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Rumex acetosa Y chromosomes:
constitutive or facultative heterochromatin?
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Abstract: Condensed Y chromosomes in Rumex acetosa L. root-tip nuclei were studied using 5-azaC treatment and immunoh-
istochemical detection of methylated histones. Although Y chromosomes were decondensed within root meristem in vivo, they
became condensed and heteropycnotic in roots cultured invitro. 5-azacytidine (5-azaC) treatment of cultured roots caused transitional
dispersion of their Y chromosome bodies, but 7 days after removal of the drug from the culture medium, Y heterochromatin
recondensed and again became visible. The response of Rumex sex chromatin to 5-azaC was compared with that of condensed
segments of pericentromeric heterochromatin in Rhoeo spathacea (Sw.) Stearn roots. It was shown that Rhoeo chromocentres,
composed of AT-rich constitutive heterochromatin, did not undergo decondensation after 5-azaC treatment. The Y-bodies
observed within male nuclei of R. acetosa were globally enriched with H3 histone, demethylated at lysine 4 and methylated
at lysine 9. This is the first report of histone tail-modification in condensed sex chromatin in plants. Our results suggest that
the interphase condensation of Y chromosomes in Rumexis facultative rather than constitutive. Furthermore, the observed response
of Y-bodies to 5-azaC may result indirectly from demethylation and the subsequent altered expression of unknown genes controlling

tissue-specific Y-inactivation as opposed to the global demethylation of Y-chromosome DNA.
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Introduction

The sorrel, Rumex acetosa L. is one of the few dioecious
plant species which have sex chromosomes (XX + 12
autosomes in females and XY;Y, + 12 autosomes in
males). Sex-determination in sorrels depends on the
Xlautosome ratio [45, 46] and about ten Rumex species
from the section Acetosa are characterized by the same
dosage sex chromosome system [29]. The two sorrel Y
chromosomes are considered late-replicating and are
condensed within interphase nuclei [22, 41, 46]. The
authors referred to these chromosomes as ’heterochro-
matic’, yet it is unclear whether they represent faculta-
tive or constitutive heterochromatin. The heterochro-
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matic nature of Rumex Y chromosomes is of special
interest as it contrasts with the euchromatic nature of Y
chromosomes in other plant species [1, 17]. In addition,
facultative heterochromatin is extremely rare in Angios-
perms [18, 19].

Using conventional staining techniques, sorrel Y
chromosomes appear heteropycnotic within some inter-
phase and prophase nuclei [30, 41]. Fluorescence studies
[22, 34, 37] have revealed that sorrel Y chromosomes
are almost entirely DAPI-positive, thus indicating that
they are enriched with AT-rich repetitive sequences. In
spite of this, C-banding studies [9, 34, and our unpub-
lished results] have failed to detect constitutive hete-
rochromatin within the Y chromosomes. It was
subsequently concluded [9, 34] that heterochromatiniza-
tion of Rumex Y chromosomes is not constitutive, but
rather facultative. Further evidence supports the faculta-
tive character of sorrel Y heterochromatin. First, the Y
chromosomes are not heterochromatinized in all cells
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and tissues, and frequently form heteropycnotic bodies
in somatic tissues, but only rarely in root-tip meristems
[22, 30, 41]. Second, the results of DNAse sensitivity
assays on root-tip cell Y chromosomes are similar to
those of Rumex autosomes [9]. These studies suggest
that Y chromosomes are probably transcriptionally ac-
tive, at least in meristematic cells, where heterochroma-
tinization is not generally observed.

The cytogenetic and molecular analysis of sorrel sex
chromosomes has been hampered by a lack of conveni-
ent experimental model systems. In vitro root cultures
proved to be very useful for the analysis of Slene
latifoliasex chromosomes [8, 25, 38, 39, 43].

In this paper we have studied condensed Y chromo-
somes in sorrel root-tips cultured in vitro using 5-azaC
treatment and immunohistochemical detection of
methylated histones.

