptionally inactive) rDNA-containing ‘knobs’ located outside
nucleoli revealed strong H4 acetylation at lysines 5 and 8 in a considerable fraction of
interphase nuclei indicating that H4 acetylation is not tightly linked to the
transcriptional activity of rDNA-containing chromatin [2]. Thus it is unlikely that H4
deacetylation represents a general way of silencing the NORs as suggested by Chen
and Pikaard (1997).
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3 Interphase chromatin organization in barley

a)

The polar nuclear organization is preserved throughout interphase.

Barley interphase nuclei showed strong polar arrangement of chromosomes with
telomeres and centromeres located at the opposite nuclear poles (Rabl-orientation),
as shown by two-colour FISH experiments using the barley subtelomeric 118 bp
repeat HvTO1 (Schubert et al., 1998) and a BAC containing centromere-specific
retroelements and satellite sequences (Hudakova et al.,, 2001). In addition, also
heterochromatin (mainly located within the proximal regions of all 7 chromosomes
and detected by FISH with (GAA) oligonucleotides, Pedersen et al., 1996) was
found to be clustered at the centromeric poles of barley nuclei. This chromosomal
orientation was preserved throughout the entire interphase. In addition, centromeres
(probably of homologous chromosomes) were found to associate most frequently (in
56-62% of nuclei) during midS/lateS [2].

Replication of chromatin domains is temporally ordered and reflects the polar nuclear
organization.

The sequence of replication of chromatin domains was determined by BrdU pulse-
labeling in vivo, followed by immediate fixation and flow-sorting into defined S-phase
fractions (early, middle, and lateS, respectively). Immunodetection of replicating
domains at the time of fixation was combined with FISH using the barley centromere-
specific BAC probe. The domains were replicating in the following order [2]:
NORs/nucleoli (earlyS) — euchromatin (first at the telomeric pole, earlyS/midS) —
centromeres (midS/lateS) — heterochromatin (lateS)

This showed that plant centromeres apparently replicate before heterochromatin,
similar as in mammals (Bartholdi, 1991, O’Keefe et al., 1992) and Drosophila (Ahmad
and Henikoff, 2001; Sullivan and Karpen, 2001).

4 Histone modifications and heterochromatin formation in Arabidopsis thaliana

a)

Nuclear histone acetylation patterns in Arabidopsis differ from those of other plants.

Euchromatin was persistently enriched in H4 acetylated at lysines 5, 8 and 12, while
nucleoli and heterochromatic chromocentes of Arabidopsis were not labeled in root
and leaf nuclei. Similar patterns were detected also in endopolyploid 8C nuclei of
these tissues. A pronounced cell cycle-dependent modulation was found only for H4
acetylated at lysine 16, with most pronounced acetylated of euchromatin and
heterochromatic chromocenters around their replication. This is in contrast to faba
bean (which showed cell cycle-dependent acetylation at lysines 5, 12, 16, and also at

lysine 8 in euchromatin and nucleoli) and barley (cell cycle-dependent modulation at
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lysines 5, 8, 12). Additionally, both faba bean and barley revealed intense H4
acetylation within nucleoli in G1 and G2 phases, which was not the case in
Arabidopsis. Unlike faba bean and barley, Arabidopsis showed cell cycle-dependent
and apparently replication-linked modulation of acetylation of lysine 18 (but not lysine

9) of H3 within euchromatin and heterochromatin [4].

Heterochromatic chromocenters are enriched in methylated H3K9, whereas
euchromatin is enriched in methylated H3K4.

The labeling patterns of methylated H3 were found to be rather constant throughout
the cell cycle. Immunosignals of H3-dimethylK9 occurred preferentially at the
chromocenters in Arabidopsis root, leaf, and flower bud nuclei. Heterochromatin
remained labeled also during mitotic and meiotic division stages. Euchromatin
showed only barely detectable immunosignals, and nucleoli were generally
unlabeled.

High levels of H3-dimethylK4 occurred in euchromatin of interphase nuclei, as well as
of mitotic and meiotic chromosomes, while NORs/nucleoli and heterochromatic
chromocenters did not yield detectable immunosignals [3; 4].

The general enrichment of methylated H3K9 in heterochromatin and of methylated
H3K4 in euchromatin of Arabidopsis is comparable to the distribution of methylated
histones found for fission yeast (Noma et al., 2001). However, plants with large
genomes (>1pg/2C) have euchromatin enriched in H3-dimethylK4 and additionally

levels of H3-dimethylK9 as high as in heterochromatin (Houben et al., in press).

Maintenance DNA methylation precedes H3K9 methylation during assembly of
constitutive heterochromatin; both modifications are epigenetically inherited;
assembly of constitutive heterochromatin does not require high levels of H3-
dimethylK9.

The Arabidopsis mutants ddm7 (ddm1 encodes a SWI2/SNF2-like chromatin
remodeling factor) and met? (MET1 represents a major DNA maintenance
methyltransferase), with overall DNA methylation decreased by ~70%, enabled to
investigate the relationship between chromatin organization, DNA methylation and
histone modifications (acetylation, methylation) in comparison to wild-type plants.
Both mutants showed a reduction of chromocenter size caused by dispersion of
pericentromeric low-copy sequences away from heterochromatin [3]. The intensity of
immunosignals for methylated DNA and methylated H3K9 at the chromocenters was
decreased in both met1 and ddm1, implying that maintenance DNA methylation at

CpG directs H3K9 methylation during heterochromatin assembly. Furthermore, F1-
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hybrids between wild-type and DNA hypomethylation mutants revealed that DNA
methylation (at CpG sites) and subsequent H3K9 methylation are epigenetically
inherited and represent the genomic imprint required for maintenance of wild-type
pericentromeric heterochromatin [3].

These findings seem to contradict those reported for Neurospora (Tamaru and
Selker, 2001) and Arabidopsis (Jackson et al., 2002) which suggest that DNA
methylation is directed by H3K9 methylation, and also that the loss of DNA
methylation in ddm7 might be due to reduced H3K9 methylation at heterochromatin
(Gendrel et al., 2002). This apparent contradiction finds its explanation by the fact
that only chromomethylase (CMT3) of Arabidopsis, specifically methylating non-CpG
sites (Lindroth et al., 2001), is H3K9 methylation-dependent (Jackson et al., 2002)
while only CpG methylation (maintained by MET1) is quantitatively relevant for
Arabidopsis chromocenters. During post-replicative heterochromatin assembly CpG
maintenance DNA methylation induces H3K9 methylation, and this in turn regulates
CpNpG methylation. The positive feedback might then lead to spreading of
heterochromatic features from chromatin containing high-copy repeats to that
containing low copy pericentromeric sequences.

In addition, the chromatin remodeling factor DDM1 was found to be required for
deacetylation of lysine 16 of histone H4 after DNA replication. Based on these data, a
molecular definition for constitutive heterochromatin and a model for its reassembling
after replication was proposed, according which H3K9 methylation is performed
simultaneously, or shortly after maintenance CpG DNA methylation, and before
deacetylation of H4K16. When in the absence of DDM1 or MET1 DNA methylation
falls below a certain level, pericentromeric regions may acquire euchromatic features
(elevated H3K4 methylation and H4 acetylation), and disperse from heterochromatic
chromocenters [3]. An even more pronounced size reduction of chromocenters, with
dispersion of centromeric pAL1 repeats was found in plants containing a stronger
mutant allele of ddm1 (Probst et al., 2003).

High levels of H3-dimethylK9 were found to be not necessary for formation of
heterochromatic chromocenters, because in kryptonite nuclei (lacking a major H3K9-
specific histone methyltransferase) the chromocenter appearance and other
chromatin modifications (DNA methylation at CpG sites, H3K4 methylation, H3K9
acetylation) were not affected [4]. Heterochromatic chromocenters are still present
also in Drosophila lacking SU(VAR)3-9 (H3K9-specific histone methyltransferase) and
mouse double null mutants for Suv39h1 and Suv39h2 (Schotta et al., 2002; Peters et
al.,, 2001), supporting the idea that a high ratio between methylation of H3K9 and

H3K4, rather than a high absolute level of H3K9 methylation, is crucial for assembly
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and identity of constitutive heterochromatin [3]. This assumption is supported by the
ratios of methylated H3K9 and H3K4 reported for plants with larger genomes

(Houben et al., in press).

Conclusions

Histone acetylation patterns revealed evolutionary highly conserved as well as more
variable features. Contrary to animals, in plants the chromosomal acetylation patterns
of histones H4 and H3 may differ. Cell cycle-dependent modulation of acetylation was
detected in all three plant species (faba bean, barley, Arabidopsis) but for different

lysine residues.

The global acetylation of histone H4 within eu- and heterochromatin is correlated with
replication rather than with transcription, masking the fine-tuning of acetylation at
nucleosomes of active promoters. Deposition-related strong acetylation of histone H4
at freshly replicated chromatin seems to be highly conserved (detected in protozoa,
insects, mammals and plants), although it might concern different lysine residues,
even among dicot plants. It is probably required for post-replicational repair (Bird et

al., 2002) and for DNA maintenance methylation.

Constitutive heterochromatin in Arabidopsis wild-type plants is characterized by
tandem and dispersed repeats and high levels of DNA and H3K9 methylation. Both
DNA methylation and H3-dimethylK9 imprints are epigenetically inherited. During
post-replicative heterochromatin assembly, maintenance (CpG) DNA methylation
precedes methylation of H3K9. In kyp, lacking the major H3K9-specific histone
methyltransferase, heterochromatic chromocenters were of wild-type appearance,
suggesting that the ratio of H3K9 vs. H3K4 methylation is more relevant for the
identity of heterochromatin (similar as in plants with large genomes) than high

absolute levels of H3K9 methylation.
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4. Zusammenfassung der wichtigsten Ergebnisse und

Schlussfolgerungen

Vergleichende Untersuchungen an der einkeimblattrigen Gerste (Hordeum vulgare) und den
zweikeimblattrigen Arten Ackerbohne (Vicia faba) und Ackerschmalwand (Arabidopsis
thaliana) Uber die potentielle Dynamik von Histonmodifikationen in spezifisch definierten
Chromatindomanen wahrend des Zellzyklus, in Relation zu Replikations- und
Transkriptionsvorgangen, und bei der postreplikativen Neuformierung von konstitutivem

Heterochromatin auf cytologischer Ebene fiihrten zu folgenden Ergebnissen:

1 Ein Ansatz zum gleichzeitigen Nachweis von Chromatinmodifikationen, Replikations-
und Transkriptionsvorgangen Uber Immunfarbung, und zum Ansprechen spezifischer
Chromatindomanen (NOR/Nukleoli, Eu- und Heterochromatinfraktionen) (ber
Fluoreszenz-in situ Hybridisierung in nach DNA-Gehalt flow-sortierten pflanzlichen

Zellkernen unterschiedlicher Zellzyklus- und Ploidiestadien wurde etabliert.

2 Die Acetylierung von Histon H4 (aber nicht H3) ist in V. faba zellzyklusabhangig
moduliert. Die Lysinreste (K) 9/18 und 14 von H3 sind relativ konstant am starksten in
proximalem (Fok-element-freien) Heterochromatin, in NORs und Nucleoli, schwacher
im Euchromatin und am schwachsten in Fok-element-haltigen
Heterochromatinregionen acetyliert.

Die Acetylierung der Lysinreste 5, 8, 12 und 16 von H4 ist zellzyklusabhangig
moduliert. Eu- und Heterochromatin weisen die starkste Acetylierung wahrend ihrer
Replikation auf. Bis zur Mitose erfolgt im Heterochromatin eine Deacetylierung unter
das Niveau der Acetylierung im Euchromatin; Nukleoli bzw. NORs sind in G1, G2 bzw.

Mitose stark acetyliert, nicht jedoch wahrend der S-Phase.

3 Die globale zellzyklusabhangige Acetylierung von H4 ist mit der Replikation (BrdU-
Einbau) korreliert, nicht jedoch mit Transkriptionsaktivitat (BrUTP-Einbau) der

jeweiligen Chromatindomanen.

4 Histon H3- und H4-Acetylierungsmuster der monokotylen Gerste und der dikotylen
Ackerbohne sind ahnlich aber nicht identisch. Die H3-Acetylierung bleibt auch in
Gerste relativ konstant entlang des Zellzyklus. K14 ist im telomerischen
(euchromatischen) Kernpolbereich am starksten acetyliert; K9/18-Acetylierung ist +

uniform Uber den Zellkern verteilt.




19

Die H4-Acetylierung an K5, 12 und zusétzlich an K8 (aber nicht an K16 wie in V. faba)
ist zellzyklusabhangig moduliert. K16 ist konstant am starksten im telomerischen
Polbereich acetyliert. Auch fur Gerste ist die hochste H4-Acetylierungsintensitat an Eu-
und Heterochromatin mit der Replikation nicht aber mit der Transkriptionsaktivitat
korreliert. Aktive und inaktive Nukleolusorganisatoren (NORG6 versus NOR?7) der
Translokationslinie T2052 (mit beiden NORs an gegenuberliegenden Armen von
Chromosom 6) wie auch transkriptionsinaktive rDNA-'knobs' in Interphasekernen

weisen einen gleichmafig hohen Acetylierungsgrad auf.

Nukledre Acetylierungsmuster in Arabidopsis weisen Unterschiede zu denen in
Ackerbohne und Gerste auf. Im Euchromatin sind K5, 8 und 12 von H4 gleichbleibend
stark acetyliert, wahrend Nukleoli und Heterochromatin durchgangig kaum Acetylierung
aufweisen. Nur K16 von H4 ist in Eu- und Heterochromatin wahrend der jeweiligen
Replikation am starksten acetyliert. Dagegen liegt im Unterschied zur Ackerbohne und
Gerste zusatzlich eine replikationsgekoppelte Acetylierung des Lysinrestes 18 von H3

in Eu- und Heterochromatin vor.

Die heterochromatischen Chromozentren von Arabidopsis weisen Zellzyklus-
unabhangig eine starke Methylierung von H3K9, und das Euchromatin eine starke

Methylierung von H3K4 auf. In NORs/Nukleoli sind beide Lysinreste kaum methyliert.

DNA-'maintenance’-Methylierung kontrolliert die H3K9-Methylierung wahrend der
Assemblierung des konstitutiven Heterochromatins von Arabidopsis. Die DNA-
Methylierungsmutanten ddm171 (ddm1 kodiert fir einen SWI2/SNF2-ahnlichen
Chromatin-Remodellierungsfaktor) und met 1 (met1 kodiert eine ,major maintenance’-
Methyltransferase) mit einer 70%-igen Reduktion der DNA-Methylierung weisen eine
GroRenreduktion der Chromozentren (um ~30%) auf, die mit einer Dispersion
pericentromerischer 'low copy' Sequenzen aus dem Heterochromatin in das
Euchromatin einhergeht. Die Methylierung von DNA als auch von H3K9 ist in den
Chromozentren beider Mutanten im Vergleich zum Wildtyp stark vermindert. Das weist
daraufhin, dass CpG-'maintenance’-Methylierung die H3K9-Methylierung wahrend der
postreplikativen Reasssemblierung von konstitutivem Heterochromatin steuert. H3K9-
Methylierung ihrerseits reguliert die Methylierung an CpNpG-Sequenzen (Jackson et
al. 2002).

Der erhdhte Anteil von ddm17-Kernen mit starker Acetylierung von H4K16 in den
Chromozentren weist auf eine zusatzliche Funktion von DDM1 bei der postreplikativen

Deacetylierung hin.
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DNA- und H3K9-Methylierung werden epigenetisch vererbt (wie fur Chromozentren der
Mutanteneltern in Zellkernen von F1-Hybriden zwischen Wildtyp und DNA-
Hypomethylierungsmutanten gezeigt wurde) und dienen als Imprint fir die Bildung von

konstitutivem Heterochromatin in Wildtyp-Pflanzen.

Die Ausbildung von konstitutivem Heterochromatin erfordert keine Uberdurchschnittlich
starke Methylierung von H3K9 wie in Kernen der kryptonite-Mutante gefunden wurde,
der eine H3K9-spezifische Histonmethyltransferase fehlt, die aber in der DNA-
Methylierung an CpG-Orten, der H3K4-Methylierung, der H3K9-Acetylierung und der

Chromozentrenstruktur dem Wildtyp gleicht.

Aus diesen Daten konnen folgende Schllisse gezogen werden:

i)

ii)

Chromosomale und nukleare Histonacetylierungsmuster weisen evolutionar
konservierte wie auch variable Merkmale auf. Eine zellzyklusabhangige Modulation der
Acetylierungsintensitat tritt bei allen untersuchten Pflanzenarten auf. Diese kann jedoch
artspezifisch unterschiedliche Lysinreste betreffen.

Die global hohe Acetylierungsintensitat von Histonen in Eu- und Heterochromatin
korreliert mit der Replikation nicht aber mit der Transkriptionsaktivitat und Gberlagert die
fein-abgestimmte Acetylierung an Nukleosomen aktiver Promotersequenzen. Die
replikationsgekoppelte Acetylierung ist wahrscheinlich fir den Ablauf der ubiquitaren
Postreplikationsreparatur (Bird et al. 2002) und die ,maintenance’-Methylierung der
DNA erforderlich.

Konstitutives Heterochromatin von Arabidopsis ist durch einen hohen Gehalt an
Tandem- und anderen Repeat-Sequenzen mit starker DNA-Methylierung (CpG)
charakterisiert. Wahrend der postreplikativen Reassemblierung des Heterochromatins
geht die DNA-Methylierung der H3K9-Methylierung voran. Ein weites Verhaltnis von
H3K9- zu H3K4-Methylierung ist jedoch eher von Bedeutung fir die
Heterochromatinauspragung als eine uberdurchschnittlich hohe Methylierung von
H3K9. Dies betatigen auch an anderen Organismen erhobene Befunde (Peters et al.
2001, Schotta et al. 2002, Houben et al. in press).
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Reversible acetylation of nucleosomal histones H3 and H4 generally is believed to be correlated with potential tran-
scriptional activity of eukaryotic chromatin domains. Here, we report that the extent of H4 acetylation within euchro-
matin and heterochromatic domains is linked with DNA replication rather than with transcriptional activity, whereas H3
acetylation remains fairly constant throughout the cell cycle. Compared with euchromatin, plant nucleolus organizers
were more strongly acetylated at H4 during mitosis but less acetylated during S phase, when the nucleolus appeared to
be (at least transiently) devoid of nucleosomes. Deposition-related acetylation of lysines 5 and 12 of H4 seems to be
conserved in animals and plants and extended to K16 in plants. A possibly species-specific above-average acetylation
at lysines 9/18 and 14 of H3 appeared in 4’,6-diamidino-2-phenylindole (DAPI)-stained heterochromatin fractions.
These results were obtained by combining immunodetection of all acetylatable isoforms of H3 and H4 on mitotic chro-
mosomes and nuclei in G1, early S, mid-S, late S, and G2 phases of the field bean with identification of specific chroma-
tin domains by fluorescence in situ hybridization or DAPI staining. In addition, the histone acetylation patterns of

distinct domains were compared with their replication and transcription patterns.

INTRODUCTION

The histone proteins H2A, H2B, H3, and H4 form octamers
that constitute the nucleosome core particles in all eukary-
otes. Their N-terminal tails are subject to post-translational
modifications such as acetylation, phosphorylation, meth-
ylation, ubiquitination, glycosylation, and ADP ribosylation
(reviewed in Smith et al., 1995; Spencer and Davie, 1999).

The reversible acetylation of N-terminal lysine residues at
positions 5, 8, 12, and 16 of H4 and 9, 14, 18, and 23 of H3
mediates decondensation of the nucleosome structure
(Loidl, 1988, 1994; Garcia-Ramirez et al., 1995), alters his-
tone-DNA interactions (Hong et al., 1993), and facilitates
access and binding of transcription factors to genes
transcribed by RNA polymerases Il or Il (Lee et al., 1993;
Vettese-Dadey et al., 1996).

A correlation between histone acetylation and potential
transcriptional activity, initially proposed by Allfrey et al. (1964),
has been proved in several cases (reviewed in Csordas,
1990; Turner, 1991, 1993; Loidl, 1994; Grunstein, 1997;
Struhl, 1998). According to one attractive recent hypothesis,
histone modifications may constitute a concerted code to

1To whom correspondence should be addressed. E-mail schubert@
ipk-gatersleben.de; fax 49-39482-5137.

“specify unique downstream functions” (Strahl and Allis,
2000; Turner, 2000).

After indirect immunolabeling with antibodies raised
against acetylated isoforms of histone H4 (Turner and Fellows,
1989; Turner et al., 1989), mammalian metaphase chromo-
somes show intense acetylation of euchromatic R-bands
and less intense acetylation of constitutive and facultative
heterochromatin (Jeppesen and Turner, 1993). The patterns
of histone H4 acetylation described for plant chromosomes
(Houben et al., 1996, 1997; Belyaev et al., 1997; Vyskot et
al.,, 1999) also reveal a below-average acetylation of late-
replicating heterochromatin. However, whereas the most
conserved histones H3 and H4 showed similar acetylation
patterns along the mammalian chromosomes (Belyaev et
al., 1996), the patterns for H3 and H4 differed conspicuously
in field bean chromosomes (Belyaev et al., 1998).

Although H4 acetylation of mammalian nuclei appears to
be confined to early replicating and actively transcribing eu-
chromatin (Sadoni et al., 1999), and facultative heterochro-
matin is less acetylated than euchromatin in endosperm
nuclei of Gagea lutea (Buzek et al., 1998), little is known
about histone acetylation of specific chromosomal domains
during defined interphase stages.

Treatment with trichostatin A, a specific inhibitor of
histone deacetylase (Yoshida et al., 1990), several hours
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before mitosis mediated a switch to extensive acetylation of
H4 (at lysines 5, 12, and 16) within the heterochromatin of
field bean metaphase chromosomes, but H3 acetylation re-
mained unchanged (Belyaev et al., 1997, 1998). This indi-
cated that histone H4 acetylation of specific chromosomal
domains may vary during interphase. Such alterations might
be correlated with replication because newly replicated
chromatin contains acetylated histones (Ruiz-Carrillo et al.,
1975), which become deacetylated shortly after incorpora-
tion into chromatin (Jackson et al., 1976). Deposition-related
acetylation of lysines 5 and 12 of H4, that is, incorporation
of these acetylated isoforms into newly replicated chroma-
tin, appears to be a highly conserved phenomenon (Sobel et
al., 1995). Moreover, Idei et al. (1996) reported different his-
tone H4 acetylation patterns of plant interphase nuclei; how-
ever, they were unable to relate the different patterns with
either defined cell cycle stages or specific chromatin do-
mains (except for the nucleolus).

Transcriptionally active rDNA genes were shown to be de-
void of nucleosomes (Sogo et al., 1984; Conconi et al.,
1989, 1992; Dammann et al., 1993), but the presence of his-
tones within the nucleolus and their degree of acetylation
during the course of interphase is still an open question
(Derenzini et al., 1985; Thiry and Muller, 1989; Gonzalez-
Melendi et al., 1998).

To learn whether the extent of acetylation at all acetylat-
able positions of the core histones H3 and H4 remains con-
stant along the cell cycle for specific chromatin domains
(nucleolus organizers, euchromatin, and two fractions of
heterochromatin of the field bean), we developed a new
approach. After immunodetection of histone isoforms on

isolated meristematic nuclei sorted on the basis of their
DNA content into G1, early S, mid-S, late S, and G2 frac-
tions, defined chromatin domains of individual chromo-
somes are identified by fluorescence in situ hybridization
(FISH) with specific probes. This approach has revealed dis-
tinct types of immunolabeling of specific chromatin domains
depending on the isoform addressed and the cell cycle
stage. We also compared the H4 acetylation patterns of nu-
cleoli, euchromatin, and heterochromatin domains with the
replication pattern and the potential transcriptional activity
in these domains.

RESULTS

Acetylation Patterns of Histone H4 at Specific
Chromatin Domains Are Modulated during the
Cell Cycle

Mitosis

In accordance with our previous data (Houben et al., 1996;
Belyaev et al., 1997), antisera recognizing histone H4 that
was acetylated at lysines 5 (Figure 1D), 8, and 12 labeled the
NOR of metaphase chromosomes of the field bean more in-
tensely, and the interstitial heterochromatin less intensely,
than they did the euchromatic regions.

Antibodies against H4Ac16 were previously shown to la-
bel chromosomes uniformly, except for the NOR, which was

Figure 1. The Six Chromosomes of the Field Bean Karyotype ACB.