Materials and methods

Material. Plant material was obtained from seeds of commercial R.
acetosa L. cultivar ’Lionski’ (Polan, Cracow). R. spathacea (Sw.)
Stearn plants were of our own stock and were previously cytologi-
cally analysed [14, 15].

Root culture initiation and maintenance. Petiole fragments (ca. 1
cm long), excised from aseptically grown seedlings of R. acetosa,
were inoculated in a liquid MS medium [26] containing 1/2 strength
macronutrients. Individual adventitious roots, which developed at
sites of cuttings, were excised, and separately inoculated in 250 ml
Erlenmeyer flasks, each containing 20 ml of the nutrient medium.
The roots were maintained at 25°C, on a gyratory shaker (100 r.p.m.),
in the dark, and were subcultured every five weeks by inoculating
0.5 g of roots (fresh weight) in 250 ml Erlenmayer flasks with 35 ml
of a liquid medium. The growth index (G.l.) of the culture was
measured as the ratio of the final fresh weight of roots, five weeks
after inoculation, to the fresh weight of the inoculum.

Adventitious roots (male line RAY1, and female line RAX1)
developed from 10% of petiole explants, three weeks after their
inoculation in the modified MS medium. The roots grew well in the
hormone-free medium. Their G.I. value was ca. 14.

Cytology. Root-tip meristems and hairs of R. acetosa were taken
from young (2-3 day) seedlings, adult plants, or from roots cultured
in vitro. Roots of R. spathacea were taken from plant cuttings
incubated in glass jars filled with tap water. Roots were fixed for 30
min. in a mixture of 96% ethanol and glacial acetic acid (3:1). After
maceration in N HCI (60°C for 5 or 10 min.) or in buffered pectinase
(40%) + cellulase (4%), the root tips were rinsed in distilled water
and squashed in 45% acetic acid. Cover slips were ripped off after
freezing in dry ice. DAPI-stained preparations were mounted in
Vectashield (Vector) and analysed by fluorescence microscopy.
Karyotyping was undertaken on chromosomes conventionally
stained using the Feulgen method.
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Fig. 1. Chromosome complement of
male Rumex acetosa 2n = 12 +
XYY with sex chromosomes indi-
cated.

5-azacytidine treatment. Roots of R. acetosa were cultured in daily
renewed medium containing 5 uM 5-azaC for 3 days. After this
treatment, roots were carefully washed in fresh medium and cultured
without the drug. R. spathacea roots were treated in the same way
with 5-azaC at the same concentration, diluted in tap water. Each
experiment was repeated three times. The material not treated with
5-azaC served as a control. For each cell collection, the morphology
of 200 nuclei was analysed and the frequency of nuclei with con-
densed chromatin bodies was calculated. For the obtained results,
analyses of variance were undertaken. The mean values were com-
pared using the Student t-test.

Histone immunostaining. Root tips of untreated cultured roots of
R. acetosa were fixed for 30 min. with 3.7% formaldehyde in PBST
(phosphate-buffered saline, pH 7.3 + Tween 20, final concentration
0.1%) at room temperature and washed 3 x 10 min. in PBST. The
root-tips were then squashed without maceration in a drop of PBST
and after freezing in liquid nitrogen, the coverslips were removed
and slides were transferred immediately into cold PBS. After wash-
ing (3 x 5 min. in cold PBS), the preparations were blocked with 3%
BSA (bovine serum albumin) in PBST for 15 min. at room tempera-
ture in a humid chamber. After blocking, the specimens were incu-
bated with the primary antibodies (rabbit polyclonal antibodies
against methylated histone H3 at lysine 9 and lysine 4) diluted in
PBS with 0.01% sodium azide (1:250 H3K9 and 1:100 H3K4)
overnight at 4°C. Antibodies against methylated H3K9 were de-
veloped at the Research Institute of Molecular Pathology, Vienna
Biocenter, and methylated H3K4 were from Abcam (Cambridge,
UK). The next day, the slides were left for 30 min. at room tempera-
ture and then rinsed (3 x 10 min. in PBS) and incubated for 1h at
room temperature in a humid chamber with secondary antibody
(anti-rabbit conjugated with Cy-3 atibody from goat, Abcam, Cam-
bridge, UK, ab6939) diluted 1:150 in PBS with 0.01% sodium azide.
After washing (3 x 10 min. in PBS), the slides were counterstained
and mounted in Vectashield (Vector Laboratories, Burlingame,
USA) with DAPI (1ug/ml). The reliability of the used method was
assayed by applying simultaneously a universal anti-histone H1
mouse monoclonal antibody (1:50, Abcam, Cambridge, UK,
ab4269) which was detected with anti-mouse antibody con-
jugated with FITC from goat (1:200, Abcam, Cambridge, UK,
ab5999). The antibodies were kindly provided by Prof. Dieter
Schweizer (University of Vienna).