(A) Scheme of Giemsa banding pattern, representing the heterochromatic regions.

(B) Fluorescence bands after staining with DAPI.
(C) FISH with tandemly repeated Fok elements (59 bp, red).

(D) Immunostaining of H4Ac5. Note that the acetylation is stronger at the NOR and weaker at the interstitial heterochromatin than at the euchro-
matin. The same pattern was obtained with antibodies against H4Ac8 and H4Ac12.

(E) Immunostaining of H4Ac16. Chromosome V is used to illustrate the three types of labeling during mitosis: 30% of the chromosomes showed
an acetylation pattern identical to that obtained for H4Ac5 (top); 30% showed a uniform acetylation (middle), as described by Belyaev et al.
(1997); and 40% revealed more strongly acetylated interstitial heterochromatin (bottom).

(F) Immunostaining of H3Ac14. Note the decreased acetylation of Fok element-containing (C) and the increased acetylation of Fok element-
free, DAPI-positive (B) interstitial heterochromatic regions in comparison with euchromatin. The same pattern was obtained also for H3Ac9/18.



more strongly labeled. Inspecting a higher number of chro-
mosomes, we observed two additional patterns. Either the
heterochromatin was more weakly labeled than euchroma-
tin (80% of chromosomes), as seen for H4Ac5, 8, and 12, or
it was more strongly labeled than euchromatin (40% of
chromosomes; Figure 1E).

Incubation with the deacetylase inhibitor trichostatin A for
2 to 10 hr before mitosis resulted in highly intense acetyla-
tion of heterochromatin for the lysines K5, K12, and K16 (but
not K8) of H4 (Belyaev et al., 1997). This agrees with the
idea that deposition-related acetylation of K5 and K12 in-
deed might be highly conserved (Sobel et al., 1995) and that
K16 in plants also might be acetylated in a deposition-
related manner.

Interphase

Immunodetection of H4Ac5 in interphase nuclei of the field
bean revealed four distinct types and two subtypes of label-
ing patterns, which are shown in Figure 2 and described
here:

Type | shows the most intense signals within the nucleo-
lus. The remaining chromatin is more weakly labeled by dis-
persed signals, and several unlabeled regions (“empty
spots”) are visible. This type corresponds to the metaphase
labeling pattern.

Subtype la differs from type | by weaker labeling of the
nucleolus, the signals locating preferentially at the nucleolar
periphery.

Type Il shows nearly no signals within the nucleolus,
stronger labeling of the average chromatin than in type I,
and again, clear empty spots.

Type lll shows unlabeled nucleoli; the chromatin on aver-
age is weakly labeled but contains several bright signal
spots instead of empty spots.

Subtype llla differs from Il by additional signals within the
nucleolus, often forming a ring at the nucleolar periphery.

Type IV represents an intermediate between types | and Il
It has empty spots but shows no difference in labeling inten-
sity of nucleoli and the remaining chromatin.

Comparable labeling patterns were observed after immu-
nodetection of H4Ac12, H4Ac16, and tetraacetylated H4
(not shown), though we noted that H4Ac16-labeled nuclei
with bright spots always contained labeled nucleoli (subtype
Illa). Nuclei of types Il and llla (that is, those with bright sig-
nal spots outside the nucleoli) were not seen when labeled
with antibodies to H4Ac8.

Type Il and lll nuclei (those with unlabeled nucleoli) ap-
peared to have less acetylated histone H4 inside the nucleo-
lus than in the extranucleolar chromatin. To determine
whether this reflects a lower overall amount of H4 in such
nucleoli, we sequentially labeled the nuclei with antibodies
recognizing acetylated H4 and with antibodies recognizing
histone H4 regardless of its acetylation status (R213). The
nucleoli of types Il and Ill remained less intensely labeled
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type la

type Il

type Il

Figure 2. Types of Immunolabeling Pattern of Field Bean Interphase
Nuclei Obtained with Antiserum against Histone H4Ac5.

(A) Nuclei counterstained with DAPI (left) and after immunolabeling
of H4Ac5 (right). Note the different labeling intensities of nucleoli
(strong in types I, la, and llla but absent in types Il and Ill) and the
additional “empty” spots (types |, la, Il, and IV) or “bright” signal
spots (types Ill and llla) in chromatin.

(B) Type Il nucleus with nucleolus free of H4Ac5 (left) and also nearly
free of immunosignals after subsequent labeling with antiserum
R213 (right), which recognizes H4 regardless of acetylation. The ab-
sence of this label indicates depletion of H4 and therefore the ab-
sence of complete nucleosomes within nucleoli of these types of
nuclei; the same was true for nucleoli of type Ill nuclei. Bar = 10 pm.
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than the surrounding chromatin, even after labeling with
R213 (Figure 2B). This result was independent of the order
in which the antisera were added. If the H4 tail in the nucle-
oli is not inaccessible for R213, then this observation sug-
gests that nucleoli in type Il and Il nuclei have less H4 than
in other types of nuclei.

Variable Frequency of Histone H4 Labeling Patterns
during the Cell Cycle

To ascertain whether the different histone H4 labeling pat-
terns appeared with a constant frequency throughout the
cell cycle, we flow-sorted formaldehyde-fixed field bean nu-
clei from unsynchronized root tip meristems according to
their DNA content into fractions covering G1, early S, mid-S,
late S, and G2 cell cycle phases (Figure 3). Several hundred
nuclei from each fraction were immunolabeled with the spe-
cific antibodies. After immunodetection of H4Ac5, only nu-
clei of the intermediate types la and IV showed a similar, low
frequency in all fractions (Table 1). Many of the nuclei in G1
(63%) and G2 (44%) contained both strongly labeled nucle-
oli and unlabeled regions (empty spots) within weakly la-
beled chromatin (type ), whereas in mid-S phase, the
majority (74%) of the nuclei showed unlabeled nucleoli and
strongly labeled chromatin (type Il). Type Il and llla nuclei
with bright instead of empty spots in weakly labeled chro-
matin were observed only in late S and (early) G2 (Table 1
and Figure 4A). That not all nuclei of a fraction show the
same pattern typical for the corresponding cell cycle stage
might result primarily from nuclei showing an intermediate
type such as la, llla, or IV. Missorting or “contamination” of
G1 (or G2) fractions by nuclei from differentiated cells sur-
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Figure 3. Histogram of Relative DNA Content of Unsynchronized
Field Bean Root Tip Nuclei after DAPI Staining and Flow-Cytometric
Analysis.

The gates (representing G1, early S, mid-S, late S, and G2 phases)
used for sorting are as indicated.

Table 1. Histone H4Ac5 Labeling Patterns of Field Bean Nuclei
during Interphase

Cell Cycle Stage

G1 Early S Mid-S LateS G2

Labeling Type? % n % n % n % n % n

| 63 258 30 112 9 35 27 120 44 217
la 14 56 12 43 11 43 8 38 5 24
I 18 75 50 184 74 284 46 207 12 58
1] o 0 1 3 1 2 10 45 24 118

llla o o 1 2 0 0 4 17 10 48
\Y 5 23 6 23 5 19 5 256 5 25
3 100 412 100 367 100 383 100 452 100 490

aFor description of labeling types see Figure 2A and text.

rounding meristems cannot be totally excluded. However,
the shape of the histogram (high and narrow G1 peak, sepa-
rated clearly by S phase from a somewhat lower and
broader G2 peak, and an absence of peaks for higher ploidy
levels) (Figure 3) and the distribution of labeling types indi-
cate that missorted and nonmeristematic nuclei should ac-
count for only a minor proportion within the sorted fractions.

A similar but less pronounced decrease of nucleolus la-
beling during S phase was observed after use of antibodies
against H4Ac8 (minimum in mid-S), H4Ac12, and H4Ac16
(both with a minimum in early S; see Figure 4B). However,
after immunostaining of H4Ac16, the proportion of type llla
nuclei was greater in G2 (almost 50%), and some (15%)
were found even in G1.

The temporal acetylation pattern of histone H4 of euchro-
matin was opposite that of the nucleolus organizers or nu-
cleoli. Euchromatin was most intensely labeled (type Il) for
all acetylatable lysines, particularly during early and mid-S
phase. To compare directly histone acetylation and DNA
replication patterns, the cells were pulse-treated for 30 min
with 5-bromo-2'-deoxyuridine (BrdUrd) before fixation and
isolation of the nuclei. Immunodetection of BrdUrd and sub-
sequently of H4Ac5 yielded similar labeling patterns. The
high degree of colocalized signals (except for the nucleolus)
shown in Figure 5 indicates that the most intense H4 acetyla-
tion occurs during or shortly after replication.

Acetylation of Histone H4 of Heterochromatic Regions:
Strongest during Replication

FISH with the tandem repetitive Fok element (contained
within ~75% of the Giemsa-banded interstitial heterochro-
matic regions of the field bean; see Figures 1A and 1C, and
Fuchs et al., 1998) after immunodetection of H4Ac5 re-
vealed that the 10 large Fok element sites exclusively colo-
calize with less intensely acetylated chromatin regions
(empty spots) of labeling types |, la, I, and IV (see Figure



6A). The empty spots without Fok signals probably corre-
spond to the interstitial heterochromatic regions, which con-
tain repeats other than Fok elements. In type Il and llla
nuclei, bright spots (indicating strongly acetylated chroma-
tin) were observed instead of empty spots. As Figure 6B
shows, all major Fok element positions colocalize with the
most strongly acetylated regions of type Ill and llla nuclei.
To be sure that neither bright FISH signals nor acetylation
signals escaped detection by epifluorescence microscopy,
we also performed optical sectioning of type Il nuclei by us-
ing a confocal laser microscope after FISH with Fok ele-
ments and immunostaining for H4Ac5. As seen from Figure
7, all bright FISH and acetylation signals proved to be de-
tectable by both techniques in individual field bean nuclei.
Because bright spots for H4 acetylation appeared only in
late S and G2 nuclei and because the interstitial heterochro-
matin of the field bean was found to replicate latest in S
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Figure 4. Variation of Histone H4 Acetylation Patterns during the
Cell Cycle.

(A) Proportion of nuclei of labeling types |, Il, lll, and llla after immu-
nodetection of H4Ac5 in different cell cycle stages. Because types la
and IV revealed a nearly constant frequency, ranging from 5 to 14%
and 5 to 6%, respectively, they therefore were omitted (cf. with Ta-
ble 1).

(B) Relative frequency of nuclei showing acetylation of lysines 5, 8,
12, and 16 of H4 inside nucleoli during the cell cycle.
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BrdUrd

Figure 5. Correlation of Histone Acetylation (H4Ac5) and DNA Rep-
lication during S Phase.

After 30 min of BrdUrd pulse, the nuclei were isolated, flow-sorted,
and double-immunolabeled for H4Ac5 (green, left) and BrdUrd (red,
middle).

(A) Early S phase.

(B) Mid-S phase.

(C) Late S phase.

Note the large degree of colocalization of both immunosignals in early
S (except for the NOR), mid-S, and late S nuclei. The bright spots in
(C) represent late-replicating heterochromatin. Bars = 10 um.

phase (Débel et al., 1978; Fuchs et al., 1998), presumably
the H4 of the prominent interstitial heterochromatic domains
becomes strongly acetylated at K5 during or shortly after
replication. This agrees with our data from experiments
combining H4Ac5 immunodetection and BrdUrd pulse la-
beling of early, mid, and late S-phase nuclei (Figure 5) and
with the current view of deposition-related acetylation
(Sobel et al., 1995).

During G2, H4Ac5 in heterochromatic domains is deacety-
lated to an extent clearly less than that in euchromatin. This
process is finished at least 2 hr before mitosis (Belyaev et
al., 1997); the deacetylated state then lasts until the next
replication.

A similar temporal pattern of acetylation was observed for
K12 of H4, but K8 in heterochromatin was never acetylated
as strongly as or more strongly than euchromatin. Because
strongly acetylated heterochromatin at K16 was found in
50% of G2 nuclei, in 40% of mitotic chromosomes (Figure
1E), and in 15% of G1 nuclei but in only 2% of early S and
mid-S nuclei, deacetylation of K16 presumably is delayed in
comparison with K5 and K12, both of which were highly
acetylated within the heterochromatin only in late S and part
of G2 but not during mitosis and G1.
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Figure 6. Histone H4 Acetylation of Interstitial Heterochromatin
Changes during the Cell Cycle.

(A) FISH with Fok elements (red, middle) performed after H4Ac5 im-
munolabeling (green, left) shows that heterochromatin domains co-
incide with empty spots representing underacetylation in type |
nuclei, that is, during G1 and G2 (cf. with Table 1); the same is true
for nuclei of types Ia, Il, and IV.

(B) In nuclei of type lll (and llla), which appear during late S and early
G2 (cf. with Table 1 and Figure 4A), late-replicating heterochromatin
domains colocalize with bright spots of H4Ac5 labeling. Bar = 10 pm.

Histone H4 Acetylation: Nearly Absent from rDNA during
S Phase and Not Directly Correlated with
Transcriptional Activity

Only chromosome pair |l of the field bean karyotype ACB
harbors the genes for the 5.8, 18, and 25S rRNAs. Inter-
phase nuclei therefore contain one or two nucleoli. In G1, 60
to 70% of the nuclei have only one nucleolus, compared
with 85 to 90% in G2. These results suggest the nucleoli
have a tendency to fuse as the cell cycle progresses.

After FISH with labeled rDNA, what we observed most
frequently in isolated nuclei were two perinucleolar signal
clusters. Signals inside the nucleoli appeared as intensely
fluorescing small dots or faint threadlike or diffuse signals
(Figure 8A).

During mitosis, the NOR is more strongly acetylated than
the euchromatin (Figure 1D; Belyaev et al., 1997). After
H4Ac5 immunolabeling of type | nuclei (with strongly immu-
nolabeled nucleoli), FISH with rDNA revealed that at least
part of the rDNA inside the nucleoli, but not the perinucle-
olar rDNA, was colocalized with H4Ac5 immunosignals, as
seen in Figure 8A. However, intense signals for rDNA as well
as for H4Ac5 often were found in separate positions inside
the nucleoli of type | nuclei.

To compare histone H4 acetylation with transcriptional
activity, we labeled nascent RNA transcripts with 5-bromo-
uridine-5’-triphosphate (BrUTP). As demonstrated in Figure
8B, after 4 min of BrUTP incorporation into isolated nuclei,
all nuclei revealed intensely labeled nucleoli, regardless of
the degree of H4 acetylation within the nucleoli. Type | nu-
clei showed a partial colocalization of BrUTP and acetyla-

tion signals inside nucleoli. The remaining chromatin in the
field bean cells—unlike that in the observations made with
mammalian cells (Jackson et al., 1993; Wansink et al.,
1993; Sadoni et al., 1999)—was less densely labeled in all
types of nuclei. Types Il and Ill nuclei (representative of most
of the S-phase cells) showed no H4 acetylation signals within
nucleoli; that is, there was no association of acetylated H4
and intranucleolar rDNA (Figures 2A, 4A, 4B, and 8B). Hetero-
chromatin domains were free of BrUTP signals. This be-
came clear from overlaying BrUTP and H4Ac5 signals in
type lll nuclei (see bright spots in Figure 8B) but also was
true for the empty spots of types | and Il nuclei. This con-
firmed the transcriptional inactivity of the interstitial field
bean heterochromatin (Houben et al., 1994) .

Histone H3 Acetylation Patterns in Interphase Nuclei
Differ from Those of H4 and Are Nearly Invariant during
Cell Cycle Progression

Labeling field bean chromosomes with antisera recognizing
histone H3 acetylated at lysine positions 14 (H3Ac14; Figure
1F) and 9/18 (H3Ac9/18) looked different from the pattern
obtained after labeling of histone H4Ac5 (Figure 1D). Be-
sides the NOR, the Fok element—free interstitial heterochro-
matin also was more strongly acetylated, whereas Fok

epifluorescence

type Il

confocal

Figure 7. Images of a Type Il Nucleus of Late S to Early G2 Phase
after Immunodetection and FISH.

(A) and (B) Immunodetection of H4Ac5 (green, left) followed by FISH
with Fok elements (red, right) as observed under (A) epifluorescence
and (B) confocal microscopy overlaying 13 optical sections through
the nucleus. H4Ac5 immunosignals were captured.

(A) Before FISH.

(B) After FISH.

The major immuno- and FISH signals are identical within both im-
ages. The green signal covering the nucleolus in (B) is autofluores-
cence, which frequently appeared when images were taken after
FISH, although it was absent from the same nuclei when checked
before FISH, as in (A). Bars = 10 um.



Figure 8. Histone Acetylation and Transcriptional Activity of rDNA
during Interphase.

(A) FISH with rDNA (red, middle) after immunolabeling of H4Ac5
(green, left) from a type | nucleus (only the nucleolus is shown) char-
acteristic for G1 and G2 stages. Perinucleolar knobs containing in-
active rDNA and some foci of condensed rDNA inside nucleoli are
free of H4Ac5, as shown after merging of both signals. Most of
H4Ac5 immunosignals are confined to faint, diffuse rDNA signals.
(B) Immunostaining of H4Ac5 (left), BrUTP incorporation (middle),
and merging of both signals (right) for type | (G1), Il (mid-S), and llI
(late S) nuclei. The transcriptional activity of rDNA is not correlated
with H4 acetylation. Nucleoli are heavily labeled already after 4 min
of BrUTP incorporation (red), irrespective of their acetylation status
(green). Although BrUTP signals outside nucleoli are much weaker,
no transcription signals were detected within heterochromatin do-
mains (neither within empty spots in type Il nuclei nor within bright
spots in type Ill nuclei).

Bar in (A) = 5 um; bars in (B) = 10 pm.

element-containing heterochromatin (Figure 1C) was again
less acetylated than euchromatin. H3Ac23 immunolabeling
was uniform along the chromosomes, except for the NOR,
which was less strongly labeled (Belyaev et al., 1998).
Immunodetection of H3Ac14 in interphase nuclei revealed
two main patterns of labeling that differed by the presence
or absence of intensely labeled spots in chromatin (Figure
9). These spots, mostly colocalizing with regions stained
brightly by 4’,6-diamidino-2-phenylindole (DAPI), were not
uniformly distributed throughout the nucleus but instead
were clustered at one nuclear pole. Because most of the
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Fok element-free but DAPI-positive heterochromatin is lo-
cated close to the centromeres (Figure 1B; Fuchs et al.,
1998), this corresponds to the so-called Rabl orientation
(Rabl, 1885). The number of these spots varied from five to 18,
with a median number of eight. Empty spots were present in
(almost) all nuclei. In many nuclei, however, they were not
easily recognizable because of weak average chromatin la-
beling. In nuclei without bright spots, the average chromatin
labeling was stronger, and empty spots were more easily
detectable (Figures 9C and 9D). Nucleoli were either labeled
or unlabeled, whether bright spots were present or not. The
labeling of the nucleolus, if present, was generally less in-
tense than in type | nuclei after H4Ac5 labeling. The signals
of the nucleoli usually appeared as small dots in the center
or as a ring at the periphery of the nucleolus.

Comparable labeling patterns of interphase nuclei were
obtained with the antiserum that recognized H3Ac9/18. Af-
ter immunodetection of H3Ac23, interphase chromatin was
more or less homogeneously labeled and the nucleoli were
slightly less labeled. Neither bright spots nor empty spots
were found.

H3Ac14 labeling on sorted nuclei revealed that the pattern
with bright spots in chromatin and labeled nucleoli was the
one seen most frequently (63 to 74%) in all cell cycle stages.
Between 72 and 85% of nuclei (with either labeled or unla-
beled nucleoli) showed bright spots; only between 10 and
18% of the nuclei revealed unlabeled nucleoli during all cell
cycle stages (Table 2). Together these data show that, un-
like histone H4 acetylation, the variability of H3 acetylation
patterns was much less pronounced and not clearly depen-
dent on the cell cycle stage.

To determine whether the H3Ac14 labeling of metaphase
chromosomes (with highly acetylated Fok element-free and
nonacetylated Fok element-containing heterochromatin) per-
sists or alters during interphase and whether Fok element-
containing heterochromatin is subject also to histone H3
acetylation during interphase, we performed FISH with Fok
elements after H3Ac14 immunolabeling (Figure 9E). Fok ele-
ments were mostly colocalizing with empty spots (lacking
detectable H3Ac14), regardless of the presence or absence
of bright H3Ac14 spots in the respective nuclei. Strongly im-
munolabeled spots did not contain Fok elements. Usually,
Fok elements occurred in less polar positions than the
brightest immunosignals. This is reasonable given that, in
most cases, Fok elements are located more distantly from
the centromeres than are the Fok element—free heterochro-
matic regions (Figures 1B, 1C, and 9E).

These studies gave the following results: (1) strong his-
tone H3 acetylation is excluded from Fok element-contain-
ing heterochromatin, (2) Fok element-containing and Fok
element-free heterochromatin occupy separate compart-
ments within interphase nuclei, (3) only Fok element-free
heterochromatin and nucleolus organizers are targets for
very strong acetylation of histone H3, (4) H3 acetylation is
not clearly related to the replication of euchromatin and het-
erochromatin domains, and (5) H3 acetylation shows no
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Figure 9. H3Ac14 Labeling Patterns of Field Bean Interphase Nuclei
and Their Correlation with Heterochromatic Domains.

(A) Nucleus with bright signal spots for H3Ac14 and labeled nucleo-
lus. This type represents the majority (63 to 74%) of nuclei in all in-
terphase stages.

(B) Nucleus with bright signal spots but without intense labeling of
the nucleolus.

(C) Nucleus without bright signal spots; the nucleolus is somewhat
more strongly labeled than the remaining chromatin.

(D) Nucleus with neither bright signal spots nor intensely labeled nu-
cleolus.

DAPI staining (left) and immunodetection (right). Note the presence
of more weakly labeled areas in all nuclei and the correlation of bright
signal spots with areas of positive DAPI fluorescence. The frequen-
cies of these types in the course of interphase are given in Table 2.
(E) Same type of nucleus as in (B) after immunodetection of H3Ac14
(left), FISH with Fok elements (middle), and merging of both (right).
Fok element sites (red) occupy the less acetylated areas and do not
colocalize with the bright signal spots for H3Ac14, which represent
Fok element—free heterochromatin.

Bars = 10 pm.

clear correlation with the transcriptional status of the investi-
gated chromatin domains.

DISCUSSION

Overall Acetylation of Large Chromatin Domains
Correlates with Replication Rather Than
with Transcription

We have shown by FISH with Fok elements that the intersti-
tial heterochromatin domains of individual field bean chro-
mosomes form distinct compartments during interphase.
Immunostaining of acetylated isoforms of histones H3 and
H4 and subsequent identification of chromatin domains by
FISH on meristematic nuclei, sorted according to their DNA
content into five cell cycle fractions, allowed us for the first
time to follow histone acetylation/deacetylation of defined
chromatin domains of individual chromosomes through the
cell cycle. BrdUrd pulse labeling allowed comparison of the
acetylation intensity with replicational activity of the corre-
sponding domains and showed that acetylation of H4 in eu-
chromatin of the field bean is most pronounced during
replication and is weaker from late S through M to G1. In
contrast, H4 acetylation in early replicating rDNA is most in-
tense during mitosis, decreases in G1 toward a minimum in
early S (K12, K16) or mid-S (K5, K8), and increases again
from late S onward (Figures 4A, 4B, and 5). The prominent
interstitial heterochromatin domains replicate late, are tran-
scriptionally silent, and represent hot spots of mutagen-
induced chromosomal aberrations (reviewed in Fuchs et al.,
1998). They become strongly acetylated at all acetylatable
lysines of H4 (except K8) during late S phase, are deacety-
lated in G2 (>2 hr before mitosis; Belyaev et al., 1997), and
remain deacetylated until the next replication. Only deacety-
lation of K16 of H4 is not always completed before mitosis,
and acetylation of this residue may persist until the next G1
(for a summary, see Figure 10). A narrow time window of H4
acetylation at K5 and K12, correlating with replication, re-
cently was reported also for mammalian heterochromatin
(Taddei et al., 1999). In the field bean, H4 of euchromatin (as
well as of centromeres and telomeres) and of all prominent
interstitial heterochromatin thus shows most pronounced
acetylation during and shortly after replication. This is in ac-
cordance with a phylogenetically conserved deposition-
related acetylation at lysines 5 and 12 (Sobel et al., 1995).
We predict that in plants lysine 16 also might be acetylated
in a deposition-related manner.

Still undetermined is the reason for the apparently futile
strong postreplicative hyperacetylation within the hetero-
chromatin. Because recombinative assembly of immunoglob-
ulin genes in mammals has been found to be stimulated by
histone acetylation (McBlane and Boyes, 2000; McMurry
and Krangel, 2000), perhaps acetylation of histones (espe-
cially H4 in plants) is supportive also for recombination re-
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Table 2. Histone H3Ac14 Labeling Patterns of Field Bean Nuclei during Interphase

Cell Cycle Stage

G1 Early S Mid-S Late S G2

Labeling Type? % n % n % n % n % n

Bright spots + nucleolus + 71 267 63 236 66 259 67 262 74 298
Bright spots + nucleolus — 14 54 9 33 8 33 7 28 6 25
Bright spots — nucleolus + 8 28 14 52 15 59 11 43 10 38
Bright spots — nucleolus — 2 9 9 35 4 15 7 25 4 16
Bright spots — uniform 5 18 5 17 7 25 8 32 6 23
b 100 376 100 373 100 391 100 390 100 400
Total nucleolus + 79 295 77 288 81 318 78 305 84 336
Total bright spots + 85 321 72 269 75 292 74 290 80 323

aEmpty spots occur in most nuclei of all labeling types.

pair of DNA damage, which preferentially occurs during or
shortly after replication. This might be particularly important
with regard to heterochromatin, which is less acetylated in
other cell cycle stages.

Although histone acetylation at the genic level may well
be correlated with transcriptional activity (see Introduction),
the overall acetylation of large chromatin domains is corre-
lated with replication rather than with transcription (Figures
5 and 8B). However, there are two exceptions to this. One is
the acetylation of H3, which is more or less persistent
throughout the cell cycle, including the apparently se-
quence-specific above-average acetylation at lysines 9, 14,
and 18 within Fok element-free heterochromatic regions.
Perhaps H3 acetylation is required for maintenance of some
heterochromatin domains, as is the case, for instance, in
yeast (Thompson et al., 1994; Hecht et al., 1995; Braunstein
et al., 1996; Grunstein, 1998). The other exception is the NOR.

H4 Is More Strongly Acetylated at the NOR during
Mitosis, Whereas Nucleoli in S Phase Appear to Be Less
Acetylated Than Euchromatin and May Be Transiently
Free of Nucleosomes

The overall H4 acetylation patterns of field bean rDNA genes
apparently are not strictly correlated with their transcrip-
tional activity but are inversely correlated with the replication
of rDNA, which takes place very early in S phase (Schubert
and Rieger, 1979; Fuchs et al., 1998). This became evident
from the finding that the strongest acetylation of H4 at the
NOR occurred during mitosis, when rDNA is being neither
replicated nor transcribed. The same was observed for barley
(Idei et al., 1996) and onion (L. Malysheva and |. Schubert,
unpublished findings) but not for mammals (Jeppesen and
Turner, 1993) except for the NOR of the inactive X chromo-
some of female marsupials (Keohane et al., 1998). The pres-
ence of essential components of the rDNA transcriptional
machinery at the NOR during mitosis (Scheer et al., 1993),

which enables early, efficient initiation of transcription al-
ready in telophase/early G1 (Roussel et al., 1996; Gébrane-
Younés et al., 1997; Klein and Grummt, 1999; Scheer and
Hock, 1999), and our data on BrUTP incorporation indicate
that rDNA is intensely transcribed during the entire inter-
phase, regardless of H4 acetylation within the nucleolus.
Strong H4 acetylation also appears frequently within nucleoli
of G1 and G2 nuclei but only rarely during S phase, when rep-
lication occurs. Moreover, the results obtained after labeling
of type Il nuclei with antiserum R213, which recognizes his-
tone H4 regardless of acetylation, show that in most nucleoli
during S phase too little H4 is present for detection by immu-
nolabeling. This indicates the absence of complete nucleo-
some core particles (the presence of acetylated H3 could be
attributable to free histone molecules).

According to Lucchini and Sogo (1995), the coding re-
gions of newly replicated rDNA genes usually are organized
in nucleosomes, and transcriptional activation of rDNA re-
quires disruption of preformed nucleosomes. This agrees
with the apparent depletion of nucleosomes from field bean
nucleoli shortly after rDNA replication in early S phase,
which is not reversed until late S/G2, and invites the specu-
lation that not only active rDNA genes but also the entire nu-
cleolus is devoid of nucleosomes during most of S phase;
consequently, histone acetylation cannot be detected.

Thus, the question arises as to the degree of acetylated
nucleosomal histones associated with transcriptionally ac-
tive versus inactive rDNA during G1 and G2. Only a subset
of rRNA genes is actively transcribed during interphase
(Shaw et al., 1995), even in yeast with comparatively few
rRNA genes (Dammann et al., 1993), and heavily transcribed
cistrons are not organized in nucleosomal structures (e.g.,
Sogo et al., 1984; Conconi et al., 1992; Dammann et al.,
1993). Apparently, transcriptional activity within nucleoli is
upregulated by increased activity of already active cistrons
that are free of nucleosomes (reflected by “Christmas tree”-
like structures of nascent transcripts in electron microscopic
images; Miller and Beatty, 1969) rather than by activation of



2096 The Plant Cell

A H4

heterochromatin &gjz

K16 im
euchromatin |
NOR/nucleolus

M

G1

S G2 M

»
L

B H3Ac9/18,14

> » » >
Lt L L Lt

heterochromatin Fak-iDAr |« o OO O OR VBT,

Fok+

euchromatin

NOR/nucleclus

Figure 10. Acetylation of Nucleosomal Histones at the NOR, Euchromatic, and Heterochromatic Domains of the Field Bean during the Cell Cycle.

(A) Histone H4. A strong cell cycle-dependent histone H4 acetylation occurs at the level of distinct chromatin domains. Heterochromatin con-
tains acetylated H4 (except H4Ac8) during and (shortly) after replication; euchromatin, too, is most strongly acetylated during replication; the
NOR contains acetylated H4 during mitosis, as do nucleoli in G1 and G2, but during S phase the histone H4 acetylation within nucleoli is consid-

erably decreased.

(B) Histone H3. The intensity of H3 acetylation differs between Fok element—free heterochromatin, Fok element-containing heterochromatin, eu-
chromatin, and the NOR/nucleolus but, unlike H4 acetylation, remains fairly constant throughout the cell cycle.

(all) silent genes (Banditt et al., 1999). Transcriptionally silent
rDNA copies forming condensed perinucleolar knobs are
free of acetylated H4, as are some condensed rDNA blocks
inside nucleoli during G1 and G2, whereas acetylation sig-
nals were found in nucleolar areas exhibiting diffuse or very
faint signals after FISH with rDNA (Figure 8A). Arrays of inac-
tive rDNA genes might become associated, forming intranu-
cleolar condensed chromatin, whereas active rDNA genes
loop out. These loops of less condensed rDNA might be still
acetylated in G1 (type | and la nuclei) and already in G2
(type llla and | nuclei). When rDNA transcription increases
during G1, at least some of these loops might become
heavily covered by RNA polymerase | molecules, while at
the same time being free of nucleosomes and histone H4
molecules (type Il and Il nuclei). Closely adjacent highly ac-
tive and less active genes could explain the occasional
proximity and partial overlap of acetylated H4 and con-
densed intranucleolar rDNA in G1 and G2 nuclei. Highly ac-
tive rDNA genes are assumed to have a decondensed
structure close to the limit of resolution of optical micros-
copy (Thompson et al., 1997). Such genes might be respon-
sible for the faint diffuse signals observed after FISH with
rDNA, as compared with the bright signals at condensed
rDNA repeats. When the rate of rDNA transcription de-
creases in the course of G2, the fewer RNA polymerase |
molecules per transcribed gene allow (acetylated) nucleo-
somes to bind to DNA, resulting in increased acetylation
within the nucleoli. This acetylation pattern is then main-
tained at the NOR during mitosis and becomes reversed
during the course of G1.

According to the hypothesis proposed by Jeppesen
(1997), histone acetylation can provide a mechanism for
propagating “cell memory.” He suggests that “genes in
chromatin domains active before mitosis are marked by his-
tone acetylation, and hence have the potential for being

preferentially reactivated in the following G1 phase. Acetyl
groups then serve as ‘tags’ for recognition by other proteins
involved in regulating transcription.” This hypothesis could
explain the temporal pattern of H4 acetylation at the NOR
chromatin observed in the present study, which correlates
with neither replication nor transcriptional activity.

Conclusions

The extent of H4 acetylation is greatest during or shortly af-
ter replication within eu- and heterochromatin of the field
bean—except for rDNA chromatin, which was most highly
acetylated at and around mitosis and was apparently free of
H4 during S phase. Because heterochromatin is transcrip-
tionally silent, but rDNA and large parts of euchromatin are
transcribed throughout interphase, the overall H4 acetyla-
tion of large chromatin domains (except rDNA) apparently is
linked to replication (and possibly postreplicative recombi-
nation repair) rather than to transcriptional activity.

The amount of H3 acetylation did not show a clear cell cy-
cle dependence. Therefore, no clear correlation with replica-
tion or transcription could be stated with regard to the large
chromatin domains in this species. Contrary to the situation
in mammals, chromatin fractions of the field bean showed
deviations between the acetylation patterns of H4 and H3;
thus, the requirements for acetylation of these two histones
may be different in plants.

The replication-associated stronger acetylation of K5 and
K12 of H4 in late-replicating heterochromatin (Taddei et al.,
1999) and the degree of acetylation of euchromatin (which is
most intense during early to mid-S phase) probably are con-
served for plants and animals, whereas the increased acety-
lation of K16 at heterochromatic domains—which occurs



during late S and disappears between G2 and G1—might be
plant specific.

Stronger acetylation of H4 at nucleolus organizers during
mitosis (cf. with the situation for euchromatin) as well as the
very high transcriptional activity within nucleoli (cf. with
mammalian cells) (Jackson et al., 1993; Wansink et al.,
1993; Sadoni et al., 1999) seems to be typical for several
plant species.

Further investigation will show whether the apparently se-
quence-dependent strong acetylation of K9, K14, and K18
of H3 represents a particular feature of the DAPI-positive
heterochromatin fraction of the field bean or is more wide-
spread in other (plant) species.

METHODS

Plant Material, Preparation of Slides, and Isolation and Sorting
of Nuclei

Root tip meristems of the field bean (Vicia faba) karyotype ACB with
individually distinguishable chromosome pairs (Fuchs et al., 1998)
were used in all experiments. Suspensions of nuclei from unsynchro-
nized root tip meristems and chromosomes from synchronized mer-
istems (fixed in 4% formaldehyde, 10 mM Tris-HCI, 10 mM Na,
EDTA, 100 mM NaCl, and 0.1% Triton X-100, pH 7.5, for 20 min un-
der vacuum) were prepared as described (Schubert et al., 1993). Iso-
lated nuclei and chromosomes were centrifuged onto a microscopic
slide by using a Cytospin3 (Shandon, Frankfurt, a.M., Germany) cy-
tological centrifuge at 18g for 5 min; the loaded slides then were
stored in glycerol at 4°C until use. Nuclei isolated from unsynchro-
nized meristems (the first 2 mm of the root tips) and stained with
1 ng/mL 4’,6-diamidino-2-phenylindole (DAPI) were sorted into G1,
early S, mid-S, late S, and G2 fractions with a FACStarPlus (Becton
Dickinson) flow cytometer. The gates for sorting were determined ac-
cording to the histogram for nuclear suspensions (Figure 3). Approx-
imately 1000 nuclei of each fraction were sorted onto a microscopic
slide into a 15-pL drop of buffer consisting of 100 mM Tris-HCI, 50 mM
KCI, 2 mM MgCl,, 0.05% Tween 20, and 5% sucrose (Kubalédkova et
al., 1997). The drops with nuclei were nearly air-dried (sucrose pre-
vents complete drying), and unless used immediately for immunola-
beling or fluorescence in situ hybridization (FISH), the slides were
stored at —20°C.

Indirect Immunodetection of Histone Isoforms

Polyclonal antisera against histones H3 and H4 acetylated at defined
lysine residues were raised by immunization of rabbits with ovalbu-
min-conjugated synthetic peptides, as previously described (Turner
and Fellows, 1989; White et al., 1999). The antisera used, and their
specificities, were as follows: R41 (H4Ac5), R232 (H4Ac8), R101
(H4Ac12), R252 (H4Ac16), R243 (preferentially tri- and tetraacety-
lated H4), R213 (preferentially nonacetylated H4), R47 (H3Ac9,
H3Ac18, or both), R224 (H3Ac14), and R222 (H3Ac23); see Turner et
al. (1989), Belyaev et al. (1996), Stein et al. (1997), and White et al.
(1999) for further details. The specificity of these sera to the same
histone isoforms of plants was shown by protein gel blot analysis
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(Buzek et al., 1998). Preimmune sera reacted with neither the nuclear
proteins (Buzek et al., 1998) nor chromosomes of the tested plants
(Vyskot et al., 1999).

The nuclei were postfixed in 4% (w/v) paraformaldehyde in PBS for
20 min, washed three times in PBS, and blocked for 1 hr at 37°C in
PBS containing 3% BSA and 10% horse serum. Slides then were in-
cubated for 1 hr at room temperature (RT) in primary sera diluted
1:200 or 1:100 in AK (antibody) buffer (PBS containing 1% BSA, 10%
horse serum, and 0.1% Tween 20; see ten Hoopen et al., 2000). After
three washes in PBS, fluorescein isothiocyanate (FITC)-conjugated
goat anti-rabbit secondary antibodies (Sigma) diluted 1:80 in AK
buffer were applied for 1 hr at RT. The slides then were washed in
PBS, and the DNA was counterstained with DAPI (1 wg/mL in mount-
ing medium [Vectashield; Vector Labs, Burlingame, CA]). Secondary
antibodies alone did not stain chromosomes or nuclei of the field
bean.

Nascent RNA Labeling

5-Bromouridine-5'-triphosphate (BrUTP) was incorporated into iso-
lated nuclei essentially as described (Thompson et al., 1997). In brief,
unfixed nuclei from root tip meristems were released into MPB (mod-
ified physiological buffer: 100 mM potassium acetate, 20 mM KCI, 20
mM Hepes, 1 mM MgCl,, 1 mM ATP, and 1 mM DTT, pH 7.4) con-
taining 1 M hexylene glycol (2-methyl-2,4-pentanediol), centrifuged
onto a slide, washed in MPB, permeabilized in MPB plus 0.05%
Tween 20 for 10 sec (Abranches et al., 1998), and incubated for 3 to
10 min at RT with the following transcription mix: 50 uM CTP, 50 uM
GTP, and 25 pM BrUTP (all nucleotides purchased from Sigma), 0.5
mM phenylmethylsulfonyl fluoride in MPB, and 100 U/mL RNase in-
hibitor (RNA Guard; Pharmacia). After being washed in MPB, nuclei
were fixed for 40 min in 4% paraformaldehyde in PBS, washed three
times in PBS, and blocked for 1 hr at 37°C. Incorporation of BrUTP
was detected by incubation for 1 hr at RT with mouse anti-BrdU
monoclonal antibody (Becton Dickinson) diluted 1:10 in AK buffer,
followed by three washes in PBS and incubation with the secondary
FITC-conjugated sheep anti-mouse (Boehringer Mannheim) anti-
body diluted 1:30, or when combined with histone immunolabeling,
in Alexa®%*-conjugated goat anti-mouse (Molecular Probes, Eugene,
OR) antibody diluted 1:500 to 1:1000 in AK for 1 hr at RT.

Replication Labeling

Main roots of 4-day-old seedlings were incubated in 5-bromo-2'-
deoxyuridine (BrdUrd; 100 wM), fluorodeoxyuridine (0.1 wM), and uri-
dine (5 M), for 30 min in the dark. After a short rinse, the roots were
immediately fixed in 4% formaldehyde/Tris-HCI buffer. After further
washes in Tris-HCI buffer, nuclei were isolated and sorted as de-
scribed above. Before immunodetection of BrdUrd, the nuclei were
postfixed in 4% formaldehyde/PBS for 20 min and washed in PBS.
DNA was denatured by treating the slides at 80°C for 1 min in 50%
formamide/PBS. The slides then were immediately transferred into
ice-cold PBS for 5 min and blocked. BrdUrd immunodetection was
as described for BrUTP.

In Situ Hybridization

The following probes were used: Fok elements (59-bp tandem re-
peats, cleavable by the restriction endonuclease Fok/ [Kato et al.,
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1984], characteristic for ~75% of the heterochromatic Giemsa
bands of the field bean [Fuchs et al., 1994, 1998]) and pVER17 (with
a 3.7-kb insert consisting of part of 18S, 5.8S, and most of the cod-
ing region of 25S rRNA genes of the field bean [Yakura and Tanifuiji,
1983]). pVER17 was directly labeled with tetramethylrhodamine-
5-dUTP (Boehringer Mannheim) by using a nick translation kit (Boeh-
ringer Mannheim) according to the manufacturer’s instructions; Fokl
elements were amplified from genomic field bean DNA and labeled
with tetramethylrhodamine-5-dUTP or digoxigenin-11-dUTP (Boeh-
ringer Mannheim) by polymerase chain reaction with sequence-spe-
cific primers.

When FISH was performed after immunolabeling, the slides first
were evaluated for immunosignals, washed in 4 X SSC (1 X SSC is
0.15 M NaCl and 0.015 M sodium citrate) plus 0.1% Tween 20 to re-
move the cover slip, and then washed briefly in 2 X SSC. The nuclei
were again postfixed in 4% paraformaldehyde/2 X SSC, washed in 2 X
SSC, dehydrated in 70 and 96% ethanol, and air-dried. Before FISH
with pVER17, slides were incubated with RNase (50 png/mL) for 15
min at 37°C. The hybridization mixture containing probe, 50% forma-
mide, 10% dextran sulfate, and 2 X SSC was denatured at 80°C for
10 min and cooled on ice. The target DNA was denatured together
with the probe on slides at 80°C for 2 min. When using directly labeled
probes (tetramethylrhodamine-5-dUTP), after posthybridization washes
(8 X 5minin 50% formamide in 2 X SSC at 42°C and 5 min in 2 X SSC
at RT), the nuclei were counterstained with DAPI. Digoxigenin-11-dUTP-
labeled probes were detected with FITC- or rhodamine-conjugated
anti-digoxigenin antibodies (Boehringer Mannheim).

Microscopy, Image Processing, and Evaluation of Data

The preparations were inspected with an Axiophot 2 (Zeiss, Thorn-
wood, NY) epifluorescence microscope equipped with a cooled
charge-coupled device camera (Photometrics, Tucson, AZ). Images
were taken with use of IPLab Spectrum software, pseudocolored,
merged, and processed in Adobe Photoshop.

To determine the frequency of distinct immunolabeling patterns for
each acetylated isoform of histone H3 and H4, we evaluated at least
100 nuclei in G1, early S, mid-S, late S, and G2 phases, respectively.

Confocal Microscopy

Confocal microscopy was performed with a Zeiss (Jena, Germany)
LSM 410. FITC (H4Ac5 immunosignals) and rhodamine (Fok element
FISH signals) signals were recorded separately with excitation wave-
lengths of 488 and 543 nm and bandpass filters at 510 to 525 nm and
575 to 640 nm, respectively. Optical sections of the whole nucleus
were obtained at a step width of 500 nm with the pinhole adjusted to
yield an axial resolution (full width at half maximum) of 3.1 um. Image
stacks of details in the rhodamine signal were recorded with a step
width of 250 nm and an axial resolution of 1.1 um. The lateral pixel
size was 50 nm in all images.
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Abstract We have studied the replication time, nuclear or-
ganization and histone acetylation patterns of distinct chro-
matin domains [nucleolus organizers (NORS), centrome-
res, euchromatin and heterochromatin] of barley during the
cell cycle. The Rabl orientation of chromosomes, with
centromeres and telomeres located at opposite nuclear
poles, was found to be maintained throughout interphase.
Replication started at the rDNA loci within nucleoli and
then proceeded from the euchromatic distal chromosome
regions toward the heterochromatic pole. Centromere asso-
ciation frequently occurred in mid- and late S-phase, i.e.,
during and after centromere replication. Euchromatin,
centromeres and heterochromatin were found to be en-
riched in acetylated histone H4 (except for lysine 16) dur-
ing their replication; then deacetylation occurred. The level
of deacetylation of H4 in heterochromatin was more pro-
nounced than in euchromatin. Deacetylation is finished in
early G2-phase (lysine 8) or may last until mitosis or even
the next Gl-phase (lysines 5 and 12). The NORs were
found to be most strongly acetylated at lysines 5 and 12 of
H4 during mitosis, independently of their potential activity
in nucleolus formation and rDNA transcription. The acety-
lation pattern of chromosoma histone H3 was character-
ized by low acetylation intensity at centromeres (lysines
9/18) and pericentromeric regions (lysine 14) and more in-
tense uniform acetylation of the remaining chromatin; it re-
mained fairly constant throughout the cell cycle. These re-
sults have been compared with the corresponding data pub-
lished for mammals and for the dicot Vicia faba. This
revealed conserved features as well as plant- or species-
specific peculiarities. In particular, the connection of acety-
lation intensity of H4 at microscopically identifiable chro-
matin domains with replicational but not with transcrip-
tional activity during the cell cycle seems to be conserved
among eukaryotes.
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Introduction

The chromatin of interphase nuclei is highly organized.
As early as 1885 Rabl (1885) proposed a model accord-
ing to which the anaphase/tel ophase orientation of chro-
mosomes is maintained in interphase nuclei, resulting in
centromeres and telomeres being located at opposite nu-
clear poles. During the following century, cytogenetic in-
vestigation of chromosome structure and composition
was mainly focused on mitotic/meiotic chromosomes be-
cause it was difficult to identify specific chromosome
territories and individual chromatin domains in inter-
phase nuclei, where essential processes such as replica-
tion, gene expression and DNA repair take place. During
recent years, fluorescent in situ hybridization (FISH),
immunostaining and flow-sorting of nuclei have been in-
troduced and improved. In particular, the painting of en-
tire chromosomes by FISH allowed the discovery and
analysis of distinct chromosome territories within inter-
phase nuclei in mammals (see, e.g., Eils et a. 1996; Di-
etzel et al. 1999; Nagele et al. 1999; Visser and Aten
1999; Tajbakhsh et al. 2000). These techniques enabled
the development of complex approaches in combination
with high resolution image processing for microscopic
studies of the territories and structural composition of in-
dividual chromosomes and/or distinct chromatin do-
mains in the course of the cell cycle. It thus became pos-
sible to examine directly structural/functional interrela-
tions, i.e., to correlate spatial and temporal modification
of chromatin structure with specific functions of chroma-
tin domains.

One of the diverse chromatin modifications is the re-
versible acetylation of N-terminal lysine residues of the
nucleosomal histones H3 (K9, 14, 18, 23) and H4 (K5, 8,
12, 16), which occurs in all eukaryotes studied so far.
The degree of histone acetylation varies along the mito-
tic chromosomes of insects (Turner et a. 1992), mam-
mals (Jeppesen and Turner 1993) and plants (Houben
et al. 1996a; Belyaev et al. 1997, 1998; Vyskot et al.
1999) and is generally more intense in euchromatic than
in heterochromatic domains. A high acetylation status
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was found to be connected with transcription (reviewed,
e.g., in Grunstein 1997; Struhl 1998), recombination
(McBlane and Boyes 2000; McMurry and Krangel 2000)
and DNA repair (Ikura et a. 2000) at the level of genes,
providing, together with other chromatin modifications,
in a concerted manner an epigenetic code used to specify
unique downstream functions (for recent reviews see
Strahl and Allis 2000; Turner 2000). Previously, studies
were undertaken to elucidate at the microscopic level
chromatin acetylation patterns during interphase in mam-
malian (Sadoni et al. 1999; Taddei et al. 1999) and plant
nuclei (Buzek et al. 1998; Jasencakova et al. 2000).

Experiments on Vicia faba interphase nuclei have
shown that acetylation of histone H4 (at lysine positions
5, 12 and 16) of eu- and heterochromatin domains (ex-
cept for the nucleolus) is correlated with replication
rather than with transcription, while histone H3 acetyla-
tion of chromatin domains did not change significantly
during the cell cycle (Jasencakova et al. 2000).