Results

Rumex chromosomesin vivo and in vitro

The karyotypes of all the male and female R. acetosa
seedlings analysed were typical and corresponded to the
previously published data[22, 29, 34]. The metacentric sex
chromosomes (X, Y1 and Y) were of standard morpho-
logy and were the largest in the chromosome comple-
ment (Fig. 1). The X chromosome was slightly longer
than the Y; chromosome and significantly longer than
the Y, chromosome. Our C-banding studies failed to
reveal constitutive heterochromatin within Y chromo-
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Fig. 2. DAPI-positive chromatin-bodies within nuclei of male Rumex acetosa (a-g) and within nuclei of Rhoeo spathacea (h-K). a - root hair
(seedling); b - root meristem (seedling); ¢ and d - root meristem (in vitro), without 5-azaC treatment; e and f - root meristem (in vitro),
immediately after 5-azaC treatment; g - root meristem (invitro), 7 days after 5-azaC treatment; h - k - root meristem, nuclei with 1, 2, 3 and
5 heterochromatic bodies. Bars: 20 um

somes (data not shown). Although it has been previously
suggested that R. acetosa'’Y chromosomes are hypervari-
able for centromere localization [44], both Y chromo-
somes were morphologically stable in all the male
seedlings.

The long-term male root culture (RAY1 line) ana-
lysed here was karyologically stable. 15 chromosomes
(12 autosomes + XY.Y,) of standard morphology were
invariably observed in metaphase cells derived from
these roots. No signs of mitotic disturbances - such as
anaphase bridges, chromosome fragments, irregularly
shaped nuclei or micronuclei were observed.

Differencesin Y chromosome condensation in
vivo and in vitro

The nuclear structure of Rumex male and female plants
was distinct. Male nuclei of non-meristematic tissues
usually possessed 1-4 large, oval-shaped or elongated
DAPI-positive bodies. Such bodies were not observed
in female nuclei (data not shown). In root-hair cells,
chromatin bodies were abundant and large, while in

meristem cells of male roots, the DAPI-positive seg-
ments were usually small and not numerous (Table 1,
Fig. 2a,b). As FISH signals of Y-specific RAYSsequen-
ces (R. acetosa'’Y chromosome-specific sequence) colo-
calize with male-specific chromatin bodies [22, 37], itis
likely that the male-specific chromatin bodies we ob-
served correspond to Y chromosomes (or their substan-
tial parts).

In male roots cultured invitro (RAY1 line), we were
surprised to detect DAPI-positive nuclear bodies not
only within root-hairs, but also within meristematic cells
(Tab. 1, Fig. 2¢,d). Nuclear bodies of this kind were not
observed in either meristematic or non-meristematic
tissues of female roots cultured invitro (RAX1 line).

The effect of 5-azaC on chromatin condensation

In Rumex cultured male roots (RAY1 line), male-spe-
cific segments disappeared in 90% of root-tip nuclei
immediately after 5-azaC treatment (Fig. 2e,f). Seven
days after removing 5-azaC from the culture medium,
the percentage of nuclei with DAPI-positive bodies in-
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creased from 10% to 71.8% (Fig. 29), a percentage com-
parable to that in nuclei from the untreated root cultures
(Tab. 2). Thus, it seems that male-specific chromatin in
meristematic tissue of cultured roots recondenses after
transferring roots to fresh medium without 5-azaC.