Here we investigate the chromatin organization of mi-
totic and interphase chromosomes in barley. The ar-
rangement of chromosomes during interphase stages, the
sequential order of replication and the intensity of his-
tone H3 and H4 acetylation of distinct chromatin do-
mains such as nucleolus organizer regions (NORS), eu-
chromatin, centromeres and heterochromatin during the
mitotic cycle was studied. For this purpose, we com-
bined FISH and immunolabeling techniques to identify
chromosomal domains and their acetylation status in re-
lation to the corresponding replicational and transcrip-
tional activities in nuclei isolated from unsynchronized
root-tip meristems and flow-sorted into G1-, early S,
mid S-, late S-, and G2-phase fractions. The results were
compared with those obtained for V. faba and revealed
common features as well as differences between mono-
cot and dicot plants on the one hand and between ani-
mals and plants on the other. This led to conclusions as
to the evolutionary conservation of the respective phe-
nomena and to what degree histone acetylation of dis-
tinct chromatin domains is stable or cell cycle dependent
and whether or not different intensities of histone acety-
lation reflect potential transcriptional activity of the cor-
responding domains or are temporally linked with repli-
cation processes.

Materials and methods

All experiments were performed on barley, Hordeum wulgare L.
(2n=14), using the line MK14/2034, which is characterized by two
homozygous trand ocations involving chromosomes 3S/4L (=T3-4a€)
and 19/7Sat (=T1-7an) see http://wheat.pw.usda.gov/ggpages/
Barley_physical/ldiogramg/. To study the correlation between histone
acetylation and transcriptional activity of the NORs we additionally
used the trandocation line T2052 carrying NOR6 and NOR7 on the
opposite arms of chromosome 6, and showing nucleolar dominance
of NORG6 and nearly complete suppression of NOR7 (Schubert and
Kinzel 1990). Seeds were germinated on soaked paper at 24°C. Syn-
chronization and fixation of root tip meristems and isolation of chro-
mosomes were done according to Lysak et a. (1999).

Nuclei from unsynchronized root tips were fixed in 4% formal -
dehyde, TRIS buffer (10 mM TRIS, 10 mM NaEDTA, 100 mM
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Fig. 1 Histogram of the relative DNA content of unsynchronized
barley nuclei after 4',6-diamidino-2-phenylindole (DAPI) staining
and flow-cytometric analysis. The gates used for sorting are indi-
cated (1 early S-, 2 late S-phase)

Triton X-100, pH 7.5), washed in TRIS buffer and isolated from
the meristematic regions as described previously (Schubert et al.
1993). After staining with 4',6-diamidino-2-phenylindole (DAPI,
1 pg/ml) they were flow-sorted into G1-, early S-, mid S, late S-,
and G2-phase fractions using a FACStarPlus flow cytometer and
cell sorter (Becton Dickinson) with a Sort Enhancement Module
(SEM) and an Argon-ion laser (INNOVA 90C-5) emitting UV
light with 200 mW output power controlled by a Macintosh Com-
puter with Cell Quest Software. The gates for sorting were set ac-
cording to the histograms obtained for each suspension of nuclei.
A representative histogram is given in Fig. 1. About 1000 nuclei
of each fraction were sorted onto microscopic slides into a drop
containing 100 mM TRIS, 50 mM KCI, 2 mM MgCl,, 0.05%
Tween 20 and 5% sucrose (Kubaldkova et a. 1997), air-dried at
room temperature for several hours and used immediately for im-
munolabeling and/or FISH, or stored at —20°C until use.

Fluorescent in situ hybridization

The following probes were used: BAC7 containing barley centro-
mere-specific retroelement sequences (Presting et al. 1998),
pVER17 (with a 3.7 kb insert comprising 18S, 5.8S and most of
the coding region of 25S rRNA genes of V. faba, Yakura and
Tanifuji 1983), (GAA),, oligonucleotides (MWG-Biotech), which
label the heterochromatin of barley (Pedersen and Linde-Laursen
1994; Pedersen et al. 1996), and HvTO01, a 118 bp subtelomeric re-
peat of barley (Belostotsky and Ananiev 1990; Schubert et al.
1998).

Centromere- and NOR-specific probes were labeled with dig-
oxigenin-11-dUTPR, biotin-16-dUTP or tetramethylrhodamine-5-
dUTP using a nick translation kit, and (GAA),, oligonucleotides
using an end-labeling kit (both from Roche Biochemicals) accord-
ing to the manufacturer’s instructions. HvTO1 repeats were ampli-
fied and labeled with digoxigenin-11-dUTP by the polymerase
chain reaction with sequence-specific primers.

Treatment with RNase A (50 pg/ml in 2xSSC) for 30 min at
37°C was applied only prior to FISH with the rDNA probe.
(1xSSCis 0.15 M NaCl, 0.015 M sodium citrate.) Preparations on
slides were postfixed in 4% paraformaldehyde, 2xSSC for 15 min,
washed three times in 2xSSC, dehydrated through an ethanol se-
ries (70%, 96%) and air-dried. The hybridization mixture contain-
ing probe, 50% formamide, 10% dextran sulfate and 2xSSC was
heated for 10 min at 80°C, cooled on ice and denatured again to-
gether with target DNA on slides for 1 min at 80°C. When double-
color FISH was performed, one of the probes (BAC7) was directly
labeled with rhodamine-5-dUTP. After overnight hybridization at
37°C, the slides were washed three times for 5 min each in 2xSSC
at 37°C. Digoxigenin-labeled probes were detected with 1:50 anti-
digoxigenin-fluorescein isothiocyanate (FITC; Roche Biochemi-
cals). DNA was counterstained with DAPI (1 pg/ml in Vecta-
shield, Vector).



5-Bromo-2'-deoxyuridine labeling combined with FISH

For pulse-labeling of replicating chromatin, the roots were incu-
bated in 5-bromo-2'-deoxyuridine (BrdU, 100 uM), fluorodeoxy-
uridine (0.1 pM) and uridine (5 pM) for 30 min in the dark. After
rinsing, the roots were fixed in 4% formaldehyde, TRIS buffer be-
fore isolation and flow-sorting of nuclei.

Detection of BrdU incorporation was combined with FISH
with BACY to discriminate between the centromeric and telomeric
poles. The slides were treated first as described above for FISH
(postfixation, dehydration, air-drying, denaturation and overnight
hybridization with probe). Incorporated BrdU was then detec-
ted together with the probe, using mouse anti-BrdU antibodies
(Becton Dickinson, 1:20-1:50) applied together with anti-digoxi-
genin-FITC (Roche Biochemicals, 1:50) for digoxigenin-labeled
BAC7, followed by anti-mouse-Alexa®® (Molecular Probes,
1:500-1:1000) and counterstaining with DAPI.

For detection of replicating centromeres, FISH with BAC7 was
performed after BrdU labeling. In this experiment BrdU detection
was as described (Jasencakova et al. 2000). Briefly, the slides
were postfixed in 4% paraformaldehyde/PBS, washed in PBS, de-
natured in 50% formamide/PBS at 80°C for 1 min and cooled
down in ice-cold PBS. After blocking, the slides were incubated
with mouse anti-BrdU (Becton Dickinson, 1:20) followed by anti-
mouse-Alexa®® (Molecular Probes, 1:500). After counterstaining
with DAPI (1 pg/ml in Vectashield) the slides were checked and
images of nuclel together with their coordinates were recorded.
After washing in TNT (100 mM TRIS-HCI pH 7.5, 150 mM
NaCl, 0.05% Tween 20), the slides were dehydrated through an
ethanol series, air-dried, and baked at 60°C for 30 min. Fluores-
cent in situ hybridization with BAC7 was then performed as de-
scribed above. Biotin-labeled BAC7 was detected using streptavi-
din-AMCA (7-amino-4 methylcoumarin-3-acetic acid,Vector,
1:50), followed by biotinylated anti-streptavidin (Vector, 1:200)
and streptavidin-AMCA (1:50) for signal amplification. Slides
were mounted in Vectashield. The BrdU labeling patterns of nu-
clei before FISH were then compared with FISH signals obtained
with the BAC7 probe.

Histone immunolabeling

For histone immunolabeling the following rabbit polyclonal anti-
sera recognizing histone H3 and H4 isoforms with acetylated ly-
sine residues (given in parentheses) were used: R41 (H4Acb5),
R232 (H4Ac8), R101 (H4Ac12), R252 (H4Acl6), R243 (binding
preferentialy to tri- and tetra-acetylated H4), R47 (H3Ac9 and/or
18) and R224 (H3Ac14) (Turner and Fellows 1989; Turner et al.
1989; Belyaev et a. 1996; Stein et a. 1997; White et al. 1999).
The specificity of these antibodies to the corresponding isoforms
of plants has been shown on immunaoblots (Buzek et al. 1998).
Preimmune sera neither reacted with nuclear proteins (Buzek et al.
1998) nor with chromosomes of the tested plants (Vyskot et al.
1999). The immunolabeling procedure was carried out as de-
scribed (Jasencakova et a. 2000): after postfixation in 4% para-
formaldehyde in PBS and washes in PBS, the slides were blocked
for 1 h at 37°C, and then incubated with the primary antisera dilut-
ed 1:100-1:200 in PBS buffer containing 1% BSA, 10% horse se-
rum, and 0.1% Tween 20. Antisera were detected by anti-rabbit-
FITC (Sigma, 1:80), and nuclei were counterstained with DAPI
(1 pg/ml, Vectashield). Secondary antibodies stained neither mitot-
ic chromosomes nor nuclei of barley.

When histone immunolabeling and FISH were combined, im-
munolabeling was performed first. After checking the slides, cov-
erslips were removed and dehydration, baking and FISH were
done as described above. In this case, the probe was either directly
labeled (tetramethylrhodamine-dUTP) or, when digoxigenin-
labeled probe was used, it was detected with anti-digoxigenin-
rhodamine (Roche Biochemicals, 1:50).

Usually, histone immunolabeling signals were preserved after
FISH. In case their intensity decreased considerably, images of nu-
clei captured before FISH were compared with those obtained af-
ter FISH.
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Nascent RNA labeling

5'-Bromo-5'-triphosphate (BrUTP) incorporation into isolated
nuclei was done on slides according to Thompson et al. (1997)
and Abranches et al. (1998). Preparations were incubated with the
transcription mix consisting of 50 uM CTP, 50 M GTP, 25 uM
BrUTP (Sigma), 100 U/ml RNase inhibitor RNA Guard (Pharma-
cia) in MPB buffer (100 mM potassium acetate, 20 mM KClI,
20 mM HEPES, 1 mM MgCl,, 1 mM ATR, 1 mM dithiothreitol,
pH 7.4) for 6 min at room temperature. Nuclei were fixed in 4%
paraformaldehyde/PBS for 30 min, washed in PBS and blocked
for 45 min at 37°C. BrUTP was then detected using the same anti-
bodies as for BrdU (see above).

The slides were inspected using a Zeiss Axiophot 2 epifluores-
cence microscope equipped with a cooled CCD camera (Photo-
metrics). Images were captured using IPLab Spectrum software,
pseudocolored, and merged in Adobe Photoshop.

Results

Polar nuclear organization of barley nuclei is preserved
throughout the entire interphase

A strong polar organization of nuclei with centromeres
clustered at one pole and telomeres at the opposite
nuclear pole (Rabl orientation, Rabl 1885), as obser-
ved for barley by Anamthawat-Jonsson and Heslop-
Harrison (1990), Noguchi and Fukui (1995) and Dong
and Jiang (1998), was confirmed by our two-color
FISH with BAC7 (containing centromere-specific re-
troelement sequences, Presting et al. 1998) and HvTO1
(a 118 bp subtelomeric tandem repeat, Belostotsky and
Ananiev 1990), see Fig. 2A. This was maintained
throughout all interphase stages. To identify hetero-
chromatin domains in interphase nuclei, (GAA),, re-

Fig. 2A—C Polar chromatin organization of barley interphase
nuclei as revealed by fluorescent in situ hybridization (FISH).
A Centromeres (BAC7, red) and telomeres (HvTO1, green) are lo-
cated at opposite nuclear poles. B Heterochromatin represented by
(GAA), oligonucleotide signals (green) is located exclusively at
the centromeric pole (BAC7, red). Bars represent 10 um. C The
polar organization of barley nuclei is also reflected by DAPI stain-
ing (left and middle). The pole stained more extensively with
DAPI contains centromeres (BAC7 signals, right). The DAPI-
negative spots (middle) correspond to the centromeres (right).
Bar represents 5 um
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Fig. 3A—E Replication pat-
terns of isolated and flow-sor-
ted nuclei of barley root tip
meristems during S-phase after
a 30 min 5-bromo-2'-deoxyuri-
dine (BrdU) pulse. Centro-
mere-specific BAC7 was used
as aprobe to identify the nucle-
ar poles. A Early S-phase with
nucleoli (nu) exclusively la-
beled. B Early S-phase with
stronger BrdU labeling at the
telomeric pole. C Mid S-phase
with BrdU signals distributed
uniformly throughout the
nucleus. Centromeres (green
BACT signals) are not labeled
with BrdU. D Mid/late S-phase
with uniformly labeled chro-
matin and more intensely la-
beled spots (left) at the regions
of centromeres [BAC7 detect-
ed by streptavidin-AMCA
(7-amino-4 methylcoumarin-
3-acetic acid), blue, right].

E Late S-phase with only the
centromeric pole BrdU labeled.
Bar represents 10 um

peats locating to heterochromatic C-bands on barley
chromosomes (Pedersen and Linde-Laursen 1994; Pe-
dersen et al. 1996) were used. Most of the (GAA),, Sig-
nals were found to be clustered at the centromeric pole
close to the centromeres when (GAA),, was hybridized
simultaneously with BAC7 (Fig. 2B). A polar orienta-
tion of chromatin was also observed after DAPI stain-
ing. The centromere-containing pole proved to be more
intensely and the telomere-containing pole less intense-
ly stained while centromeres themselves appeared as
DAPI-negative spots. The polar DAPI staining intensi-
ty sometimes diminished or disappeared after the
FISH procedure, whereas DAPI-negative spots indicat-
ing centromeres were more pronounced after FISH
(Fig. 2C).

The magjority of nuclei probed with BAC7 revealed 12
to 14 intense signal spots. This corresponds to the cen-
tromeric FISH signals on mitotic chromosomes with oc-
casionally weaker signals at the centromeres of one of
the seven chromosome pairs. Nuclei with fewer than 12,
but larger and more intense signals indicate association
of centromeres as reported for centromeres in field bean
nuclei (Houben et al. 1995). To see whether or not cen-
tromere association in barley nuclei is correlated with a
specific cell cycle stage, the BACY signals were counted
in sorted G1-, early S-, mid S, late S- and G2-phase nu-
clei. The results (Table 1) show that the proportion of
nuclei with less than 12 BACY7 signals increased from
~41% in G1- and early S to mid S-phase (55.9%),
reached a maximum in late S-phase (62.5%) and then de-
creased dlightly in G2-phase (59.4%). It cannot yet be
proved, however, whether or not this association is con-
fined to homol ogous centromeres as usually observed for
Arabidopsis (Fransz et a. 2001).

Table 1 Number of FISH signals obtained with the BAC7 probe
representing centromeres in flow-sorted nuclei of Hordeum wul-
gare

<12 signals 12-14 signals? n

n % n %
G1-phase 40 417 54 56.2 96
Early S-phase 38 413 54  58.7 92
Mid S-phase 57 55.9 45 441 102
Late S-phase 55 625 29 329 88
G2-phase 57 594 39 406 96

aMore than 14 signals were found in 2.1% of G1-phase and 4.5%
of late S-phase nuclei; the additional signals probably represent
background artifacts

Replication of the chromatin domains is temporally
ordered and reflects the polar nuclear organization

Fluorescent in situ hybridization with BAC7 combined
with detection of BrdU incorporation in flow-sorted nu-
clei allowed the temporal and spatial replication patterns
of chromatin domains during S-phase to be followed. Al-
most 40% of nuclei in early S-phase showed labeled nu-
cleoli after a 30 min BrdU pulse, while only 2% of nu-
clei showed this pattern in mid S-phase (see Fig. 3 and
Table 2 for the frequency of the replication patterns dur-
ing S-phase). The telomeric pole was strongly labeled in
more than 40% of nuclei in early S-phase, in 15% of mid
S-phase nuclel, and not at all in late S-phase. In contrast,
the centromeric pole was found to be labeled much more
strongly than the remaining chromatin in about 10% of
mid S-phase and 40% of late S-phase nuclei. Occasional -
ly occurring BrdU-labeled nuclei in G2-phase exclusive-



Table 2 Replication patterns of barley nuclei during S-phase
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n Nucleolus Telomeric pole Uniformly Centromeres Centromeric pole
labeled labeled labeled labeled labeled
n % n % n % n % n %
Early S-phase 85 33 38.8 35 41.2 17 20.0 0 0.0 0 0.0
Mid S-phase 105 2 19 16 15.2 60 57.1 16 15.2 11 10.5
Late S-phase 86 0 0.0 0 0.0 17 19.8 34 395 35 40.7
Table 3 Histone H4AC5 label- .
ing patterns of barley nuclei Labelingtype  Cell cycle stage
during interph .
Hring interphase G1-phase Early S-phase = Mid S-phase =~ Late S-phase G2-phase
% n % n % n % n % n
I+la 78.1 182 282 62 156 37 19.2 46 51.6 114
I 86 20 55.0 121 413 98 176 42 72 16
Il 0.4 1 77 17 26.6 63 247 59 104 23
Ila 56 13 55 12 110 26 322 77 26.7 59
v 73 17 36 8 55 13 6.3 15 4.1 9
Total 100 233 100 220 100 237 100 239 100 221

ly showed this pattern. Uniform distribution of BrdU sig-
nals over the nuclei was found in 57% of mid S-phase
nuclei.

To visualize BrdU-labeled centromeres it was neces-
sary to perform FISH with BAC7 after BrdU detection
(see Materiadls and methods). Intense incorporation of
BrdU into centromeric regions was found in middle and
late S-phase (15.2% and 39.5% of nuclei, respectively).
The remaining chromatin in such nuclei was generally
strongly labeled and the BrdU signals were uniformly
distributed all over the nuclei (Fig. 3D).

From these data the following sequence of replication
for defined chromatin domains in barley nuclei was de-
rived: rDNA is replicated during early S-phase followed
by replication of euchromatin, which starts from the telo-
meric pole and continues throughout mid S-phase,
spreading all over the nucleus. In accordance with the
data of Kakeda and Yamagata (1992) centromeres start
replication in mid S-phase, when euchromatin replica-
tion is still ongoing. Heterochromatin (located at the cen-
tromeric pole) starts replication after centromeres, when
euchromatin replication is mostly finished.

Histone acetylation of the monocot H. vulgare
revealed similarities with as well as differences
from the dicot V. faba

Interphase nuclei of V. faba revealed different H4ACS la-
beling patterns, atering in frequency during the cell cy-
cle (Jasencakova et al. 2000). Comparable patterns were
also observed for H4ACS5 in barley nuclei isolated from
root-tip meristems (Fig. 4A-D): type | with strongly la-
beled nucleoli and weakly labeled chromatin occasion-
ally including unlabeled spots; subtype la with less (of-
ten peripherally) labeled nucleoli (not shown); type Il

with unlabeled nucleoli and densely labeled chromatin;
type 11 with unlabeled nucleoli, weak labeling of most
chromatin and clusters of bright labeling at one pole;
subtype Illa differs from I11 by (strongly) labeled nucle-
oli; type IV (not shown) is characterized by more or less
uniform labeling. The same patterns were also observed
for barley nuclei after labeling of H4Ac12 and tetra-ace-
tylated H4.

The frequency of the H4AC5 labeling types during in-
terphase is shown in Table 3 and Fig. 5. Similar to V. fa-
ba, strongly and moderately labeled nucleoli (types | and
la) appeared most frequently in G1- and G2-phase, unla-
beled nucleoli (type Il) in early S-phase nuclei. Types il
and llla with brightly labeled spots (at one pole) were
frequently found in mid and late S- and with decreasing
frequency in G2-phase nuclei. Uniformly labeled type IV
nuclei occurred at a low frequency (3.6%—7.3%, see
Table 3) within all cell cycle fractions.

In V. faba nuclei the strongly acetylated spots of type
[l and Illa nuclei represented heterochromatin domains.
To see whether the same is true aso for barley, H4Ac5
immunol abeling was combined with FISH using (GAA)
oligonucleotides and BAC7 as probes. H4Ac5 bright
spots were always found to be clustered at the centro-
meric pole of barley nuclei. In type Il and Illa nuclei
the bright spots colocalized with BAC7 signals at the
centromeres (Fig. 4E). Also nuclei with more H4Ac5
bright spots than BAC7 signals were found. To see
whether or not the strongly acetylated chromatin do-
mains, not identical with centromeres, might be hetero-
chromatin domains, FISH with (GAA),, oligonucleotides
was performed after H4AC5 labeling. Maostly complete or
at least partial colocalization of such H4Ac5 bright spots
and (GAA),y was found (Fig. 4F), confirming that in ad-
dition to centromeres heterochromatin is also subject to
H4 acetylation during late S-phase in barley. At a low
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Fig. 4A-L Histone H4ACc5 labeling of barley interphase nuclei
and metaphase chromosomes. A-D Different labeling patterns of
interphase nuclei after immunostaining with antibodies against
H4Ac5. A Type |. B Type Il. C Type Ill. D Type Illa. Note the
differences in chromatin and nucleolus (nu) labeling. E Most of
the brightly labeled spotsin type Ill and Il1anuclei (left) represent
centromeres as shown after FISH (red BACY signals, middle). Sig-
nals for H4Ac5 and BACY colocalize to a great extent (yellow,
right). In addition the nucleolus is strongly acetylated as is typical
for type Illa nuclei. F In addition to the centromeres heterochro-
matin is also subject to H4 acetylation in type Il (mid to late
S-phase) nuclei (left) as shown after FISH with (GAA),, (red,
middle) and merging of both signals (yellow, right). G (GAA)4,
oligonucleotides localize to the pericentromeric heterochromatin

frequency prophases were also more intensely labeled at
one pole. Occasionally, even metaphase chromosomes
with strongly labeled pericentromeric regions were de-
tected (Fig. 4H), and a few type Illa nuclei were till
present during G1-phase (Table 3), indicating delayed de-
acetylation of heterochromatic domains in these cases. In
general, however, the centromeres and pericentromeric

type Il

(identical with C-bands) of barley chromosomes, as shown for
chromosome 4. H-J Examples of representative metaphase chro-
mosome labeling patterns after H4Ac5 detection. H The pericen-
tromeric region is more strongly labeled than the remaining chro-
matin. | Uniform distribution of signals all over the chromosome.
J Centromeric and pericentromeric heterochromatin is less labeled
than the distal euchromatic regions (majority of chromosomes).
K The nucleolus organizer region (NOR) reveals the most intense
H4Ac5 labeling of the chromosome 71 of karyotype MK14/2034.
L Chromosome 6 of the translocation line T2052 (carrying NOR6
and 7 on the opposite arms) with both NORs strongly labeled for
H4Ac5 although only NORG is active in nucleolus formation
(Schubert and Kiinzel 1990). Bars in A-D and E, F represent
5um

regions of mitotic chromosomes showed a similar or
weaker acetylation of al acetylatable lysines of H4 than
the distal euchromatic regions (Table 4; Fig. 41, J).

While for heterochromatin of V. faba, K5, K12 and
K16 of H4 appeared to be highly acetylated in a deposi-
tion-related manner during replication (Belyaev et al.
1997; Jasencakova et a. 2000), which indicates incorpo-
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H4Ac16

Fig. 6A—C Acetylated isoforms of histones H4 and H3 reveal a po-
lar distribution in barley interphase nuclei. The positions of nucleoli
(nu) are indicated. The centromere-specific BAC7 probe (red FISH
signals, right) was used to identify the centromeric pole. A Intense
H4Acl16 immunosignals (left) were found at the telomeric pole,
while the centromeric pole remained almost unlabeled throughout
interphase. B Stronger H4Ac8 immunolabeling signals were found
at the centromeric pole in about 30% of mid S-phase nuclei. A
strong autofluorescence of nucleoli does sometimes appear after
FISH. C H3Acl14 immunosignas are more intense at the telomeric
than at the centromeric pole. Bars represent 5 um

ration of acetylated isoforms into newly replicated chro-
matin (Sobel et al. 1995), this was not the case for K16
in barley heterochromatin. Intense immunosignals for
H4Acl6 were confined to the telomere-containing eu-
chromatic pole (Fig. 6A) during al interphase stages. In-
stead, strong H4Ac8 labeling, which was not observed
for V. faba heterochromatin, occurred at the centromeric

89

Fig. 7A, B Perinucleolar knobs of rDNA can be subject to strong
histone H4 acetylation. A H4Ac5 signals (left) at perinucleolar
knobs (red FISH signals for rDNA, right) were found in 10% of
G1- and S-phase nuclel, and 15% of G2-phase nuclei. B Strong
H4Ac8 immunosignals (left) at rDNA perinucleolar knobs (right)
were detected in about 20% of nuclei during all cell cycle stages.
Bar represents 5 um

Table 4 Most frequent acetylation patterns of histones H4 and
H3 in H. vulgare mitotic chromosomes. (+, —, and uni indicate
a higher, lower or uniform level, respectively, of acetylation as
compared with ‘average’ chromatin)

Heterochromatina
and centromeres

Nucleolus
organizer region

H4 K5 + -
K8 Uni -
K12 + -
K16 Uni -
TetraAcH4 + —
H3 K14 Uni _
K9/18 Uni Uni, cen-

aConfined to pericentromeric regions

pole (Fig. 6B) in >30% of mid S-, 9% of late S- and 6%
of G2-phase nuclei of barley.