In R. spathacesa, a species with distinct chromocen-
tres (Figs. 2h-k) formed by AT-rich constitutive hete-
rochromatin [14, 15, 16], treatment of roots with 5-azaC
did not affect the percentage of DAPI-positive segments
compared to untreated roots (97.2% and 94.7% for
treated and untreated roots, respectively). However, the
large, single, collective chromocentres tended to separ-
ate into smaller fluorescent spots following 5-azaC treat-
ment. The frequency of meristematic nuclei with 4-7
chromocentres increased in comparison with untreated
material. The frequency of nuclei with 2 or 3 larger
chromocentres remained almost unaltered in 5-azaC-
treated material. Importantly, the observed effect of
5-azaC on interphase chromatin organization in Rhoeo
seems to be irreversible (Tab. 3).

Histone H3 methylation in sex bodies

The assembly of higher order chromatin structures in
eukaryotes is linked to the covalent modifications of
histone tails [5, 11, 28]. Heterochromatinization of
Rumex'Y chromosomes in in vitro cultured roots offers
a unique opportunity to study the link between H3
methylation and epigenetic regulation of sex chromatin
condensation in plants. Because lysines can accept three
methyl groups, we tested the presence of monomethy-
lated, dimethylated and trimethylated lysine 4 and 9
residues in H3 histone within interphase nuclei of Rumex
using appropriate antibodies.

Our findings suggest that DAPI-positive sex bodies
observed withinmale nuclei were globally enriched with
H3 histone, heavily demethylated at lysine 4 and methy-
lated at lysine 9 (Fig. 3). Immunostaing with antibodies
against mono- di- and trimethylated H3K4 showed no
signalswithin sex bodies and speckles evenly distributed
throughout the euchromatic parts of nuclei. In case of
H3KO9, positive immunolabelling was obtained only for
monomethylated and dimethylated forms of this residue.
In all analysed preparations, the staining was predomi-
nantly localized to DAPI-positive sex bodies (Figs.
3a,b). No positive signals, either within condensed, or
within uncondensed chromatin were obtained with anti-
bodies against trimethylated H3K9 (data not shown).

Discussion

Rumex Y chromosomes; constitutive or
facultative heterochromatin?

C-banding is the best method for cytological discrimi-
nation between constitutive and facultative heterochro-
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Table 1. Number of nuclei with sex bodies in males of Rumex
acetosa, n=200

| I 1l X
Root meristem
adult plants 26 22 28 25.3
seedlings 8 10 12 10.0
invitro 174 168 171 171.0
Root hairs 186 190 183 186.3

I-111 - replications; X - mean value; LSD = 5.54 (0=0.05)

Table 2. Cultured roots of male Rumex acetosa; number of nuclei
with sex bodies in meristem cells after 5-azaC treatment, n=200

| I 1 X
Control 174 168 171 171.0
0-D 13 22 25 20.0
7-D 138 154 139 143.0

0-D - immediatelly after treatment; 7-D - 7 days after treatment; I-111
- replications; X - mean value; LSD = 12.31 (0.=0.05)

Table 3. Root meristem cells of Rhoeo spathacea; mean number of
nuclei with and without chromocentres in meristem cells after 5-azaC
treatment, n=200

a b c d e
Control 46.7 44.3 53.0 45.7 10.3
0-D 30.0 53.3 44.0 68.0 4.7
7-D 23.0 41.7 49.3 82.0 4.0

a - one collective chromocentre; b - two chromocentres; ¢ - three
chromocentres; d - more chromocentres; e - without chromocentres;
LSD =10.8 (a=0.05)

matin. We were, however, unable to obtain unambigu-
ous C-banding patterns for R. acetosa chromosomes. A
failure to detect heterochromatin within Rumex Y chro-
mosomes using C-banding was previously reported [9,
34]. However, reports to the contrary [37, and references
cited therein] suggest that sorrel Ys are composed of
constitutive, C-banded material.