Asin V. faba, NORs turned out to be the most strong-
ly labeled regions for H4Ac5 (Fig. 4K) in ~80% of
NOR-bearing metaphase chromosomes of barley. The
same was observed for barley NORs during mitosis (Idei
et a. 1996). Within the barley translocation line T2052
carrying NOR6 and NOR7 on opposite arms of chromo-
some 6, both NORs showed similarly strong acetyla-
tion (Fig. 4L), albeit only NORS is active in nucleolus
formation and NOR7 is nearly completely suppressed
(Schubert and Kiinzel 1990). Both barley NORs were
strongly labeled also for H4Ac12 and tetra-acetylated H4
but not for H4Ac8 and H4Ac16 (Table 4).

Previous experiments with V. faba have shown that
perinucleolar knobs of rDNA generally do not contain
acetylated H4 (Jasencakova et a. 2000) and are tran-
scriptionally inactive (Shaw et al. 1995). Perinucleolar
knobs of rDNA in barley nuclei, however, were found
to contain H4Ac5 (Fig. 7A) in up to 10% of G1- and
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S-phase and in ~15% of G2-phase nuclei (type | with
strongly labeled nucleoli). The rDNA knobs also con-
tained H4Ac8 (Fig. 7B) in about 20% of nuclei of all cell
cycle stages while nucleolar labeling was in most cases
not stronger than that of the remaining chromatin.

Two different heterochromatin fractions of V. faba
were, depending on their base composition, either less or
more heavily acetylated at K14 and K9/18 of H3 than the
euchromatin throughout the cell cycle (Jasencakova et al.
2000). On barley mitotic chromosomes, centromeres
were less labeled at K14 and K9/18 than the remaining
chromatin, whereas pericentromeric heterochromatin
showed weaker labeling with H3Acl4 but not with
H3Ac9/18-specific antibodies (Table 4). In interphase
nuclei, the pole opposite the centromeres was aways
more strongly labeled for H3Ac14 (Fig. 6C). Nucleoli
were labeled similarly to or less than the remaining chro-
matin. No polar distribution of signals was observed af-
ter labeling of H3Ac9/18 in barley nuclei. Asin V. faba,
the interphase acetylation patterns of H3 were fairly con-
stant and corresponded to those of mitotic chromosomes.

Histone acetylation does not reflect transcriptional
activity of chromatin domains

Acetylation of H4 and H3 was reported to be linked with
the transcriptional activity of genes (Kuo et a. 1996). In
order to see whether such a correlation holds true at the
level of larger chromatin domains, BrUTP incorporation
into isolated, unfixed barley nuclei was tested. Despite
the strong polar organization of barley nuclei into a
heterochromatin-rich and a heterochromatin-free pole,
and in contrast with the H3 acetylation patterns, no gra-
dient of BrUTP signals was observed. This agrees with
results obtained for wheat nuclei also showing a clear
Rabl orientation of interphase chromosomes (Abranches
et al. 1998). Most of the BrUTP signals appeared within
the nucleolus independently of its acetylation status
(Fig. 8A). Individua foci of BrUTP incorporation within
the remaining chromatin frequently did not colocalize
with the spots of strong H3Ac14 labeling (Fig. 8B).
Thus, as observed for V. faba (Jasencakova et al. 2000),
there is no obvious correlation between the biased H3
and/or H4 acetylation of distinct chromatin domains in
interphase and their potential trancriptional activity. This
suggests that the global acetylation patterns of large
chromatin domains may deviate from and overwhelm the
fine-tuning of acetylation at promoter-containing nucleo-
somes that is apparently correlated with gene expression.
A lack of correlation between acetylation and trancript-
ional activity is also indicated by the strong acetylation
of K5 and K8 of H4 at inactive rDNA knobs (Fig. 7) and
of K5 and K12 of H4 at the inactive NOR7 within the
translocation line T2052 (Fig. 4L). Although Chen and
Pikaard (1997) found an at least transient de-repression
of silent NORs in alopolyploid Brassica hybrids when
hypermethylation and/or deacetylation of silenced NORs
was inhibited, this is obviously not a general mechanism

Fig. 8A, B Histone H3 acetylation and transcriptional activity.
A Interphase nucleus after immunolabeling of H3Ac14 (green,
left) and BrUTP incorporation (red, right). Most BrUTP signals
occur within the nucleolus, which is not acetylated at K14 of H3;
no gradient of signals appears over the remaining chromatin. To
visualize chromatin labeling, BrUTP signals had to be enhanced;
therefore signals over the nucleolus appear to be overexposed.
B Detail of A; BrUTP signal foci (middle) do often not colocalize
with H3Ac14 signa dots (left) when merged (right). Bar repre-
sents 10 pm

for reactivation of suppressed NORs. Our previous work
on nucleolar dominance in barley has shown that the
ability to form a nucleolus could be restored by inhibi-
tion of methylation in the case of rDNA silenced due to
splitting of NOR®6 via translocation, but not in cases of
translocation of the entire NOR?7 to the long arm of chro-
mosome 6 (Schubert and Kiinzel 1990). In the latter
cases neither reduced methylation nor high acetylation of
histone H4 is sufficient to de-repress the silent NOR.

Discussion

We have investigated the chromatin organization within
barley interphase nuclel and its relation to replication
and histone acetylation. Barley interphase nuclei, flow-
sorted into G1-, early S-, mid S, late S- and G2-phase
fractions, revealed a pronounced Rabl orientation (Rabl
1885) with centromeres and telomeres clustered at oppo-
site nuclear poles and pericentromeric heterochromatin
located at the centromeric pole (Fig. 2). This type of
chromatin organization reflects the arrangement of chro-
matin domains in mitotic chromosomes and was stably
maintained throughout the cell cycle.

Fluorescent in situ hybridization of BrdU-pulsed and
flow-sorted meristematic nuclei has shown that replica-
tion starts at rDNA, followed by euchromatin and cent-
romeres, and finishes at the pericentromeric heterochro-
matin. Initiation of centromere replication in mid
S-phase has also been documentated for mammals
(Bartholdi 1991; O'Keefe et a. 1992) but whereas im-
munologically detected human centromeres were found
to be dispersed during replication (Bartholdi 1991), bar-
ley centromeres maintained their condensed character



throughout S-phase. Association of (homologous?) cent-
romeres in barley was found to occur preferentially dur-
ing their replication. Although association of homolo-
gous centromeres is usually not evident in mammals
(Ferguson and Ward 1992; Vourc'h et al. 1993) it has
been demonstrated for Indian muntjac centromeres
(Hadlaczky et al. 1986).

The data obtained for histone H3 and H4 acetylation
within distinct chromatin domains of barley during the
cell cycle in comparison with those reported for the dicot
V. faba lead to the following conclusions: (i) in contrast
to H4, no significant alteration of H3 acetylation occurs
during the cell cycle in either plant species. (ii) The se-
guence-dependent strong acetylation of K14 and K9/18
of H3 of a particular heterochromatin fraction is appar-
ently a specific feature of V. faba. (iii) Deposition-related
acetylation in barley seems to be restricted to K5 and
K12 of H4, as in insects and mammals (Sobel et al.
1995). (iv) The stronger acetylation of the barley mitotic
NORs is restricted to K5 and K12 of H4. (v) If, contrary
to the situation in the field bean, K8 instead of K16 of
H4 is additionally subjected to a high deposition-related
acetylation in barley, this becomes reversed in hetero-
chromatin during late S-/early G2-phase, while deacety-
lation of K5 and K12 can be delayed up to the next
Gl-phasein barley. (vi) Comparable to the situation in V.
faba, increased acetylation of H4 is correlated with repli-
cation (except for the NOR) rather than with the tran-
scriptional activity of large chromatin domains as indi-
cated by the H4 acetylation patterns during interphase,
by the BrUTP labeling pattern after ‘run on transcrip-
tion’ as well as by the strong acetylation of rDNA knobs
during interphase and of the inactive NOR7 of the line
T2052. (vii) The below-average acetylation of H3/H4 at
barley centromeres during mitosis is probably due to
their high content of tandem repeats (Presting et al.
1998), while no centromere-specific tandem repeats
(Houben et al. 1996b) and no underacetylation of H3 and
H4 (Jasencakova et al. 2000) were detectable at Vicia
centromeres.

Therefore, on the one hand, deposition-related acety-
lation of K5 and K12 of H4 (Sobel et al. 1995; Jasenca-
kova et al. 2000) as well as the strong H4 acetylation
within heterochromatic domains occurs around replica-
tion and becomes reversed later during the cell cycleto a
level below that of euchromatin (Taddei et al. 1999;
Jasencakova et al. 2000). This phenomenon seems to be
conserved between animals and plants and may represent
a common feature among eukaryotes. On the other hand,
the stronger acetylation of (some) lysine positions at mi-
totic NORs, as compared with euchromatin (for review
see Jasencakova et al. 2000), and the different acetyla-
tion patterns for H3 and H4 along specific chromatin do-
mains seem to be typical for plants (Jasencakova et al.
2000) rather than for animals (Belyaev et a. 1996).

Acknowledgements We thank Joachim Bruder, Barbara Hilde-
brandt, Martina Kithne and Rita Schubert for excellent technical
assistance, Jaroslav Dolezel and M. Lysék for advice and help
with chromosome isolation, Bryan M. Turner for providing us

91

with the antibodies, Paul Fransz for helpful discussions and
Rigomar Rieger for critical reading of the manuscript. This work
was supported by a grant from the Land Sachsen-Anhalt
(3233A/0020B). The experiments comply with the current laws of
the Federal Republic of Germany.

References

Abranches R, Beven AF, Aragon-Alcaide L, Shaw PJ (1998) Tran-
scription sites are not correlated with chromosome territories
in wheat nuclei. J Cell Biol 143:5-12

Anamthawat-Jonsson K, Heslop-Harrison JS (1990) Centromeres,
telomeres and chromatin in the interphase nucleus of cereals.
Caryologia 43:205-213

Bartholdi MF (1991) Nuclear distribution of centromeres during
the cell cycle of human diploid fibroblasts. J Cell Sci 99:255—
263

Belostotsky DA, Ananiev EV (1990) Characterization of relic
DNA from barley genome. Theor Appl Genet 80:374-380

Belyaev ND, Keohane AM, Turner BM (1996) Differential under-
acetylation of histones H2A, H3 and H4 on the inactive X
chromosome in human female cells. Hum Genet 97:573-578

Belyaev ND, Houben A, Baranczewski P, Schubert | (1997) His-
tone H4 acetylation in plant heterochromatin is altered during
the cell cycle. Chromosoma 106:193-197

Belyaev ND, Houben A, Baranczewski P, Schubert | (1998) The
acetylation patterns of histones H3 and H4 along Vicia faba
chromosomes are different. Chromosome Res 6:59-63

Buzek J, Riha K, Siroky J, Ebert I, Greilhuber J, Vyskot B (1998)
Histone H4 underacetylation in plant facultative heterochro-
matin. Biol Chem 379:1235-1241

Chen ZF, Pikaard CS (1997) Epigenetic silencing of RNA poly-
merase | transcription: arole for DNA methylation and histone
modification in nucleolar dominance. Genes Dev 11:2124—
2136

Dietzel S, Schiebel K, Little G, Edelmann P, Rappold A, Eils R,
Cremer C, Cremer T (1999) The 3D positioning of ANT2 and
ANT3 genes within female X chromosome territories corre-
lates with gene activity. Exp Cell Res 252:363-375

Dong F, Jiang J (1998) Non-Rabl patterns of centromere and telo-
mere distribution in the interphase nuclei of plant cells. Chro-
mosome Res 6:551-558

Eils R, Dietzel S, Bertin E, Schrock E, Speicher MR, Ried T,
Robert-Nicoud M, Cremer C, Cremer T (1996) Three-dimen-
sional reconstruction of painted human interphase chromo-
somes. active and inactive X chromosome territories have
similar volumes but differ in shape and surface structure.
JCell Biol 135:1427-1440

Ferguson M, Ward DC (1992) Cell cycle dependent chromosomal
movement in pre-mitotic human T-lymphocyte nuclei. Chro-
mosoma 101:557-565

Fransz P, de Jong JH, Ruffini Castiglione M, Schubert | (2001)
Chromosomes in interphase nuclel of Arabidopsis thaliana are
organized as euchromatin loops around heterochromatin com-
partments. Nat Genet (in press)

Grunstein M (1997) Histone acetylation in chromatin structure
and transcription. Nature 389:349-352

Hadlaczky G, Went M, Ringertz NR (1986) Direct evidence for
the non-random localization of mammalian chromosomes in
the interphase nucleus. Exp Cell Res 167:1-15

Houben A, Guttenbach M, Kress W, Pich U, Schubert |, Schid M
(1995) Immunostaining and interphase arrangement of field
bean kinetochores. Chromosome Res 3:27-31

Houben A, Belyaev ND, Turner BM, Schubert | (1996&) Differen-
tial immunostaining of plant chromosomes by antibodies
recognizing acetylated histone H4 variants. Chromosome Res
4:191-194

Houben A, Brandes A, Pich U, Manteuffel R, Schubert | (1996b)
Molecular-cytogenetic characterization of a higher plant cen-
tromere/kinetochore complex. Theor Appl Genet 93:477-484



92

Idei S, Kondo K, Turner BM, Fukui K (1996) Tomographic distri-
bution of acetylated histone H4 in plant chromosomes, nuclei
and nucleoli. Chromosoma 105:293-302

Ikura T, Ogryzko VV, Grigoriev M, Groisman R, Wang J,
Horikoshi M, Scully R, Qin J, Nakatani Y (2000) Involvement
of the TIP60 histone acetylase complex in DNA repair and ap-
optosis. Cell 102:463-473

Jasencakova Z, Meister A, Walter J, Turner BM, Schubert | (2000)
Histone acetylation of euchromatin and heterochromatin is
correlated with replication rather than with transcription. Plant
Cell 12:2087-2100

Jeppesen P, Turner BM (1993) The inactive X chromosome in fe-
male mammals is distinguished by a lack of histone H4 acety-
lation, a cytogenetic marker for gene expression. Cell 74:281—

89

Kakeda K, Yamagata H (1992) Immunological analysis of chro-
mosome replication in barley, rye, and durum wheat by using
an anti-BrdU antibody. Hereditas 116:67—70

Kubalakova M, Macas J, Dolezel J (1997) Mapping of repeat-
ed DNA sequences in plant chromosomes by PRINS and
C-PINS. Theor Appl Genet 94:758-763

Kuo M-H, Brownell JE, Sobel RE, Ranali TA, Cook RG,
Edmondson DG, Roth SY, Allis CD (1996) Transcription-
linked acetylation by Gen5p of histones H3 and H4 at specific
lysines. Nature 383:269-272 .

Lysék M, Cihalikova J, Kubaldkova M, Simkova H, Kinzel G,
Dolezel J (1999) Flow karyotyping and sorting of mitotic
chromosomes of barley (Hordeum vulgare L.). Chromosome
Res 7:431-444

McBlane F, Boyes J (2000) Stimulation of V(D)J recombination
by histone acetylation. Curr Biol 10:483-486

McMurry MT, Krangel MS (2000) A role for histone acetylation
in the developmental regulation of V(D)J recombination.
Science 287:495-498

Nagele RG, Freeman T, McMorrow L, Thompson Z, Kitson-Wind
K, Lee H-Y (1999) Chromosomes exhibit preferential posi-
tioning in nuclei of quiescent human cells. J Cell Sci 112:
525-535

Noguchi J, Fukui K (1995) Chromatin arrangements in intact in-
terphase nuclei examined by laser confocal microscopy.
J Plant Res 108:209-216

O’'Keefe RT, Henderson SC, Spector DL (1992) Dynamic organi-
zation of DNA replication in mammalian cell nuclei: spatially
and temporally defined replication of chromosome-specific
a-satellite DNA sequences. J Cell Biol 116:1095-1110

Pedersen C, Linde-Laursen | (1994) Chromosomal locations of
four minor rDNA loci and a marker microsatellite sequence in
barley. Chromosome Res 2:65-71

Pedersen C, Rasmussen SK, Linde-Laursen | (1996) Genome and
chromosome identification in cultivated barley and related
species of the Triticeae (Poaceae) by in situ hybridization with
the GAA-satellite sequence. Genome 39:93-104

Presting GG, Malysheva L, Fuchs J, Schubert | (1998) A
TY3/GYPSY retrotransposon-like sequence localizes to the
centromeric regions of cereal chromosomes. Plant J 16:721—
728

Rabl C (1885) Uber Zelltheilung. Morphol Jahrbuch 10:14-330

Sadoni N, Langer S, Fauth C, Bernardi G, Cremer T, Turner BM,
Zink D (1999) Nuclear organization of mammalian genomes:
polar chromosome territories build up functionally distinct
higher order compartments. J Cell Biol 146:1211-1226

Schubert I, Kiinzel G (1990) Position-dependent NOR activity in
barley. Chromosoma 99:352-359

Schubert |, Dolezel J, Houben A, Scherthan H, Wanner G (1993)
Refined examination of plant metaphase chromosome
structure at different levels made feasible by new isolation
methods. Chromosoma 102:96-101

Schubert 1, Shi F, Fuchs J, Endo TR (1998) An efficient screening
for terminal deletions and translocations of barley chromo-
somes added to common wheat. Plant J 14:489-495

Shaw PJ, Highett M1, Beven AF, Jordan EG (1995) The nucleolar
architecture of polymerase | transcription and processing.
EMBO J 14:2896-2906

Sobel RE, Cook RG, Perry CA, Annunziato AT, Allis CD (1995)
Conservation of deposition-related acetylation sites in newly
synthesized histones H3 and H4. Proc Natl Acad Sci USA
92:1237-1241

Stein P, Worrad DM, Belyaev ND, Turner BM, Schultz RM (1997)
Stage-dependent redistribution of acetylated histones in nuclei
of the early preimplantation mouse embryo. Mol Reprod Dev
47:421-429

Strahl BD, Allis CD (2000) The language of covalent histone
modifications. Nature 413:41-45

Struhl K (1998) Histone acetylation and transcriptional regulatory
mechanisms. Genes Dev 12:599-606

Taddei A, Roche D, Sibarita J-B, Turner BM, Almouzni G (1999)
Duplication and maintenance of heterochromatin domains.
JCell Biol 147:1153-1166

Tajbakhsh J, Luz H, Bornfleth H, Lampel S, Cremer C, Lichter P
(2000) Spatial distribution of GC- and AT-rich DNA sequences
within human chromosome territories. Exp Cell Res 255:
229-237

Thompson WF, Beven AF, Wells B, Shaw PJ (1997) Sites of
rDNA transcription are widely dispersed through the nucleo-
lus in Pisum sativum and can comprise single genes. Plant
J12:571-581

Turner BM (2000) Histone acetylation and an epigenetic code.
BioEssays 22:836-845

Turner BM, Fellows G (1989) Specific antibodies reveal ordered
and cell-cycle-related use of histone-H4 acetylation sites in
mammalian cells. Eur J Biochem 179:131-139

Turner BM, O'Neill LP, Allan IM (1989) Histone H4 acetylation
in human cells: frequency of acetylation at different sites de-
fined by immunolabelling with site-specific antibodies. FEBS
Lett 253:141-145

Turner BM, Birley AJ, Lavender J (1992) Histone H4 isoforms
acetylated at specific lysine residues define individua chro-
mosomes and chromatin domains in Drosophila polytene nu-
clei. Cell 69:375-384

Visser AE, Aten JA (1999) Chromosomes as well as chromosomal
subdomains constitute distinct units in interphase nuclei. J Cell
Sci 112:3353-3360

Vourc'h C, Taruscio D, Boyle AL, Ward DC (1993) Cell cycle-
dependent distribution of telomeres, centromeres, and chromo-
some-specific subsatellite domains in the interphase nucleus of
mouse lymphocytes. Exp Cell Res 205:142-151

Vyskot B, Siroky J, Hladilova R, Belyaev ND, Turner BM (1999)
Euchromatic domains in plant chromosomes as revealed by
H4 histone acetylation and early DNA replication. Genome
42:343-350

White DA, Belyaev ND, Turner BM (1999) Preparation of site-
specific antibodies to acetylated histones. Methods 19:417—
421

Yakura K, Tanifuji S (1983) Molecular cloning and restriction
analysis of EcoRI fragments of Vicia faba rDNA. Plant Cell
Physiol 24:1327-1330



6.3.

SoprrPE WJJ, JASENCAKOVA Z, HOUBEN A, KAKUTANI T, MEISTER A, HUANG MS,
JACOBSEN SE, SCHUBERT |, FRANSZ PF

DNA methylation controls histone H3 lysine 9 methylation and

heterochromatin assembly in Arabidopsis.

EMBO J 23:6549-6559, 2002




The EMBO Journal Vol. 21 No. 23 pp. 6549-6559, 2002

DNA methylation controls histone H3 lysine 9
methylation and heterochromatin assembly

in Arabidopsis

Wim J.J.Soppe’, Zuzana Jasencakova,
Andreas Houben, Tetsuji Kakutani?,
Armin Meister, Michael S.Huang?,
Steven E.Jacobsen®?, Ingo Schubert® and
Paul F.Fransz®

Department of Cytogenetics, Institute of Plant Genetics and Crop Plant
Research (IPK), Corrensstrasse 3, D-06466 Gatersleben, Germany,
’National Institute of Genetics, Mishima, Shizuoka 411-8540, Japan,
3Department of MCD Biology and “Molecular Biology Institute,
UCLA, Los Angeles, CA 90095-1606, USA and %Swammerdam
Institute for Life Sciences, University of Amsterdam, 1090 GB
Amsterdam, The Netherlands

'Present address: Max-Planck-Institut fiir Ziichtungsforschung,
Carl-von-Linné-Weg 10, D-50829 K&ln, Germany

>Corresponding author
e-mail: schubert@ipk-gatersleben.de

W.J.J.Soppe and Z.Jasencakova contributed equally to this work

We propose a model for heterochromatin assembly
that links DNA methylation with histone methylation
and DNA replication. The hypomethylated Arabidopsis
mutants ddml and metl were used to investigate the
relationship between DNA methylation and chromatin
organization. Both mutants show a reduction of
heterochromatin due to dispersion of pericentromeric
low-copy sequences away from heterochromatic chro-
mocenters. DDM1 and MET1 control heterochroma-
tin assembly at chromocenters by their influence on
DNA maintenance (CpG) methylation and subsequent
methylation of histone H3 lysine 9. In addition, DDM1
is required for deacetylation of histone H4 lysine 16.
Analysis of F; hybrids between wild-type and hypo-
methylated mutants revealed that DNA methylation is
epigenetically inherited and represents the genomic
imprint that is required to maintain pericentromeric
heterochromatin.

Keywords: Arabidopsiss/DDM1/heterochromatin/histone
methylation/MET1

Introduction

DNA methylation is essential for normal development of
most higher eukaryotes and is involved in genomic
imprinting, regulation of gene expression and defense
against foreign DNA (Jost and Saluz, 1993; Finnegan et al.,
1998). In concert with histone modifications, it contributes
to chromatin remodeling (reviewed by Richards and Elgin,
2002). From fission yeast to mammals, methylation of
histone H3 at lysine 9 (H3K9) is considered to be crucial
for heterochromatin assembly, whereas methylation of H3
at lysine 4 (H3K4) occurs preferentially within transcrip-
tionally competent chromatin (except for yeast rDNA,
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Briggs et al., 2001) (recently reviewed in Rice and Allis,
2001; Lachner and Jenuwein, 2002; Richards and Elgin,
2002). The interactions between DNA methylation,
histone modifications and chromatin structure have mainly
been studied at the molecular level for specific DNA
sequences. Integrated genetic, molecular and cytological
approaches can provide new insights into chromatin
remodeling. For example, genome-wide H4 acetylation
appeared to be tightly linked to DNA replication and
possibly with post-replicative processes rather than with
transcriptional activity (Jasencakova et al., 2000, 2001).
Studies on DNA methylation and histone modifications at
the nuclear level using DNA methylation mutants may
elucidate the process of heterochromatin formation.