From the cytological point of view, non-functional,
highly repetitive sequences of constitutive heterochro-
matin are generally species-specific rather than tissue-
specific, and by definition are permanently condensed
at interphase [6]. In contrast, facultative heterochro-
matin isonly structurally silenced (condensed) in certain
cell types or developmental stages [6, 27]. In vivo, R.
acetosa Y chromatin was usually condensed in inter-
phase nuclei of non-cycling, differentiated cells and
tissues, but not in meristematic cells, where larger
DAPI-positive chromatin bodies were observed only
occasionally [22, 30, 41]. In roots cultured in vitro,
however, Y chromosomes were also condensed in the
majority of meristematic cells. Taken together, these
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observations suggest that Y-chromosome condensation
atinterphase is subject to epigenetic modification during
development in vivo and culture conditions in vitro.
These observations strongly support the existing view
on the facultative character of Y heterochromatin in this
species [9, 30, 34].

Constitutive heterochromatin is generally more high-
ly methylated than bulk DNA [10, 20, 40]. In plants and
mammals, C-banding-positive, highly repetitive se-
guences are 5-methylcytosine-rich [12, 33]. It has been
suggested that DNA sequence repetition might trigger
DNA methylation in constitutive heterochromatin [23,
36]. On the other hand, hypermethylation is distinctly
absent from both the inactive human X chromosome [3]
and facultative heterochromatin in the endosperm nuclei
of Gagealutea[18]. Thus, facultative heterochromatini-
zation does not seem to be obligatorily correlated with
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H3K9 (di-)

H3K4 (mono-)

H3K4 (tri-)

Fig. 3. DAPI-staining (a, c, €) and
immunolabelling (b, d, f) of meris-
tematic cell nuclei of male Rumex
acetosa roots (in vitro); b - anti-
H3K9™ signals; d and f - anti-
H3K4 ¢ signals. (mono-) - mono-
methylated; (di-) - dimethylated;
(tri-) - trimethylated. Bar: 20 um

global DNA hypermethylation. A lack of sex-specific
differences in the level of DNA methylation in male and
female nuclei of fully expanded R. acetosa leaves has
also been reported [22]. This finding supports the facul-
tative character of interphase Y-heterochromatin within
the nuclei of R. acetosa differentiated cells.

The effect of 5-azaC on chromatin
condensation in Rumex and Rhoeo

We compared the response of AT-rich Rumex Y chro-
matin to 5-azaC to that of constitutive heterochromatin
with similar base composition from R. spathacea. In
Rumex, 5-azaC treatment caused transitional dispersion
of condensed segments within meristematic nuclei of
cultured male roots. As heterochromatic sex bodies in
males lack hypermethylated DNA [22], it is less prob-
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able that dispersion of these bodies is directly caused by
global DNA demethylation. It is more likely that de-
methylation indirectly causes the response by altering
the expression of unknown genes, which control the
tissue-specific condensation/decondensation of sex
chromatin. Inasimilar manner, the reactivation of genes
silenced by DNA methylation ensued after 5-azaC treat-
ment of the facultatively heterochromatinized human X
chromosome [24, 42].

In Rhoeo, 5-azaC treatment did not alter interphase
condensation of constitutive heterochromatin, but dis-
rupted the large collective chromocentres seen in un-
treated cells. Condensed chromosome segments tended
to separate after drug administration, at least in some
nuclei, but the frequency of cells with and without
condensed chromatin remained unaltered. The spatial
reorganization of interphase chromatin after 5-azaC
treatment, in which normally colocalizing domains be-
came separated, has also been observed in other plant
species, for instance in Triticum [13, 35] and Triticale
[7]. The observed spatial disturbances at interphase in
these plants concern silenced transgenes [35] and subte-
lomeric constitutive heterochromatin [13], that is parts
of the genome which are usually hypermethylated.