Several mutants with reduced DNA methylation levels
have been isolated in Arabidopsis. The strongest effects on
DNA methylation were found in the recessive mutants
decrease in DNA methylationl (ddml; Vongs et al., 1993)
and methyltransferasel (metl; Finnegan et al., 1996;
Ronemus et al., 1996). DDM1 encodes a SWI/SNF-like
protein, presumably a chromatin remodeling factor
(Jeddeloh et al., 1999), while METI encodes a mainten-
ance methyltransferase (Finnegan and Kovac, 2000). They
are the plant homologs of the mammalian Lsh and Dnmt1
genes, respectively (Finnegan et al., 1996; Dennis et al.,
2001). In both ddml and metl, repetitive and single-copy
sequences become hypomethylated, causing a reduction in
methylation level by ~70% (Vongs et al., 1993; Ronemus
et al., 1996). Remethylation of hypomethylated sequences
is extremely slow or absent when ddml is backcrossed to
the wild type (Kakutani et al., 1999). The mutants are
further characterized by release of transcriptional gene
silencing (TGS) and post-transcriptional gene silencing
(PTGS) (Mittelsten Scheid et al., 1998; Morel et al., 2000)
and by reactivation of some transposons (Hirochika
et al., 2000; Singer et al., 2001). Morphological
phenotypes of ddml and metl include altered flower
morphology and leaf shape, sterility and late flowering,
and appear in the first homozygous mutant generation in
metl, but only after several generations of inbreeding in
ddml (Finnegan et al., 1996; Kakutani et al., 1996;
Ronemus et al., 1996).

The ddml and metl mutants have been analyzed at the
molecular and morphological level, but not in relation to
histone modifications and heterochromatin formation.
Heterochromatin in Arabidopsis nuclei is concentrated at
DAPI-bright chromocenters that contain major tandem
repeats (the centromeric 180 bp repeat and rDNA genes)
and dispersed pericentromeric repeats (Maluszynska and
Heslop-Harrison, 1991; Heslop-Harrison et al., 1999;
Fransz et al., 2002). The Ilatter consist mainly of
transposable elements and low-copy sequences (Fransz
et al., 2000; The Arabidopsis Genome Initiative, 2000).
All repeats are strongly methylated in wild-type plants but
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A weakly in ddml and metl single mutants (Vongs et al.,
1993; Ronemus et al., 1996; Kakutani et al., 1999).

To investigate the relationship between DNA methyl-
ation and genome-wide chromatin organization, and to
elucidate the hierarchy of processes that control hetero-
chromatin formation, we compared the location of (peri-)
centromeric sequences, the nuclear patterns of DNA
methylation and histone modifications, and the hetero-
chromatin structure of leaf interphase nuclei of wild-type
plants with those of ddml and metl mutant plants.

Results
B
Hypomethylated mutants contain reduced
16 amounts of heterochromatin
14 i After DAPI staining of wild-type nuclei from the
1 Landsberg erecta (Ler) accession, conspicuous hetero-
12 : chromatic chromocenters can be distinguished. In nuclei
10 T | . of the hypomethylated mutants ddml and metl, the
i S

e chromocenters are smaller, indicating a reduction of hetero-
chromatin (Figure 1A). This nuclear phenotype occurs in
different organs, developmental stages and genetic back-
grounds. We quantified this reduction of heterochromatin
content by measuring the area and staining intensity of the
chromocenters in relation to that of the entire nucleus
(chromocenter fraction). The chromocenter fractions of
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Fig. 1. Reduction of chromocenter size in hypomethylated mutants.
(A) Phenotypes of representative DAPI-stained leaf interphase nuclei in a
Ler background. Chromocenters are smaller and weaker stained in ddml
and met] nuclei than in wild-type nuclei, chromocenters in the ddml
metl double mutant show the weakest staining. Heterozygous DDM1 X
ddml and MET1 X metl F, plants show an intermediate nuclear pheno-
type between wild type and mutants. Bar = 5 um. (B) Chromocenter
fractions are shown as the percentage of area and staining intensity of
chromocenters in relation to the entire nucleus. This histogram quantifies
the observations shown in (A). Furthermore, it is shown that chromocen-
ters in ddml (in Col background) do not significantly reduce in size after

ddml and metl are reduced by ~25-30% in comparison to
the wild type (Figure 1B). The double mutant ddmi metI
shows a further reduction of 20-25% compared with the
single mutants, indicating an additive effect of both
mutations for this feature. F; hybrids between wild type
and either ddml or met] mutants contain nuclei with
intermediate chromocenter fractions (Figure 1B), consist-
ent with their intermediate methylation levels (Kakutani
et al., 1999). Since the plant phenotypes in ddml appear in
later generations (Kakutani et al., 1995), we determined
(in Columbia background) whether these generations also
show a further reduction in the chromocenter fraction.
Although nuclei from plants of the eighth generation with

two and eight selfing generations since the induction of the mutation.
Percentages are derived from measurements of 50 nuclei each and the
standard error of the mean is indicated on each bar.

a strong phenotype had smaller chromocenters than nuclei
from plants of the second generation without phenotype,
the difference was not significant (P = 0.122).

Fig. 2. Location of repetitive and single-copy sequences in leaf interphase nuclei. (A) Sequences corresponding to the 180 bp centromeric pAL repeat
(red) are always located at chromocenters. Sequences corresponding to the pericentromeric BAC F28D6 (green) are located at chromocenters in wild
type, but yield additional dispersed signals in the single and double mutants. Similar results were obtained with other pericentromeric BACs (F17A20,
F10A2 and F2112, DDBJ/EMBL/GenBank accession Nos AF147262, AF147259 and AF147261). (B) Schematic representation of BAC F28D6 (top).
The different sequence elements are shown in accordance with the GenBank annotation; green boxes above (A—H) indicate the position and size of dif-
ferent PCR fragments used as probes in FISH experiments. Red signals on the nuclei, corresponding to the location of Athila elements, are always
located at chromocenters. Green signals, corresponding to the location of PCR fragment C, are located at chromocenters in the wild type but yield
dispersed signals in ddmi. (C) All tested repetitive elements (Tat/ from the Ty3-gypsy group of LTR retrotransposons, Tal from the Tyl-copia group
of LTR retrotransposons, the MITE Emil2, the repetitive DNA element AthE1.4 and the chromomeric repeat ATR63) are located at chromocenters in
wild-type and mutant nuclei. (D) The CAC! sequence was most frequently detected at chromocenters in the wild-type and outside chromocenters in
the ddml mutant nuclei (arrow). The position of CACI on BAC T10J7 is indicated by a yellow box in the scheme. FISH with this BAC yielded mul-
tiple signals (red), due to the presence of repetitive elements. Green signal is from four PCR fragments (green in the scheme), amplified from a
sequence adjacent to CAC/, and indicates its original position. This signal is masked by the strong DAPI staining of chromocenters in the left image
of the same wild-type nucleus. (E) The FWA sequence was usually located outside chromocenters, as detected by FISH with two BACs (T30C3 and
F14M19), adjacent to the gene, in red and a probe of 10.5 kb, covering the gene, in green. (F) The SUP sequence was usually located outside chromo-
centers, as detected with a BAC (K14B15) that contains SUP, in red and a probe of 6.7 kb, covering the gene, in green. (A-C, E and F) Nuclei from
plants with Ler background; (D) nuclei from plants with Col background. Images in black and white show DAPI-stained nuclei; color images show
FISH signals on the same nuclei. Bar = 5 um.
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DNA hypomethylation causes dispersion
of pericentromeric sequences away
from chromocenters

Heterochromatin assembly in Arabidopsis

type chromocenters, and the question arises which
sequences are no longer within the chromocenters in
ddml and metl. We examined this by fluorescent in situ

The reduced size of DAPI-bright chromocenters in ddml hybridization (FISH) using tandem and dispersed repeats,
and met! indicates that they contain less DNA than wild- which all localize in the wild-type chromocenters. The
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Table I. Number of FISH signals, present within and outside chromocenters, for different single-copy sequences and genotypes

Gene Accession Genotype No. of scored No. of signals in No. of signals out
nuclei chromocenters of chromocenters

CACI Col Wild type 55 65 13

CACI Col ddml 58 30 65

FWA Ler Wild type 104 24 154

FWA Ler fwa-1 100 14 158

FWA Col Wild type 52 2 89

FWA Col ddml selfed 2X 51 6 86

FWA Col ddm]l selfed 8X 50 5 87

sup Ler Wild type 56 6 88

SUP Ler clk-3 51 5 89

sup Ler ddml 52 3 93

major tandem repeats (pAL1; see Figure 2A, 45S rDNA
and 5S rDNA) co-localized with chromocenters in wild-
type and mutants, and thus remained within the hetero-
chromatin of ddml and metl nuclei.

However, BAC DNA clones that represent sequences
from the pericentromeric regions hybridized exclusively
with chromocenters in the wild type, but showed a
dispersed pattern at and around the chromocenters in the
hypomethylated mutants (Figure 2A). This suggests that
some pericentromeric sequences are located away from
the chromocenter in the mutants. Most pericentromeric
BAC clones contain many different transposable elements
as well as non-transposable sequences (The Arabidopsis
Genome Initiative, 2000). To determine which of these
sequences are released from heterochromatin in the
mutants, we probed wild-type and mutant nuclei with
four highly repetitive elements mapped in pericentromeric
regions and two (Emil2 and AthE1.4) mapped in various
regions along the chromosome arms. Each of these
elements belongs to different families: Athila (Pélissier
et al., 1995) and Tat/ (Wright and Voytas, 1998) from the
Ty3-gypsy group of LTR retrotransposons, Tal (Voytas
et al., 1990; Konieczny et al., 1991) from the Tyl-copia
group of LTR retrotransposons, the miniature inverted-
repeat transposable element (MITE) Emil2 (Casacuberta
et al., 1998), the repetitive element AthE1.4 (Surzycki and
Belknap, 1999) and the chromomeric repeat ATR63,
which is derived from the heterochromatic knob hk4S
(Fransz et al., 2000). All transposable elements hybridized
to chromocenters in wild-type and mutant nuclei
(Figure 2B and C). This implies that pericentromeric
sequences other than transposable elements are relocated
away from heterochromatin in the mutant nuclei. We
tested this by FISH with different PCR fragments (A, B, C,
D, E, F, G and H in Figure 2B) of BAC F28D6 (DDBJ/
EMBL/GenBank accession No. AF147262) that represent
putative genes and unannotated sequences. The fragments
A, B, D, E, F, G and H contained low-copy sequences and
yielded poor FISH signals outside the mutant chromo-
centers. However, fragment C, which has ~75 highly
homologous sites in pericentromeric regions, is present at
chromocenters in wild type but occupies more dispersed
positions in ddml and metl nuclei (Figure 2B). Thus, the
dispersed signals from pericentromeric BACs in the
hypomethylated mutants seem to be due to sequences
separating the transposable elements.
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The transposable elements tested above are inactive in
wild type and largely inactive in the hypomethylated
mutants. To find out whether the spatial position relative to
heterochromatin might be related to transposon activity,
we examined the location of the single-copy CACI
transposon located in the pericentromeric region of
chromosome arm 2L, which is silent and methylated in
Columbia (Col) wild-type plants but active and hypo-
methylated in the ddml mutant (Miura et al., 2001).
FISH with a combination of the BAC that contains
CACI (T10J7; DDBJ/EMBL/GenBank accession No.
AC005897) and four PCR fragments, located on either
side of the transposon (Figure 2D), revealed that activation
and hypomethylation of the CACI transposon in ddml
are correlated with its relocation away from the hetero-
chromatin (Table I).

Not all silenced genes reside in chromocenters

The correlation between silencing and the nuclear position
of the CACI transposon prompted us to investigate
whether such a correlation also exists for other genes
like FWA (mapped at the long arm of chromosome 4) and
SUPERMAN (SUP; mapped at the short arm of chromo-
some 3), which differ in their DNA methylation and
expression levels between wild type and hypomethylation
mutants (Jacobsen and Meyerowitz, 1997; Soppe et al.,
2000).

The FWA sequence was localized with a combination of
three probes. Two BACs, positioned on either side of the
gene (T30C3, DDBIJ/EMBL/GenBank accession No.
AL079350; and F14M19, accession No. AL049480)
were detected in red and a small probe of 10.5 kb,
containing FWA, in green (Figure 2E). In adult wild-type
plants, the FWA gene is not expressed and the 5’-region of
the gene is strongly methylated, in contrast to its
hypomethylation and constitutive expression in the fwa-1
mutant (Soppe et al., 2000). For both wild type and the
fwa-1 mutant, the FWA sequence was detected outside
chromocenters in the majority of nuclei (Table I). We also
compared the location of FWA between Col wild type
(methylated and not expressed), a ddml line of the second
generation (methylated and not expressed) and a ddmI line
of the eighth generation (hypomethylated and expressed).
In all these genotypes, FWA was located mainly out-
side chromocenters (Table I). Therefore, silencing and



methylation of the FWA gene do not mediate a shift of its
nuclear position toward the chromocenters.

Similar results were obtained for the SUP gene. In wild-
type plants, SUP is hypomethylated and expressed in
developing flowers (Sakai et al., 1995). Several hyper-
methylated alleles of SUP have been found [clark kent
(clk) alleles], which show decreased expression (Jacobsen

DA methyl

ddm{ meti

F

wild-type

Heterochromatin assembly in Arabidopsis

and Meyerowitz, 1997). The SUP gene is also methylated
and silenced in ddml and metl mutant plants (Jacobsen
and Meyerowitz, 1997; Jacobsen et al., 2000). Although
SUP is not expressed in leaves, the pattern and extent of
methylation are the same in leaves and flowers (Kishimoto
et al.,2001). The SUP gene was localized in leaf nuclei by
FISH with two probes: the entire BAC K14B15 (DDBJ/
EMBL/GenBank accession No. AB025608) containing the
SUP gene was detected in red and a small probe of 6.7 kb,
comprising the gene, in green color (Figure 2F). In all
genetic backgrounds, SUP was preferentially located
outside chromocenters (Table I).

Decreased DNA and H3K9 methylation accompany
the size reduction of chromocenters in ddm1

and met1

We compared the distribution patterns of methylated DNA
in wild type and hypomethylated mutants using antibodies
against 5-methylcytosine. Wild-type nuclei showed strong
signals, especially at chromocenters (Figure 3A). In
contrast, in nuclei of the ddml and metl mutants, the
immunosignals were dispersed and no longer clustered at
chromocenters. This phenotype appeared to be stronger in

Table II. Compilation of chromatin modification data in leaf nuclei of
Arabidopsis wild type and DNA methylation mutants

Wild type ddml metl
H4Ac5 eut nu-cc  eu* nu cco eut nu- cc”
H4Ac8 eut nu”cc  eu* nu cco eut nu- cc”
H4Ac12 eut nu~ cc™ eu” nu~ cco eut nu~ cc”
H4Ac16 (see Table III)
tri-/tetra-AcH4 eut nu”cc  eu* nu cco eut nu~ cc”

H3Ac9 eutnu-ccc  eu* nu cco eu* nu- cc™
H3 methyl K4 eut nu-ccc  eu* nu-cco eut nu- cc”
H3 methyl K9 eu nu cct  euw nu cct”  eu nu cct-
DNA methylation eu nu”cc*  eu nu cct~  eu nu cct

eu, euchromatin; nu, nucleoli; cc, chromocenter. The intensity of
labeling is indicated by + or —.

Fig. 3. Chromatin modifications in wild-type and hypomethylated
mutant nuclei. (A) Immunosignals for DNA methylation (green) are
strongly clustered at chromocenters in wild-type nuclei; ddml and metl
nuclei have more weakly labeled chromocenters. This effect is even
stronger in the double mutant ddmi metl. (B) Histone H3 K9 methyl-
ation. In wild-type nuclei, immunosignals for H3dimethylK9 (red)
localize preferentially to chromocenters, whereas ddml and metl nuclei
showed a significantly lower intensity of labeling. (C) Histone H3 K4
methylation (red) occurs at euchromatin, while chromocenters and
nucleoli remained unlabeled in wild-type as well as in ddml and metl
nuclei. (D-G) H4Acl6 labeling patterns (green) in wild-type nuclei.
Three distinct patterns can be distinguished. (D) Type 1: euchromatin
intensely labeled, nucleoli and chromocenters unlabeled. (E) Type 2:
chromatin more or less uniformly labeled, nucleoli unlabeled. (F and
G) Type 3: chromocenters with signal clusters, nucleoli unlabeled
(inactive tDNA components of chromocenters remained unlabeled in
type 2 and 3 nuclei). FISH with centromeric (pAL) or 45S rDNA
repeats (red, on the right). (H) DNA hypomethylated mutants show
similar labeling patterns as wild-type nuclei. For both mutants, labeling
patterns of chromocenters correlate with the reduced size of
chromocenters. DAPI staining (left), immunosignals of H4Ac16 (green,
middle) and the merge of both (right). All genotypes have a Ler
background. Images in black and white show DAPI-stained 3:1 in
ethanol:acetic acid (A) or formaldehyde-fixed (B—H) nuclei. Adjacent
color images show immunosignals on the same nuclei. Bar = 5 um.
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the double mutant ddml metl, consistent with its further
reduced chromocenter fraction (Figure 3A).

Since DNA methylation has recently been reported to
be tightly correlated with histone H3 methylation (for
reviews, see Rice and Allis, 2001; Lachner and Jenuwein,
2002; Richards and Elgin, 2002), we analyzed the nuclear
distribution of methylated histone H3 isoforms. In wild-
type nuclei, immunosignals for H3methylK9 were clus-
tered at the chromocenters. The area and intensity of
H3methylK9 signals were reduced in ddml and metl
chromocenters (Figure 3B). This indicates that methyl-
ation of H3K9 is controlled by DNA methylation.
Immunolabeling of H3methylK4 gave an opposite pattern
that was similar for wild-type and mutant nuclei.
Euchromatin was strongly labeled, while nucleoli and
chromocenters (size reduced in the mutants) were
unlabeled (Figure 3C). The data suggest that the decrease
in DNA methylation leads to a reduction in methylated
H3K9 at chromocenters.

H4K16 acetylation in ddm1 deviates from that of
wild type and met1

Apart from the effects of DNA methylation and histone
methylation, chromatin structure is also modified by
histone acetylation. Antibodies recognizing isoforms of
histone H4 acetylated at lysine 5, 8 and 12, and histone H3
acetylated at lysine 9, all yielded similar patterns of
immunosignals in wild-type nuclei. Euchromatin was
intensely labeled, while nucleoli and heterochromatic
chromocenters were unlabeled. A comparable pattern was
observed in ddml and metl nuclei (Table II), although the
unlabeled domains were smaller than in wild type,
correlating with the smaller chromocenters.

In contrast, antibodies against H4Ac16 yielded three
classes of labeling patterns (Figure 3D-H; Table III).
Type 1, showing strongly labeled euchromatin and
unlabeled chromocenters and nucleoli, comprises 66.7%
of the nuclei (Figure 3D). Type 2 displayed a uniformly
labeled chromatin with unlabeled nucleoli and represents
24.2% of nuclei (Figure 3E). Type 3 is characterized by
chromocenters that are more intensely labeled than
euchromatin, while nucleoli and chromocenters containing
inactive rDNA genes remain unlabeled. This class com-
prises 9.1% of nuclei (Figure 3F). The H4Ac16 patterns
resemble the cell cycle-dependent modulation of acetyla-
tion at this lysine position observed in root meristems of
faba bean (Jasencakova et al., 2000). However, leaf nuclei
are mitotically inactive but frequently endopolyploid
(Galbraith et al., 1991). Therefore, the high intensity of
acetylation of H4K16 might reflect a link with DNA
(endo-)replication or post-replicative processes, particu-
larly at chromocenters.

We observed comparable labeling patterns for leaf
nuclei of ddmli and metl mutants (Figure 3H). However,
the proportion of nuclei with labeled chromocenters (type 2
and 3) was increased somewhat in metl (46.8%) and
drastically in ddmlI (80.2%) compared with the wild type
(33.3%; Table III). This indicates that deacetylation of
H4K16 depends on DDMI activity and implies a func-
tional difference between DDM1 and MET1 with respect
to histone acetylation.
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DNA methylation and histone H3K9 methylation,
but not histone H4K16 acetylation patterns, are
inherited epigenetically
Inheritance of ddmlI-induced DNA hypomethylation is
stable, even in wild-type/DDM1 hybrid background
(Kakutani et al., 1999). We therefore examined chromatin
structure in F; plants, heterozygous for either ddml or
metl. The nuclei of heterozygotes showed two groups of
chromocenters that differed strikingly in methylation
level. One group displayed the wild-type morphology,
whereas chromocenters of the other were similar to those
of the mutants (Figure 4A). The difference in parental
origin of chromocenters was supported by FISH with 45S
rDNA. This probe hybridized to four chromocenters, of
which two were heavily methylated, whereas the other two
were not (data not shown). This means that the DDM1 and
MET]1 activities in the F; nuclei do not restore the wild-
type level of DNA methylation in mutant-derived
chromocenters. Considering the recessive nature of the
ddm1 and met] mutations (Vongs et al., 1993; E.Richards,
personal communication), this indicates that DNA methyl-
ation is inherited epigenetically. When the pericentromeric
BAC F28D6 was probed to DDMIddmi or MET1metl F,
nuclei, one half of the chromocenters showed the wild-
type pattern and the other half showed the mutant pattern
with more dispersed signals (Figure 4B). This indicates
that the formation of pericentromeric heterochromatin
requires DNA methylation as an epigenetic imprint.
Combined immunolabeling experiments for DNA and
H3K9 methylation on DDMIddml F; nuclei showed
that strong methylation of H3K9 is restricted to chromo-
centers containing a high level of methylated DNA
(Figure 4C). This confirms that the epigenetically in-
herited methylation status of DNA is responsible for
the reduction in methylation of H3K9 in ddmi-derived
chromocenters. Contrary to this, strong acetylation of
H4K16 at all chromocenters occurred with similar
frequencies in the DDMIlddml F, as in wild type
(Table III), which demonstrates that DDMI1 in hetero-
zygous plants mediates deacetylation of H4K16 but is
not able to mediate remethylation of DNA once the
methylation is lost.

Discussion

Genome-wide DNA hypomethylation alters

chromatin organization within the nucleus

We have demonstrated that two functionally different
hypomethylated mutants display the same nuclear pheno-
type characterized by size-reduced chromocenters with
decreased levels of DNA and H3K9 methylation, and
relocation of low-copy pericentromeric sequences away
from the chromocenters. The euchromatic location of
single-copy genes (SUP and FWA) is not affected by
changes in methylation level. Although the DNA methyl-
ation level of tandem repeats and high-copy transposons is
strongly reduced, the remaining DNA methylation
(Lindroth et al., 2001) seems to be sufficient for residual
heterochromatin formation. In accordance with this, the
ddml metl double mutant shows less DNA methylation
than the single mutants and has smaller chromocenters
(Figures 1 and 3A). The remaining methylation in the
double mutant is probably due to the activity of other
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Table III. H4Ac16 labeling patterns of leaf nuclei* of Arabidopsis wild type and DNA methylation mutants

Labeling patterns® Wild type ddml metl F, (Ler X ddml)

n % n % n % n %
1 nu™ cc™ eut 132 66.7 35 19.8 50 53.2 79 71.2
2 nu- cct eut™® 48 242 95 53.7 43 45.7 23 20.7
3 nu~ cctt eut 18 9.1 47 26.5 1 1.1 9 8.1
243 66 333 142 80.2¢ 44 46.84 32 28.8
2 198 100.0 177 100.0 94 100.0 111 100.0

24C nuclei as the major fraction of leaf nuclei, 2C and 8C nuclei showed similar results.

bnu, nucleoli and rDNA component of cc.
¢P < 0.001.
P =0.037.
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Fig. 4. The epigenetic inheritance of DNA methylation and H3K9
methylation is visible in nuclei of F; plants (wild type X mutant).
(A) Half of the chromocenters show strong immunosignals for DNA
methylation and the other half weak signals. (B) FISH signals for BAC
F28D6 (green) are strongly clustered at half of the chromocenters but
more dispersed around the other half. (C) The chromocenters with
strong immunosignals for DNA methylation also show strong signals of
H3K9 methylation. All genotypes have a Ler background. Images in
black and white show DAPI-stained 3:1 in ethanol:acetic acid (A and
B) or formaldehyde-fixed (C) nuclei. Immunosignals are in green for
DNA methylation (A and C) and in red for H3K9 methylation (C).
Bar =5 um.

methyltransferases that partially take over the function of
METI (Genger et al., 1999). Alternatively, methylated
DNA might not be required for heterochromatin formation
and a critical amount of high-copy repeats might be
sufficient, as in Drosophila, which lacks extensive DNA
methylation (Henikoff, 2000). However, the relocation of
low-copy pericentromeric sequences into euchromatin
within nuclei of hypomethylated mutants suggests that
DNA methylation is at least required for spreading of
heterochromatic features into pericentromeric regions.