It has been suggested [2], that DNA demethylation
induced by 5-azaC could persist for many cell gener-
ations. However, in some plants/tissues demethylation
induced in this way seems to be reversible and is most
effective shortly after treatment [7]. Our indirect obser-
vations, based on the presence/absence of condensed
bodies within meristematic nuclei in Rumex, suggest a
resetting of methylation patterns shortly after the treat-
ment with 5-azaC is interrupted.

Our observations in Rumexand Rhoeo are consistent
with suggestions [11] that the heterochromatic state of
constitutive heterochromatin in plants is not controlled
by DNA methylation, whereas the heterochromatic state
of facultative heterochromatin is under the epigenetic
control of DNA methylation. Most probably, the denovo
methylation of many developmentally regulated DNA
sites may not occur once in development, but may hap-
pen repeatedly as embryonic cells divide [4].

H3K4 and H3K9 methylation patternsin sex
bodies

Strong methylation of lysine 4 (K4) in histone H3 is
typical for transcriptionally active euchromatin, where-
as demethylation of lysine 4 and methylation of lysine 9
(K9) are linked to gene-silencing and assembly of hete-
rochromatin [21, 40]. In higher eukaryotes, histone
methylation in facultative heterochromatin has only
been studied within inactive human X chromosomes [5,
31]. Facultatively inactivated human X chromosomes
are globally enriched with methylated H3K9, but largely
lack methylated H3K4. Our findings with antibodies
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against H3K9 and H3K4 suggest that modifications of
histone H3 in male sex bodies within Rumex nuclei are
generally the same as those in the inactive human X
chromosome. This is the first report of histone tail modi-
fication in interphase-condensed sex chromatin in
plants.

It has been suggested [21] that there are some differen-
ces in the mechanism of H3K9 methylation in facultative
and constitutive heterochromatin. Most probably, in con-
stitutive heterochromatin, both histone and DNA methyla-
tion irreversibly stabilize transcriptionally silent chromatin
domains, whereas in facultative heterochromatin these
chromatin modifications are reversible.

In mammals, trimethylated H3K9 is preferentially
localized to constitutive pericentromeric heterochro-
matin [32] and dimethylated to facultative heterochro-
matin (inactivated X chromosome) [31]. On the other
hand, it was shown that in Arabidopsis constitutive
heterochromatin is deprived of trimethylated H3K9, and
silent chromatin in this species is enriched with mono-
and dimethylated form of this histone. It was shown that
male sex bodies in Rumex are enriched with mono-
methylated and dimethylated H3K9.

Acknowledgements: We would like to thank Prof. Dieter Schweizer
(Institute of Botany, University of Vienna) for his support and
valuable suggestions, and Dr. Hieronim Golczyk (Institute of Bo-
tany, Jagiellonian University) for providing R. spathacea stocks and
for comments.

References

[ 1] Ainsworth C (2000) Boys and girls come out to play: the
molecular biology of dioecious plants. Ann Bot 86: 211-221

[ 2] Amado L, Abranches R, Neves N, Viegas W (1997) Develop-
mental-dependent inheritance of 5-azacytidine-induced epimu-
tations in triticale: analysis of rDNA expression patterns.
Chromosome Res 5: 445-450

[ 3] Bernardino J, Lamoliatte E, Lombard M, Niveleau A, Malfoy
B, Durtilaux B, Bourgeois CA (1996) DNA methylation of the
X chromosomes of the human female: an in situ semi-quantita-
tive analysis. Chromosoma 104: 528-535

[ 4] Bird A (2002) DNA methylation patterns and epigenetic mem-
ory. Genes Dev 16: 6-21.