Unpublished data (A.Probst, O.Mittelsten Scheid,
P.Fransz and J.Paszkowski, in preparation) obtained for
another allele of ddml indicate that even large amounts of
centromeric tandem repeats are dispersed, nearly dissolv-
ing the chromocenters.

DNA maintenance methylation precedes

H3K9 methylation

The decrease in DNA methylation in both hypomethylated
mutants is paralleled by reduced methylation of H3K9 at
chromocenters. Because only maintenance DNA methyl-
ation (mainly at CpG sites) is disturbed in the met/ mutant,
the primary cause of reduction of H3K9 methylation
should be the reduction in DNA methylation. In agreement
with this assumption, in F; plants heterozygous for ddmli,
only chromocenters that have reduced DNA methylation
also have reduced methylation of H3K9. Therefore, we
propose that maintenance CpG methylation directs histone
H3K9 methylation. This seems to contradict previous
results in Neurospora crassa (Tamaru and Selker, 2001)
and Arabidopsis (Jackson et al., 2002), which show that
DNA methylation is dependent on H3K9 methylation, and
disagrees with the suggestion of Gendrel et al. (2002) that
the loss of DNA methylation in ddml might be a
consequence of reduced H3K9 methylation in hetero-
chromatin. This discrepancy might be explained by a
difference in function between the methylases involved
because the histone methylation-dependent chromo-
methylase (CMT3) of Arabidopsis specifically methylates
non-CpG sites (Lindroth er al., 2001). If CpG DNA
methylation induces H3K9 methylation and this, in turn,
induces CpNpG methylation, the positive feedback might
induce spreading of heterochromatin from high-copy
repeats to low-copy pericentromeric sequences.

Our conclusion that maintenance DNA methylation
precedes H3K9 methylation concerns the assembly of
wild-type heterochromatic chromocenters. In a chromatin
immunoprecipitation study of H3K9 methylation in the
ddm1 and met] mutants, Johnson et al. (2002) found a loss
of H3K9 methylation in ddm1, but found that the majority
of H3K9 methylation was retained in the met/ mutant. In
contrast, using immunolabeling experiments, we observed
similar losses of H3K9 methylation signals at chromo-
centers in both the ddml and the metl mutants. One
possible explanation for this difference is that the particu-
lar sequences assayed by chromatin immunoprecipitation
may not have shown the same global loss that we observed
by immunolabeling studies. A second possibility is that the
loss of H3K9 methylation immunosignals is in part due to
dislocation of pericentromeric regions away from the
chromocenters, as well as an actual loss of H3KO9
methylation from the chromatin. However, the reduction
of H3K9 methylation at remnant chromocenters (largely
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Fig. 5. A model for heterochromatin assembly. (A) In wild-type
Arabidopsis nuclei, strong methylation of DNA and H3K9, followed by
histone deacetylation, leads after replication to re-establishment of
heterochromatin by DDM1, MET1, a histone H3K9-specific methylase
(KYP) and a histone deacetylase. DNA maintenance methylation medi-
ated by MET1 and supported by DDMI1 directs H3K9 methylation.
H4K16 deacetylation at newly replicated nucleosomes is mediated by
DDMI1. (B) In the met/ mutant, maintenance DNA methylation is
severely reduced, leading to decreased H3K9 methylation. Below a cer-
tain threshold, low-copy sequences disperse from heterochromatin and
acquire euchromatin features. In the absence of DDMI1, H4K16 de-
acetylation is additionally impaired.

composed of transcriptionally inactive sequences) in metl
mutants seems most likely to be a direct loss of H3K9
methylation and not due to dislocation.

DDM1 is required for maintenance methylation
activity by MET1 and additionally for deacetylation
of H4K16

Genomic DNA methylation patterns are maintained
immediately after replication by the activities of DNA
methyltransferase(s) with a high preference for hemi-
methylated DNA (Bestor, 1992). The high level of H4
acetylation at this stage (Taddei et al., 1999; Jasencakova
et al., 2000, 2001) might facilitate this process. The
additive effect of ddml and met! on chromocenter size
reduction in the double mutant ddml metl (Figure 1B)
implies that each gene controls DNA maintenance
methylation by different mechanisms. Methylation of
DNA by METI is probably supported by chromatin
remodeling factors such as DDMI, as proposed by
Jeddeloh er al. (1999). This support might be more
important for highly repetitive sequences in strongly
condensed heterochromatic regions than for single-copy
genes in euchromatic regions, since, in ddml mutants,
high-copy sequences have already become hypomethyl-
ated in the first generation, whereas the single-copy
sequences yielding phenotypes may become hypomethyl-
ated only in later generations.
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Immunolabeling of nuclei from F; hybrids heterozygous
for ddml or metl revealed the inability of DDM1 and
METT1 to re-establish DNA methylation of chromocenters
once it has been lost (Figure 4A). This confirms the
stable inheritance of DNA hypomethylation by ddml
(Kakutani et al., 1999), and is consistent with a role of
DDM1and METI in maintenance methylation. The inabil-
ity to remethylate repetitive sequences does not prevent
de novo methylation of multicopy transgenes (Jakowitsch
et al., 1999; Pélissier et al., 1999) and endogenous genes
(Melquist et al., 1999) in ddml and met1. It is possible that
such repetitive genes require transcription to be methyl-
ated de novo in the process of TGS or PTGS. Transcription
is lacking for most hypomethylated centromeric and
pericentromeric repetitive sequences, thus preventing
their de novo methylation.

The increased number of nuclei with H4K16 acetylation
at chromocenters of ddml plants indicates that DDM1, in
addition to its role in DNA methylation, is also involved in
histone deacetylation, presumably after completion of
maintenance DNA methylation. Similarly, a DDM1-like
factor (ISWI) of Drosophila was found to counteract
H4K16 acetylation (Corona et al., 2002).

A model for the assembly of constitutive
heterochromatin in Arabidopsis

The characteristics of constitutive heterochromatin need to
be preserved through cell divisions. We propose a central
role for DDM1, MET1, a H3K9-specific histone methylase
(KYP) and a histone deacetylase (H4K16-specific in
Arabidopsis) in the reassembly of heterochromatin, dir-
ectly after DNA replication. (A complex of DNA
methyltransferase and histone deacetylase has been pro-
posed for mammals, see Rountree er al., 2000.) DNA
maintenance methylation at CpG sites is performed when
newly replicated nucleosomes are still accessible due to
acetylated H4K16. During or after maintenance methyl-
ation of DNA, H3K9 methylation, directed by methylated
DNA, might complete heterochromatin assembly, includ-
ing binding of HP1-like proteins (Bannister et al., 2001;
Gaudin et al., 2001; Lachner et al., 2001) to H3K9. Then
DDMI1 could mediate deacetylation of H4K 16 (Figure 5A).
When either DDM1 or MET1 is lacking, DNA methyl-
ation is reduced, causing reduced H3K9 methylation. At
pericentromeric regions with low-copy sequences, DNA
methylation and H3K9 methylation can fall below a
critical threshold. As a consequence, these regions acquire
euchromatin features (e.g. H3methylK4) and disperse
from chromocenters (Figure 5B). If DDMI1 is lacking,
deacetylation of H4K16 is prevented additionally.

For other eukaryotic organisms, this model has to be
modified according to their post-replicative requirement
for H4 acetylation. Furthermore, it has to be considered
that H3K9 methylation is not sufficient to determine
constitutive heterochromatin in large plant genomes
(A.Houben,  D.Demidov, D.Gernand, A Meister,
C.R.Leach and I.Schubert, in preparation). Most likely,
the ratio between H3methylK4 and H3methylK9 is
essential. Within constitutive heterochromatin, H3K4
remains (largely) unmethylated, while euchromatin con-
tains strongly methylated H3K4, independent of the level
of H3K9 methylation. Thus, constitutive heterochromatin
can be molecularly identified by the presence of a



threshold amount of (usually highly methylated) tandem
repeats, and an excess of methylated H3K9 over
methylated H3K4 (Noma et al., 2001). The model can
be further tested/refined using (transgenic) mutants of
Arabidopsis, affected in histone acetylation and methyl-
ation (Tian and Chen, 2001; Jackson et al., 2002).

Materials and methods

Plant material

The ddmli-2 and met! mutants were originally obtained in the Col
accession and later transferred to the Ler background by repeated
backcrossing (Jacobsen et al., 2000). The double mutant ddmi metl was
created by crossing plants with the single mutations. True double mutants
were identified in F, by PCR, restriction digest and DNA sequence
analysis of the mutations. Plants heterozygous for ddml or metl were
obtained from the crosses cer2 X ddml and cer2 X metl, respectively.
The cer2 marker (bright green stems and siliques) was used to distinguish
F, plants from self-pollinated progeny. The mutants c/k-3 (Jacobsen and
Meyerowitz, 1997) and fa-1 (Soppe et al., 2000) were both in the Ler
accession.

Plants were grown either in the greenhouse with a long-day regime or
in a growth chamber under continuous light. Young rosette leaves, flower
buds and root tips were harvested, fixed in ethanol/acetic acid (3:1) and
stored at —20°C. For immunodetection of histones, the tissue was fixed in
2% formaldehyde in Tris buffer. Nuclear suspensions were produced and
processed for flow sorting as described previously (Jasencakova et al.,
2000, 2001). Nuclei were stained with DAPI.

FISH

Probes used: BACs were obtained from the Arabidopsis Biological
Resource Center. For the amplification of pericentromeric PCR fragments
A-H, BAC F28D6 (DDBJ/EMBL/GenBank accession No. AF147262)
was used as template (Figure 2B). The four PCR fragments used to locate
CACI were based on nucleotides 41 909-44 519, 46 209-48 649,
58 108-60 468 and 62 069-64 377 from BAC T10J7 (accession No.
AC005897). The different PCR fragments used for FISH detection
of different repetitive elements were based on nucleotides 293-2704
from the BAC T1J24 sequence (accession No. AF147263) for Athila,
nucleotides 17-2044 from the Tat/ sequence (accession No. AF056631),
nucleotides 1269-3124 from the Tal-3 sequence (accession No.
X13291), nucleotides 26 751-27 824 from the FCA contig fragment
No. 2 (accession No. Z97337) for Emil2, nucleotides 30 737-32 974
from P1 clone MHK?7 (accession No. AB011477) for AthEl.4 and
nucleotides 22 121-23 847 from the BAC T5H22 sequence (accession
No. AF096372) for the chromomeric repeat ATR63. PCR conditions and
primer sequences can be obtained from the authors on request. Probes for
detection of the SUP and FWA sequences were a 6.7 kb SUP genomic
DNA fragment cloned into pCGN1547 and a 10.5 kb genomic DNA
fragment cloned into pCAMBIA 2300, respectively. The 180 bp
centromeric repeat sequence was detected with pALl (Martinez-
Zapater et al., 1986).

For BLAST analyses of PCR fragment sequences, NCBI BLAST2.0
was used.

FISH experiments were performed according to Schubert et al.
(2001) with the antibodies goat anti-avidin conjugated with biotin
(1:200; Vector Laboratories) and avidin conjugated with Texas Red
(1:1000; Vector Laboratories) for the detection of biotin-labeled probes,
and mouse anti-DIG (1:250; Roche) and goat anti-mouse conjugated with
Alexa*8 (1:200; Molecular Probes) for the detection of DIG-labeled
probes.

5-methylcytosine immunodetection

Slide preparations were baked at 60°C for 30 min, denaturated in 70%
formamide, 2X SSC, 50 mM sodium phosphate pH 7.0 at 80°C for 3 min,
washed in ice-cold PBS (10 mM sodium phosphate pH 7.0, 143 mM
NaCl) for 5 min, incubated in 1% bovine serum albumin in PBS for 30 min
at 37°C and subsequently incubated with mouse antiserum raised
against 5-methylcytosine (Podesta et al, 1993; 1:250) in TNB
(100 mM Tris—=HCI pH 7.5, 150 mM NaCl, 0.5% blocking reagent;
Roche). Mouse antibodies were detected using rabbit anti-mouse—FITC
(1:1000; Sigma), followed by goat anti-rabbit-Alexa*®® (1:200;
Molecular Probes).

Heterochromatin assembly in Arabidopsis

Histone immunodetection

Antibodies used were rabbit polyclonal antisera recognizing specifically
modified lysine residues of histones H3 and H4 [R41 (H4Ac5; 1:100),
R232 (H4AcS; 1:100), R101 (H4Ac12; 1:100), R252 (H4Ac16; 1:1000),
R243 (preferentially recognizing tri- and tetra-acetylated H4; 1:200)
(Turner and Fellows, 1989; Turner et al., 1989; Belyaev et al., 1996; Stein
et al., 1997; White et al., 1999)], anti-acetyl histone H3 (Lys9; 1:200),
anti-dimethyl-histone H3 (Lys4; 1:200-1:500) and anti-dimethyl-histone
H3 (Lys9; 1:100) (from Upstate).

The immunolabeling procedure for histones was as described
previously (Jasencakova et al., 2000, 2001). After post-fixation in 4%
paraformaldehyde/PBS, subsequent washes in PBS and blocking at 37°C,
slides were exposed to primary antisera for 1 h at 37°C or overnight at
4°C. After washes in PBS, the incubation with secondary antibodies, goat
anti-rabbit-FITC (1:80; Sigma) or goat anti-rabbit-rhodamine (1:100;
Jackson ImmunoResearch Labs) was performed at 37°C. Nuclei were
counterstained with DAPI (2 pug/ml, in Vectashield; Vector).

For a combined detection of H3K9 methylation and DNA methylation,
nuclei were post-fixed after histone detection, denatured and incubated
with mouse anti-SmC, followed by goat anti-mouse conjugated with
biotin (1:600; Jackson ImmunoResearch Labs) and streptavidin conju-
gated with FITC (1:1000).

Microscopy and image processing

Preparations were analyzed with a Zeiss Axiophot 2 epifluorescence
microscope equipped with a cooled CCD camera (Photometrics).
Fluorescence images for each fluorochrome were captured separately
using the appropriate excitation filters. The images were pseudocolored,
merged and processed with Adobe Photoshop software (Adobe Systems).

Measuring of chromocenter fractions

Digital images in gray scale were analyzed with the freeware program
NIH-image 1.62. Special macros were written to measure the size and
average staining intensity of nuclei and chromocenters. The chromo-
center value was divided by the whole nucleus value and yielded the
chromocenter fraction.
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Summary

N-terminal modifications of nucleosomal core histones are involved in gene regulation, DNA repair and
recombination as well as in chromatin modeling. The degree of individual histone modifications may vary
between specific chromatin domains and throughout the cell cycle. We have studied the nuclear patterns of
histone H3 and H4 acetylation and of H3 methylation in Arabidopsis. A replication-linked increase of acet-
ylation only occurred at H4 lysine 16 (not for lysines 5 and 12) and at H3 lysine 18. The last was not observed
in other plants. Strong methylation at H3 lysine 4 was restricted to euchromatin, while strong methylation
at H3 lysine 9 occurred preferentially in heterochromatic chromocenters of Arabidopsis nuclei. Chromocen-
ter appearance, DNA methylation and histone modification patterns were similar in nuclei of wild-type and
kryptonite mutant (which lacks H3 lysine 9-specific histone methyltransferase), except that methylation at
H3 lysine 9 in heterochromatic chromocenters was reduced to the same low level as in euchromatin. Thus, a
high level of H3methylK9 is apparently not necessary to maintain chromocenter structure and does not
prevent methylation of H3 lysine 4 within Arabidopsis chromocenters.

Keywords: Arabidopsis, heterochromatin, histone acetylation, histone methylation, DNA methylation,

histone methyltransferase mutant (kyp).

Introduction

Dynamic modifications of chromatin structure are essential
for correct regulation of vital nuclear processes such as
transcription, replication, repair, or recombination of DNA.
Specific post-translational histone modifications like acet-
ylation, methylation, phosphorylation, ubiquitination and
combinations thereof provide, in concert with DNA methy-
lation, an epigenetic code that acts upstream of chromatin
functions (Lachner and Jenuwein, 2002; Richards and Elgin,
2002; Strahl and Allis, 2000; Turner, 2000). Therefore, the
distribution of histone isoforms is not uniform within eukar-
yotic genomes. Usually, acetylated histones are enriched
within euchromatin and diminished in heterochromatin
domains with some exceptions (e.g. H4Ac12 in Drosophila,
Turner et al., 1992). In contrast to the well-established
linkage between increased histone acetylation and on-
going transcription at the level of single genes (for review,
see Brown et al., 2000; Cheung et al., 2000), studies at the
level of large chromatin domains revealed cell cycle-depen-
dent modulations, correlated with replication of euchroma-

© 2003 Blackwell Publishing Ltd

tin and heterochromatin in mammals (Taddei et al., 1999)
and plants (Jasencakova et al., 2000, 2001). This is appar-
ently due to evolutionarily conserved ‘deposition-related’
acetylation of H4 at lysines 5 and 12 (Sobel et al., 1995) at
newly replicated chromatin, which might be extended to
lysine 16 in the dicot Vicia faba (Jasencakova et al., 2000) or
to lysine 8 in the monocot barley (Jasencakova et al., 2001).
Contrary to H4 acetylation, the nuclear patterns of H3
acetylation remained fairly constant through the cell cycle
(Jasencakova et al., 2000, 2001). While molecular analysis
of chromatin modifications characterize either the total
chromatin or regions of individual DNA sequences, a cyto-
logical approach provides a global view on entire nuclei
and specific domains therein.

Constitutive heterochromatin, cytologically defined as
highly condensed chromatin (Heitz, 1928), is usually tran-
scriptionally inactive and shows, in addition to underace-
tylated histones H3 and H4 and low methylated lysine 4 of
H3, highly methylated lysine 9 of histone H3 in fission yeast
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(Noma et al., 2001), Drosophila (Schotta et al., 2002), mam-
mals (Peters et al., 2001) and Arabidopsis (Soppe et al.,
2002). H3methylK9 recruits the highly conserved hetero-
chromatin-associated protein HP1 (Bannister et al., 2001;
Jackson et al., 2002; Lachner et al., 2001) and is thereby
involved in heterochromatin assembly (Nakayama et al.,
2001; Zhang and Reinberg, 2001).

A better understanding of the significance of specific
histone modifications can be obtained by the study of
mutants. Cytological investigations of Arabidopsis mutants
with reduced DNA methylation (ddm17 and met1) have
shown that reduced overall maintenance methylation at
CpG sites is accompanied in both mutants by size reduction
of heterochromatic chromocenters (due to dislocation of
sequences of pericentromeric regions away from the chro-
mocenters) and by disappearance of strong DNA and H3K9
methylation from the mutant chromocenters. These fea-
tures were shown to be epigenetically inherited in mutant-
derived chromocenters of F, plants heterozygous for ddm1
or met1 (Soppe et al., 2002). Because MET1 is a major
maintenance methylase with strong preference for CpG
sites (Jackson et al., 2002), the most likely interpretation
of these findings is that reduced CpG methylation repre-
sents an imprint controlling heterochromatin assembly and
H3K9 methylation at chromocenters (Soppe et al., 2002).
Recently, a mutant (kyp) of KRYPTONITE, an H3K9-specific
histone methyltransferase, was described which showed
reduced H3methylK9 and CoNpG methylation but no other
phenotypes except suppression of gene silencing at the
superman (sup) locus (Jackson et al., 2002).

Here, we report on the distribution of post-translationally
acetylated and methylated histones at distinct chromatin
domains (heterochromatic chromocenters, euchromatin,
nucleoli) within nuclei of different cell cycle (including
pachytene chromosomes) and ploidy stages of Arabidopsis
thaliana. The data provide an interesting comparison with
the results recently obtained for larger plant genomes
(Jasencakova et al., 2000, 2001). In addition, we investi-
gated the kyp mutant as to the degree of DNA methylation,
H3 and H4 acetylation and H3 methylation within its peri-
centromeric heterochromatin, to find out whether the
absence of KRYPTONITE has an influence on assembly
and H3methylK9 content of chromocenters and/or on other
chromatin modifications.

Results

H4 acetylation (except at K16) is not detectable at nucleoli
and chromocenters in A.thaliana

Performing immunolabeling experiments on formalde-
hyde-fixed flow-sorted interphase nuclei (Figure1), we
have tested whether or not the nuclear distribution of

modified histone isoforms in Arabidopsis is comparable
to that observed for larger and more complex plant gen-
omes (Jasencakova et al., 2000, 2001). Antibodies recogniz-
ing isoforms of histone H4 acetylated at lysine positions 5
(H4Ac5, Figure2a), 8 (H4Ac8, Figure2b), 12 (H4Ac12,
Figure 2c) as well as tri-and tetra-acetylated H4, yielded
the same pattern of immunosignals on root tip and leaf
nuclei of A.thaliana. Euchromatin was intensely labeled,
while nucleoli and heterochromatic chromocenters
remained unlabeled during all cell cycle stages (G1, S, late
S/earlyG2, G2) in root tips and at 2, 4 and 8C ploidy-levels in
leaves. The lack of any detectable cell cycle-dependent
modulation and the general absence of signals for these
acetylated isoforms of H4 from nucleoli of G1 and G2
nuclei of A.thaliana are in contrast to the situation ob-
served in field bean and barley (Jasencakova et al., 2000,
2001).
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Figure 1. Histograms of the relative DNA content of unsynchronized Arabi-
dopsis nuclei after DAPI staining and flow-cytometric analysis.

The gates used for sorting the nuclei are indicated.(a) leaf; (b) root nuclei,
inserts show replication patterns of (mid)S and late S nuclei after BrdU
incorporation. Bar=5um.
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Figure 2. Distribution of acetylated histone H4 in A. thaliana nuclei.

DAPI staining in black and white, left; immunosignals in green, middle; and
merge of both, right.

(a) H4Ac5 (b) H4Ac8 (c) H4Ac12. Note the absence of signals from nucleoli
and DAPI-positive chromocenters.

(d) H4Ac16 type 1: euchromatin intensely labeled, nucleolus and chromo-
centers unlabeled.

(e) H4Ac16 type 2: chromatin uniformly labeled, nucleolus unlabeled.

(f) H4Ac16 type 3: chromocenters with signal clusters, nucleolus unlabeled
(inactive rDNA components of chromocenters remained unlabeled in type 2
and 3 nuclei). Bars=5pum.

Acetylation of K16 of H4 at heterochromatin is
cell cycle dependent

Contrary to the above, antibodies against H4Ac16 yielded
three distinct labeling patterns in leaf as well as in root
nuclei of Arabidopsis (Figure 2d-f). This resembles the cell
cycle-dependent modulation of acetylation at this lysine
position observed in faba bean (Jasencakova et al., 2000).
Three types of labeling patterns could be distinguished,
mainly differing in the labeling intensity of chromocenters,

© Blackwell Publishing Ltd, The Plant Journal, (2003), 33, 471-480

Histone modifications in Arabidopsis 473

H3Ac9/18

H3AcH

Figure 3. Distribution of histone H3 acetylated at lysines 9/18 (a—c) and 9 (d-
f) in A.thaliana nuclei.

DAPI staining left; immunosignals, middle; merge of both (a, e, f), or FISH
signals for rDNA (b, d) and centromeric sequences (c), right.

(a) H3Ac9/18 type 1: uniformly labeled chromatin.

(b) H3Ac9/18 type 2: strongest labeling at rDNA-containing chromocenter.
(c) H3Ac9/18 type 3: signal clusters at chromocenters.

(d) H3Ac9 labeling of an endopolyploid root nucleus, part of rDNA-contain-
ing chromocenter shows strong immunosignals.

(e) H3Ac9 labeling of a leaf nucleus with unlabeled nucleolus and chromo-
centers.

(f) H3Ac9 labeling of a kyp mutant leaf nucleus is similar as that of wild type,
with unlabeled nucleolus and chromocenters. Bars =5 pum.

which were either unlabeled (type 1), labeled equally
strong as euchromatin (type 2), or stronger than euchro-
matin (type 3).

In roots, unlabeled chromocenters occurred most fre-
quently in G1/2C nuclei and were less abundant in late S,
4C and 8C nuclei. Brightly labeled chromocenters (except
at regions containing rDNA components) appeared
rarely in 2C nuclei but more frequently in late S, 4C and
8C nuclei (Table 1a). Among mitotically inactive leaf nuclei
of 2, 4, and 8C DNA content, the frequency of the three
patterns was rather constant. The majority showed un-
labeled chromocenters (>64%) or uniformly labeled chro-
matin (24.2-28.9%). Only a minority (3.5-11.2%) revealed
strongly labeled (peri-)centromeric heterochromatin
(Table 1b).
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H3methylkK9 merge

H3methylK9

H3methylk4
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Figure 4. Distribution of methylated DNA and histone H3 methylated at
lysine 9 and 4 in A. thaliana wild-type and kyp nuclei.

DAPI staining, left; immunosignals, middle; merge of both, right. Wild-type
(a—d, h); kyp nuclei in (e-g).

(a) H3methylK9 labeling of a root nucleus: chromocenters are preferentially
labeled.

(b) H3methylK9 labeling of pachytene chromosomes: DAPI-positive peri-
centromeric heterochromatin and terminal NORs are preferentially labeled.
(c) H3methylK4 labeling of a leaf nucleus: intense immunosignals at eu-
chromatin, while nucleolus and chromocenters are unlabeled.

(d) H3methylK4 labeling of pachytene chromosomes: euchromatin remains
intensely labeled.

(e) H3methylK9 labeling of a kyp leaf nucleus: the weak immunosignals are
uniformly distributed and chromocenters show no preferential labeling.
(f) H3methylK4 labeling of a kyp leaf nucleus: similar as in wild type,
nucleolus and chromocenters remain unlabeled.

Histone H3 acetylation alters along the cell cycle in
A.thaliana

No pronounced cell cycle-dependent variation of H3 acet-
ylation has been observed in faba bean and barley (Jasen-
cakova et al., 2000, 2001). However, in Arabidopsis nuclei,
antibodies against H3Ac9/18 yielded three distinct labeling
patterns (Figure 3a—c). Nuclei were either uniformly labeled
(type 1) or the largest, rDNA-containing chromocenter(s),
associated with nucleoli, were more intensely labeled than
the remaining chromatin (type 2), or all chromocenters
were more strongly labeled than euchromatin (type 3).
The frequency of these patterns varied depending on the
cell cycle stage and the ploidy level of the root tip nuclei
(Table2). Uniformly labeled nuclei occurred most fre-
quently during S-phase (59%) but less frequent among
2C (31.6%), 4C (21.1%), and 8C (9.9%) nuclei. The percen-
tages of strongly labeled rDNA-containing heterochromatin
and chromocenters increased with increasing ploidy levels
(Table 2).

With an antibody recognizing specifically H3 acetylated at
K9, the majority of root tip nuclei showed no labeled
chromocenters. Only among 8C nuclei, approximately
60% showed strong labeling at those chromocenters that
contain condensed rDNA, while nucleoli consistently
remained free of signals (Table3; Figure3d). The strong
labeling at these chromocenters was restricted to parts of
the area covered by rDNA signals after fluorescent in situ
hybridization (FISH). Interestingly, all chromocenters and
nucleoli of leaf nuclei consistently revealed less H3Ac9 than
the remaining chromatin (Figure 3e) and no strong labeling
at rDNA-containing chromocenters was detected. This sug-
gests tissue-specific differences as to H3K9 acetylation of
chromatin containing inactive rDNA in Arabidopsis. The
deviating patterns obtained with anti-H3Ac9/18 and anti-
H3Ac9 antibodies likely reflect acetylation of K18.

Wild-type chromocenters have a high level
of H3methylK9

Strong methylation of lysine 9 of histone H3 was found to
be a typical feature of heterochromatin in non-plant eukar-
yotes, while methylation of lysine 4 of H3 occurred prefer-
entially within transcriptionally competent chromatin (Litt
et al., 2001; Noma et al., 2001).

Immunostaining with antibodies directed against di-
methylated K9 of H3 revealed signals preferentially at het-
erochromatic chromocenters (Figure 4a) of root tip, leaf and

Figure4. continued

(g) DNA methylation of a kyp leaf nucleus: immunosignals for 5mC are
located preferentially at chromocenters (except those associated with the
nucleolus which contain rDNA).

(h) The same DNA-methylation pattern occurred in wild-type nuclei.
Bars=5um.
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Table 1 H4Ac16 labeling patterns
(a) wild-type (Col) root tip nuclei
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DNA content/cell cycle stage

2C 2C-4C (S) <4C (late S) 4C 8C
Labeling patterns’ n % n % n % n % n %
nucc eut 172 44.0 171 43.2 106 26.4 111 28.9 89 16.8
nu~cceut™ 199 50.9 182 46.0 183 455 139 36.2 165 31.1
nu-cc eu™ 20 5.1 43 10.9 113 28.1 134 34.9 276 52.1
) 391 100.0 396 100.0 402 100.0 384 100.0 530 100.0
(b) wild-type (Ler) leaf nuclei
DNA content
2C 4C 8C
Labeling patterns’ n % n % n %
nucc eut 192 67.6 132 66.7 199 64.0
nu-ccteu™™ 82 28.9 48 24.2 77 24.8
nucctfeu” 10 35 18 9.1 35 11.2
z 284 100.0 198 100.0 31 100.0
(c) kyp leaf nuclei
DNA content
2C 4C 8C
Labeling patterns’ n % n % n %
nucc eut 107 85.6 94 80.3 85 75.9
nu-ccteu™™ 16 12.8 16 13.7 19 17.0
nuccfeu” 2 1.6 7 6.0 8 7.1
z 125 100.0 117 100.0 112 100.0
"nu: nucleoli and rDNA component of cc; cc: chromocenter; eu: euchromatin; intensity of labeling is indicated by (+) or (-).
Table 2 H3Ac9/18 labeling patterns of Arabidopsis thaliana wild-type (Col) root tip nuclei
DNA content/cell cycle stage
2C 2C-4C (S) <4C (late S) 4C 8C
Labeling patterns’ n % n % n % n % n %
uni 106 31.6 184 59.0 123 37.8 69 21.1 35 9.9
rDNA**cc!Heu'™ 154 46.0 92 29.5 101 31.1 124 37.9 86 24.4
rDNA**ccteu™ 75 22.4 36 1.5 101 31.1 134 41.0 231 65.6
> 335 100.0 312 100.0 325 100.0 327 100.0 352 100.0

"uni: uniform labeling; cc: chromocenter; eu: euchromatin; rDNA: rDNA containing parts of chromocenters; intensity of labeling is indicated

by (+) or ().

© Blackwell Publishing Ltd, The Plant Journal, (2003), 33, 471-480
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Table 3 H3Ac9 labeling patterns of Arabidopsis thaliana wild-type (Col) root tip nuclei

DNA content/cell cycle stage

2C 2C-4C (S) <4C (late S) 4C 8C
Labeling patterns’? n % n % n % n % n %
rDNA*cc eu™ 5 5.3 7 8.0 18 16.7 15 15.3 73 60.3
rDNA cceu™ 87 91.6 78 88.6 86 79.6 82 83.7 47 38.8
uni 3 3.1 3 3.4 4 3.7 1 1.0 1 0.8
Xz 95 100.0 88 100.0 108 100.0 98 100.0 121 100.0

"rDNA: rDNA containing parts of chromocenters; cc: chromocenter; eu: euchromatin; uni: uniform labeling; intensity of labeling is indicated

by (+) or (-).
2Nucleoli remained unlabeled in all patterns.

flower bud nuclei of different cell cycle and endopolyploidy
stages in Arabidopsis. The strong labeling of heterochro-
matin also persisted during mitotic and meiotic divisions
(Figure 4b). In contrast, antibodies against dimethylated K4
of H3 revealed the most intense signals at euchromatin,
while nucleoli and chromocenters remained unlabeled (Fig-
ure4c). A corresponding pattern was observed for mitotic
and meiotic chromosomes (Figure 4d). This confirmed pre-
vious data obtained for wild-type leaf nuclei (Soppe et al.,
2002) and is now extended for nuclei of other organs and
cell cycle stages.

H3methylK9 is strongly reduced in chromocenters of kyp
nuclei

Wild-type labeling patterns of the different histone mod-
ifications were compared with that of the kyp mutant
(Jackson et al., 2002) to analyze the influence of a lack of
the H3K9-specific histone methyltransferase KRYPTONITE.
The H4Ac16 labeling patterns and their frequencies in leaf
nuclei of the kyp mutant were similar as in wild type
(Table 1c). This suggests that kyp does not influence
H4K16 acetylation, contrary to the situation observed for
the hypomethylation mutant ddm7 (decrease in DNA
methylation), which revealed a strongly decreased post-
replicative deacetylation at this lysine position within chro-
mocenters (Soppe et al., 2002). Immunodetection of H3Ac9
revealed that chromocenters remained unlabeled as in wild
type (Figure 3f).

Immunolabeling of H3methylK9 in leaf nuclei of the kyp
mutant yielded only small and uniformly distributed signal
foci (Figurede) and no longer signal clusters at chromo-
centers as in wild type (Figureda). The distribution of
H3methylK4 was as in wild type, with euchromatin most
intensely labeled (Figure 4f). Size and shape of chromocen-
ters in kyp nuclei were similar as in wild-type nuclei after
DAPI-staining, although the proportion of chromocenters
per nucleus was slightly higher in mutant nuclei (Table 4).

Table 4 Chromocenter percentages in wild-type Ler and kyp
leaf nuclei

% cc' n?
Ler 13.46 60
kyp 14.60" 60

'9% cc: percentage of area and staining intensity of chromocenters
in relation to the entire nucleus.

2Number of measured nuclei.

*P<0.05.

Also, the DNA methylation pattern after immunodetection
of 5-methyl-cytosine was similar to that described for wild-
type nuclei, i.e. intense immunosignals were observed
preferentially at chromocenters except for those regions
containing rDNA (Figure 4g,h). The latter two observations
are in contrast with the significantly reduced size and the
absence of pronounced DNA methylation from chromocen-
ters within nuclei of the hypomethylation mutants ddm1
and met1(Soppe et al., 2002). The appearance of wild-type-
like chromocentersin kyp nuclei suggests that high amounts
of H3methylK9 are not necessarily required for the forma-
tion of constitutive heterochromatin in Arabidopsis.

Discussion

Nuclear histone acetylation patterns in Arabidopsis differ
from that of other plants

In field bean (Jasencakova et al., 2000), barley (Jasencakova
etal., 2001) and mammals (Taddei et al., 1999) there is a cell
cycle-dependent modulation of histone acetylation inten-
sity, particularly at lysines 5 and 12 of H4 with pronounced,
probably ‘deposition-related’ acetylation (Sobel et al., 1995)
at eu- and heterochromatin around the time of DNA repli-
cation, followed by a strong deacetylation at heterochro-
matin toward mitosis. In contrast, only K16 of H4 showed
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such a pattern in Arabidopsis as also observed in field bean.
Pronounced acetylation of this residue within chromocen-
ters of a considerable number of endopolyploid nuclei
probably indicates delayed deacetylation after endo-redu-
plication. The strong H4 acetylation within nucleoli of G1
and G2 nuclei observed in other plants was consistently
lacking in Arabidopsis and also the rDNA-containing pro-
portions of chromocenters were free of acetylation signals.
However, H3K18 (but not K9) revealed a similar dynamics of
acetylation as H4K16 in Arabidopsis, while H3 acetylation
patterns of other plants did not show a clear cell cycle-
dependency (Belyaev et al., 1998; Jasencakova et al., 2000,
2001). In case of H3K 18, acetylation also involved rDNA-con-
taining chromocenters. Apparently, acetylation of H4K16
and H3K18 are sufficient in Arabidopsis to enable post-
replicative processes such as maintenance methylation of
DNA and H3K9 at chromocenters or post-replication repair.

Chromocenter formation does not require a
high level of H3methylK9

Strong methylation of H3K9 is mainly restricted to hetero-
chromatin in Arabidopsis, but also occurs along the euchro-
matic chromosome arms in plants with large genomes. In
contrast, H3methylK4 is present at euchromatin, while
heterochromatin domains are unlabeled independent of
genome size (Houben et al., unpublished). Therefore, a
high ratio between H3methylK9 and H3methylK4 seems
to be more relevant for proper assembly of constitutive
heterochromatin than high absolute levels of H3methylK9.
This gains further support from our data obtained for the
kyp mutant, since in mutant nuclei size and shape of chro-
mocenters and the distribution of acetylated histones H3
and H4 and of methylated H3K4 are similar as in wild-type
nuclei, while the level of H3methyIK9 is severely decreased
and no longer distinguishable between euchromatin and
chromocenters. The latter was not surprising since KRYP-
TONITE is a major H3K9-specific histone methyltransferase
in Arabidopsis (Jackson et al., 2002; Johnson et al., 2002).
The lack of a morphological and cytological phenotype of
the kyp mutant (even after extensive inbreeding), except for
suppression of an epigenetically silenced allele of SUPER-
MAN (clk) which became activated because methylation of
specific CpNpG sites by the chromomethylase CMT3 was
suppressed by reduced H3methylK9 (Jackson et al., 2002),
tempts to speculate that strong methylation of H3K9 is not
really essential for the structure of constitutive heterochro-
matin in Arabidopsis. However, H3methylK9 is essential for
gene silencing by heterochromatinization within cytologi-
cally euchromatic regions.

CpNpG methylation in the kyp mutant is reduced com-
pared to the wild type, but no effects on CpG methylation at
centromeric repeat sequences were found (Jackson et al.,
2002; Johnson et al., 2002). This agrees with our obser-
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vation that immunosignals for 5-methyl-cytosine are of
similar intensity and distribution in kyp and wild-type
nuclei, and emphasizes the importance of CpG main-
tenance methylation as an imprint for correct chromocenter
formation. These data suggest that the recently proposed
dependence of DNA methylation inheritance on H3K9
methylation (Gendrel et al., 2002) concerns only a minor
fraction of DNA methylation within the Arabidopsis gen-
ome, consisting of non-CpG sites.

In null mutants for SU(VAR)3-9, an H3K9-specific histone
methylase in Drosophila, H3methylK9 and the concentra-
tion of the heterochromatin-associated protein HP1 are
strongly reduced within the heterochromatic chromocen-
ters, which otherwise are of wild-type appearance (Schotta
et al., 2002). Also, in mitotic chromosomes and in nuclei of
primary mouse embryonic fibroblasts (double null mutants
for the histone methyltransferases Suv39h1and Suv39h2),
the DAPI-positive heterochromatin was present but, in
contrast to wild-type nuclei, not associated with signal
clusters for H3methylK9 (Peters et al., 2001). Therefore, in
Arabidopsis as in Drosophila and in mouse, a high level of
H3methylK9 is apparently dispensable for the heterochro-
matic structure of chromocenters. Moreover, the reduction
of H3methylK9 (to the level remaining within euchromatin)
is not accompanied by an increase in H3methylK4 (up to
the level of euchromatin) within the chromocenters of
kyp nuclei (Figurede,f). In contrast to previous assump-
tions based on immunoprecipitation data for fission yeast
(Noma et al., 2001) and Arabidopsis (Gendrel et al., 2002),
methylation of K9 is not the reason for the low level of
H3methylK4 at heterochromatic chromocenters (because
H3K4 methylation is not increased in kyp chromocenters),
and therefore, methylation of these lysine residues within
euchromatic and heterochromatic regions does not gener-
ally exhibit simple reciprocity (similar results were obtained
by ChIP analyses; S. E. Jacobsen, personal communica-
tion). The lack of detectable H3Ac9 within the chromocen-
ters of kyp nuclei shows that reduced methylation is not
accompanied by higher acetylation at this residue. Taken
together, these data again raise the question whether
highly methylated H3K9 is important for assembly of con-
stitutive heterochromatin and, if yes, how it is compensated
within the H3K9-specific histone methylase mutants.

Experimental procedures

Plant material, isolation and flow-sorting of nuclei

Arabidopsis thaliana accessions Columbia (Col), Landsberg erecta
(Ler), and the kyp mutant (kyp-2 in clk3/gL-1 background) in Ler
(Jackson et al., 2002) were used. Seeds were germinated in Petri
dishes on wet filter paper placed on 0.5% agar. After 2 days at 4°C,
they were allowed to germinate 5-6 days at room temperature until
roots were approximately 1cm long. Root tip nuclei were isolated
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from Col and leaf nuclei from Ler and the kyp mutant. Roots were
fixed for 20 min in 2% and young leaves in 4% formaldehyde in Tris
buffer (10 mm Tris, 10 mM Na,EDTA, 100 mM TritonX-100, pH 7.5).
Nuclei were isolated as described (Schubert et al., 1993). Nuclear
suspensions were stained with 4',6-diamidino-2-phenylindole
(DAPI, 1ugml™") and processed for flow-sorting according to
Jasencakova et al. (2000, 2001). The gates for sorting were set
according to the histograms obtained for each suspension of
nuclei. Representative histograms of root tip and leaf nuclei are
shown in Figure 1. About 1000 nuclei of each fraction were sorted
onto microscopic slides into a drop containing 100 mm Tris, 50 mm
KCI, 2mm MgCl,, 0.05% Tween 20 and 5% sucrose (Kubalakova
et al., 1997), air-dried at room temperature for several hours and
used forimmunolabeling and/or FISH, or stored at —20°C until use.

Chromosome preparation

Flower buds of appropriate size were fixed for 20 min with ice cold
4% (w/v) paraformaldehyde in PBS (pH7.3). After washing thrice
for 10 min in PBS, the flower buds were digested at 37°C for 40 min
with a mixture of 2.5% pectinase, 2.5% cellulase ‘Onozuka R-10’
and 2.5% Pectolyase Y-23 (w/v) dissolved in PBS. After washing
thrice for 10 min in PBS, anthers were dissected from flower buds
and squashed in a drop of Tris-buffer. After freezing in liquid
nitrogen, the coverslips were removed and the slides were trans-
ferred immediately into PBS.

Measurement of chromocenter fractions

Young rosette leaves were fixed in ethanol/acetic acid (3:1) and
stored at —20°C until use. After washing in water and citrate buffer
(10 mm Na-citrate, pH4.5), the leaves were digested at 37°C for 2—
3h in a mix containing 0.3% (w/v) pectolyase, 0.3% (w/v) cytoheli-
case, and 0.3% (w/v) cellulase dissolved in citrate buffer. The
leaves were washed in citrate buffer and nuclear suspensions were
spread in a drop of 45% acetic acid at 45°C, acetic acid was then
removed by ice-cold ethanol/acetic acid (3:1) fixative and the
slides were air-dried. Prior to measurements, nuclei were stained
with DAPI (2ugml~" in Vectashield). To quantify chromocenter
fractions in wild type and kyp, digital images of nuclei in gray-scale
were analyzed with the freeware program NIH-IMAGE 1.62. Special
macros were written to measure the size and average staining
intensity of nuclei and chromocenters. The chromocenter value
was divided by the whole nucleus value and yielded the chromo-
center fraction.

Replication labeling

For labeling of replicating chromatin, the roots of germinating
plants were incubated in 5-bromo-2'-deoxyuridine (BrdU, 100 um),
fluorodeoxyuridine (0.1uM) and uridine (5uM) for 40 min in the
dark. After rinsing, the roots were fixed in 2% formaldehyde/Tris
buffer before isolation and flow-sorting of nuclei. For the detection
of BrdU (Jasencakova et al., 2001) mouse anti-BrdU (Becton Dick-
inson, 1:20), anti-mouse conjugated with biotin (Jackson Immuno
Research Laboratories, 1:600), and avidin conjugated with Texas
Red (Vector, 1:800) were used.

Histone immunolabeling

The following rabbit polyclonal antisera against modified histones
were used: R41 (H4Ac5, 1:100), R232 (H4Ac8, 1:100), R101
(H4Ac12, 1:100), R252 (H4Ac16, 1:1000), R243 (preferentially

recognizing tri- and tetra-acetylated H4, 1:200), R47 (H3Ac9/18,
1:200) (Belyaev et al., 1996; Stein et al., 1997; Turner and Fellows,
1989; Turner et al., 1989; White et al., 1999), anti-acetyl histone H3
(Lys9, 1:200), anti-dimethyl histone H3 (Lys4, 1:200-1:500), anti-
dimethyl histone H3 (Lys9, 1:100) (Upstate). The specificity of the
sera against the corresponding acetylated histone isoforms of
plants has been shown by Buzek et al. (1998) and Vyskot et al.
(1999) and against the methylated isoforms of plant H3 by Gendrel
et al. (2002). Goat anti-rabbit FITC (1:80, Sigma), or goat anti-rabbit
rhodamine (1:100, Jackson Immuno Research Laboratories) were
applied as secondary antibodies. The immunolabeling procedure
was as described (Jasencakova et al., 2000, 2001). After post-
fixation in 4% paraformaldehyde/PBS, subsequent washes in
PBS, and blocking at 37°C, slides were exposed to primary antisera
for 1h at 37°C, or overnight at 4°C. After washes in PBS (at room
temperature), the incubation with secondary antibodies was done
at 37°C. Nuclei were counterstained with DAPI (1 g ml~", in Vecta-
shield, Vector).

Fluorescent insitu hybridization (FISH)

The following probes were used to identify specific chromatin
domains within interphase nuclei:rDNA (A. thaliana BAC T15P10
(AF167571) containing 45S rDNA repeats) and pAL (180bp cen-
tromere-specific repeat, Martinez-Zapater et al., 1986). Probes
were labeled with biotin-16-dUTP using a nick translation kit
(Roche Biochemicals) according to manufacturer’s instructions.
After evaluation and capturing of images obtained from immu-
nostaining, the slides were processed for FISH as described
(Jasencakova et al., 2000, 2001). Briefly, after removing the cover-
slips and washing in TNT (100 mM Tris-HCI, pH 7.5, 150 mm NaCl,
0.05% Tween 20), the preparations were dehydrated through an
ethanol series, baked for 30 min at 60°C, post-fixed in 4% paraf-
ormaldehyde/PBS, washed in PBS, dehydrated again and air-dried.
When 45S rDNA was used as a probe, RNase treatment
(100pg mI~"in 2x SSC, 30 min at 37°C) was performed after baking
and prior to post-fixation. The hybridization mixture containing
probe, 50% formamide, 10% dextran sulfate and 2x SSC was
heated at 80°C for 10 min, cooled on ice, applied on slides and
denatured for 1 min at 80°C. After overnight hybridization at 37°C,
the slides were washed 3 x 5min in 50% formamide/2x SSC at
42°C, followed by washing in 2x SSC at room temperature. Detec-
tion of FISH signals was according to Fransz et al. (1996) using
avidin-Texas Red (Vector) 1:1000 and goat biotin-conjugated-anti-
avidin (Vector) 1:200, followed by avidin-Texas Red 1:1000. Incu-
bation with antibodies was carried out at 37°C, for 40 min. Nuclei
were counterstained with DAPI (see above).

5-methyl-cytosine immunodetection

The detection was done using mouse antiserum raised against 5-
methyl-cytosine (Podesta et al., 1993; kindly provided by M. Ruffini
Castiglione, 1:250) in TNB (100 mMm Tris-HCI, pH 7.5; 150 mm NaCl;
0.5% blocking reagent, Roche), followed by rabbit anti-mouse FITC
(1:1000, Sigma), and goat anti-rabbit Alexa*®® (1:200, Molecular
Probes). The nuclei were counterstained with DAPI.

Microscopy, image processing, data evaluation

The slides were inspected using a Zeiss Axiophot 2 epifluores-
cence microscope equipped with a cooled CCD camera (Photo-
metrics). Images were captured using IPLab Spectrum software,
pseudocolored and merged in Adobe Photoshop.

© Blackwell Publishing Ltd, The Plant Journal, (2003), 33, 471-480



To determine the frequency of immunolabeling patterns,
approximately 100 nuclei of each flow-sorted fraction from root
and leaf nuclear suspensions were evaluated per experiment.
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