[ 5] Boggs BA, Cheung P, Heard E, Spector DL, Chinault AC, Allis
CD (2002) Differentially methylated forms of histone H3 show
unique association patterns with inactive human X chromo-
somes. Nat Genet 30: 73-76

[ 6] Brown SW (1966) Heterochromatin. Science 151: 417-425

[ 7] Castilho A, Neves N, Rufini-Castiglione M, Viegas W, Heslop-
Harrison JS (1999) 5-Methylcytosine distribution and genome
organization in Triticale before and after treatment with 5-aza-
cytidine. J Cell Sci 112: 4397-4404

[ 8] Ciupercescu DD, Veuskens J, Mouras A, Ye D, Briquet M,
Negrutiu I (1990) Karyotyping Melandriumalbum, a dioecious
plant with heteromorphic sex chromosomes. Genome 33: 556-
562

[ 9] Clark MS, Parker JS, Ainsworth CC (1993) Repeated DNA and
heterochromatin structure in Rumex acetosa. Heredity 70: 527-
536

[10] Ehrlich M, Wang R (1981) 5-methylcytosine in eucaryotic
DNA. Science 212: 1350-1357



Sex chromatin in Rumex

[11] Fransz P, Soppe W, Schubert I (2003) Heterochromatin in
interphase nuclei of Arabidopsisthaliana. Chromosome Res 11:
227-240

[12] Frediani M, Giraldi E, Ruffini-Castiglione M (1996) Distribu-
tion of 5-methylcytosine-rich regions in the metaphase chromo-
somes of Vicia faba. Chromosome Res 4: 141-146

[13] Glyn, MCP, Egertova M, Gazdova B, Kovarik A, Bezdek M,
Leith AR (1997) The influence of 5-azacytydine on the conden-
sation of the short arm of rye chromosome 1R in Triticum
aestivum L. root tip meristematic nuclei. Chromosoma 106:
485-492

[14] Golczyk H, Joachimiak A (1999) Karyotype structure and in-
terphase chromatin organization in Rhoeo spathacea (Sw.)
Stearn (Commelinaceae). Acta Biol Cracov Ser Bot41: 143-150

[15] Golczyk H, Joachimiak A (2003) NORs in Rhoeo (Commelina-
ceae) revisited. Caryologia 56: 31-35

[16] Golczyk H, Hasterok R, Joachimiak AJ (2005) FISH-aimed
karyotyping and characterization of the Renner complexes in
permanent heterozygote Rhoeo spathacea. Genome 48: 145-
153

[17] Grabowska-Joachimiak A, Joachimiak A (2002) C-banded ka-
ryotype of two Slene species with heteromorphic sex chromo-
somes. Genome 45: 243-252

[18] Greilhuber J, Ebert 1, Lorenz A, Vyskot B (2000) Origin of
facultative heterochromatin in the endosperm of Gagea lutea
(Liliaceae). Protoplasma 212: 217-226

[19] Joachimiak A (1986) B-chromosome condensation in Phleum
pollen grains. Genetica 68: 169-174

[20] Johnson LM, Cao X, Jacobsen SE (2002) Interplay between two
epigenetic marks: DNA methylation and histone H3 lysine 9
methylation. Curr Biol 12: 1360-1367

[21] Lachner M, O’Sullivan RJ, Jenuwein T (2003) An epigenetic
road map for histone lysine methylation. J Plant Sci 116: 2117-
2124

[22] Lengerova M, Vyskot B (2001) Sex chromatin and nucleolar
analyses in Rumex acetosa L. Protoplasma 217: 147-153

[23] Martienssen RA, Colot VV (2001) DNA methylation and epi-
genetic inheritance in plants and filamentous fungi. Science
293:1070-1074

[24] Mohandas T, Sparkes RS, Shapiro LJ (1981) Reactivation of an
inactive human X chromosome: evidence for X inactivation by
DNA methylation. Science 211: 393-396

[25] Moore RC, Kozyreva O, Lebel-Hardenack S, Siroky J, Hobza
R, Vyskot B, Grant SR (2003) Genetic and functional analysis
of DD44, a sex-linked gene from the dioecious plant Slene
latifolia, provides clues to early events in sex chromosome
evolution. Genetics 163: 321-334

[26] Murashige T, Skoog F (1962) A revised medium for rapid
growth and bioassays with tobacco tissue cultures. Physiol Plant
15: 473-497

[27] Nagl W (1979) Nuclear ultrastructure: condensed chromatin in
plants is species-specific (karyotypical), but not tissue-specific
(functional). Protoplasma 100: 53-71

[28] Nakayama J, Rice JC, Strahl DD, Allis CD, Grewal SIS (2001)
Role of histone H3 lysine 9 methylation in epigenetic control of
heterochromatin assembly. Science 292: 110-113

[29] Parker JS, Clark MS (1991) Dosage sex-chromosome systems
in plants. Plant Sci 80: 79-92

167

[30] Pazourkova Z (1964) Sex chromatin in Rumexacetosa L. Preslia
36: 422-424

[31] Peters AHFM, Mermoud JE, O’Caroll D, Pagani M, Schweizer
D, Brockdorff N, Jenuwein T (2002) Histone H3 lysine 9
methylation is an epigenetic imprint of facultative heterochro-
matin. Nat Genet 30: 77-80

[32] Peters AHFM, Kubicek S, Mechtler K, O’Sullivan RJ, Derijck
AAHA, Perez-Burgos L, Kohlmaier A, Opravil S, Tachibana
M, Shinkai Y, Martens JHA, Jenuwein T (2003) Partitioning
and plasticity of repressive histone methylation states in mam-
malian chromatin. Mol Cell 12: 1577-1589

[33] Ruffini-Castiglione M, Giraldi E, Frediani M (1995) The DNA
methylation patterns of Allium cepa metaphase chromosomes.
Biol Zentralbl 114: 57-66

[34] Ruiz Rejon C, Jamilena M, Ramos MG, Parker JS, Ruiz Rejon
M (1994) Cytogenetic and molecular analysis of the multiple
sex chromosome system of Rumex acetosa. Heredity 72: 209-
215

[35] Santos AP, Abranches R, Stoger E, Beven A, Viegas W, Shaw
PJ (2002) The architecture of interphase chromosomes and gene
positioning are altered by changes in DNA methylation and
histone acetylation. J Cell Sci 115: 4597-4605

[36] Selker EU (1990) DNA methylation and chromatin structure: a
view from below. Trends Biochem Sci 15: 103-107

[37] Shibata F, Hizume M, Kuroki Y (1999) Chromosome painting
of Y chromosome-specific repetitive sequence in the dioecious
plant Rumex acetosa. Chromosoma 108: 266-270

[38] Siroky J, Janousek B, Mouras A, Vyskot B (1994) Replication
patterns of sex chromosomes in Melandrium album female
cells. Hereditas 120: 175-181

[39] Siroky J, Hodurkova J, Negrutiu I, Vyskot B (1999) Functional
and structural analyses in autotetraploid Slene latifolia. Ann
Bot 84: 633-638

[40] Tariq M, Paszkowski J (2004) DNA and histone methylation in
plants. Trends Genet 20: 244-251

[41] Vana V (1972) Studies on the sex chromatin in various tissues
of the vegetative organs of Rumex acetosa L. Preslia 44: 100-
111

[42] Venola L, Gartler SM, Wassman ER, Yen P, Mohandas T,
Shapiro LJ (1982) Transformation with DNA from 5-azacy-
tidine-reactivated X chromosomes. Proc Natl Acad Sci USA 70:
2352-2354

[43] Vyskot B, Araya A, Veuskens J, Negrutiu I, Mouras A (1993)
DNA methylation of sex chromosomes in a dioecious plant,
Melandriumalbum. Mol Gen Genet 239: 219-224

[44] Wilby AS, Parker JS (1987) Population structure of hypervari-
able Y-chromosomes in Rumex acetosa. Heredity 59: 135-143

[45] Zuk J (1969a) Analysis of Y chromosome heterochromatin in
Rumex thyrsiflorus. Chromosoma 27: 183-188

[46] Zuk J (1969b) Autoradiographic studies in Rumex with special
reference to sex chromosomes. Chromosomes Today 2: 183-
188

Received: February 11, 2005
Accepted after revision: March 22, 2005



