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Abstract Rumex hastatulus is the North American
endemic dioecious plant with heteromorphic sex chro-
mosomes. It is differentiated into two chromosomal
races: Texas (T) race characterised by a simple XX/
XY sex chromosome system and North Carolina (NC)
race with a polymorphic XX/XY1Y2 sex chromosome
system. The gross karyotype morphology in NC race
resembles the derived type, but chromosomal changes
that occurred during its evolution are poorly understood.
Our C-banding/DAPI and fluorescence in situ

hybridization (FISH) experiments demonstrated that Y
chromosomes of both races are enriched in DAPI-
positive sequences and that the emergence of polymor-
phic sex chromosome system was accompanied by the
break of ancestral Y chromosome and switch in the
localization of 5S rDNA, from autosomes to sex chro-
mosomes (X and Y2). Two contrasting domains were
detected within North Carolina Y chromosomes: the
older, highly heterochromatinised, inherited from the
original Y chromosome and the younger, euchromatic,
representing translocated autosomal material. The flow-
cytometric DNA estimation showed ∼3.5 % genome
downsizing in the North Carolina race. Our results are
in contradiction to earlier reports on the lack of hetero-
chromatin within Y chromosomes of this species and
enable unambiguous identification of autosomes
involved in the autosome-heterosome translocation,
providing useful chromosome landmarks for further
studies on the karyotype and sex chromosome differen-
tiation in this species.
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Introduction

Heteromorphic sex chromosomes are known only from a
limited number of dioecious plants. The scattered phylo-
genetic distribution of taxa with these chromosomes sug-
gested that chromosomal sex determination evolved in
these organisms independently (Ming et al. 2011).
Angiosperms are of particular interest for empirical stud-
ies of sex chromosome evolution, because they evolved
separate sexes repeatedly and relatively recently
(Charlesworth 2002). Moreover, they developed, like
animals, either simple (XX/XY) or complex
(polymorphic) sex chromosome systems (Matsunaga
and Kawano 2001, Vyskot and Hobza 2004, Jamilena
et al. 2008, Weingartner and Delph 2014). Two plant
genera, Humulus and Rumex, revealed the presence of
two different sex chromosome systems—XX/XY and
XX/XY1Y2 (Parker and Clark 1991, Mariotti et al.
2009). Most probably, polymorphic sex chromosomes
have evolved in these taxa from XX/XY ones by chro-
mosome translocations (Grabowska-Joachimiak et al.
2011, Navajas-Pérez 2012). In comparison to XX/XY
relatives, the lower chromosome counts in XX/XY1Y2
species may support this hypothesis.

The large genus Rumex of the Polygonaceae family
contains a number of dioecious species showing sex
chromosomes and two different sex determination sys-
tems (active-Y and X/autosome balance). In addition,
monoecious, gynodioecious, hermaphroditic and polyg-
amous species are also observed. For these reasons, the
genus serves as an excellent model for studies on evolu-
tion of reproductive systems, sex-determining mecha-
nisms and sex chromosomes in plants. The phylogenetic
analyses demonstrated that species with heteromorphic
sex chromosomes are clustered in two Rumex subgenera,
Acetosa and Acetosella, and that the majority of dioe-
cious species are represented by R. acetosa and its close
relatives (Navajas-Pérez et al. 2005a). Two different sex
chromosome systems were observed only within the
subgen. Acetosa, in which multiple sex chromosomes
appeared independently in European (R. acetosa and its
relatives) and American (R. hastatulus) lineages
(Navajas-Pérez et al. 2009a). All representatives of the
European XX/XY1Y2 lineage analysed so far showed
heteropicnotic Y chromosomes, enriched in DAPI-
positive heterochromatin (Navajas-Pérez 2012).
According to Quesada del Bosque et al. (2011), male
sex chromosomes of R. hastatulus XX/XY1Y2 race are
euchromatic and deprived of DAPI segments.

Since the time when Shibata et al. (1999) discovered
RAYSI, the first satellite sequence massively amplified
within heterochromatin portions of R. acetosa Y chro-
mosomes, several other Y-associated repetitive sequences
have been described, mainly in European XX/XY1Y2
Rumex lineage. Some of them were homologous to the
RAYSI and located exclusively within Y chromosomes
(RAYSII and RAYSIII), and another (RAE180) within Y
chromosomes and autosomes (Shibata et al. 2000,
Mariotti et al. 2009, Grabowska-Joachimiak et al. 2012,
Navajas-Pérez 2012). From those satellite DNA se-
quences, only RAE180 proved to be poorly represented
in the karyotype of R. hastatulus, but not within Y
chromosomes. Due to different variants of this sequence
found on the autosomes of all XX/XY Rumex species
analysed so far, it was suggested that RAE180 marked
the origin of dioecy in this genus (Navajas-Pérez et al.
2009b). Most probably the common ancestor of dioe-
cious species possessed a set of divergent, autosomally
located variants of this sequence (Quesada del Bosque
et al. 2011). Interestingly, the massive amplification of
RAE180 and other tandem repeats within male sex chro-
mosomes occurred only in European species with multi-
ple sex chromosomes, but not in the XX/XY1Y2
R. hastatulus.

R. hastatulus is a dioecious North American species
possessing two chromosomal races: Texas (T) race (2n=
10), characterized by simple XX/XY sex chromosome
system and North Carolina (NC) race with XX (2n=8)
in females and XY1Y2 (2n=9) in males (Smith 1963).
According to molecular studies by Navajas-Pérez et al.
(2005a), the polymorphic sex chromosome system in
this species is much younger than in R. acetosa
(600,000 years vs. 12–13 mya). The co-occurrence of
two different chromosome systems within a single spe-
cies and relatively young age of R. hastatulus neo-sex
chromosomes provides an ideal opportunity to study an
early evolution of XX/XY1Y2 sex chromosome system
in plants. To date, cytogenetic analysis of R. hastatulus
has been limited, and the latest studies on the karyotype
of this species were performed over 40 years ago (Smith
1964, Bartkowiak 1971).

The origin of polymorphic XX/XY1Y2 system in
Rumex is still a controversial issue. There are two com-
peting hypotheses: an autosome-heterosome transloca-
tion (Smith 1964) and a misdivision of an ancestral Y
chromosome (Ruiz Rejon et al. 1994). Neither phyloge-
netic nor molecular data provide support to discriminate
between these hypotheses, particularly in R. acetosa
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group, where the XX/XY plants are not available and
similar families of repetitive sequences, originated from
the same ancestral satellite-DNA, cover both the Y1 and
Y2 chromosomes (Vyskot and Hobza 2004, Navajas-
Pérez et al. 2005b). In R. hastatulus, where the evident
reduction of chromosome number in the NC race was
found, the autosome-sex chromosome translocation
seems to be more probable. On the basis of the mea-
surements of conventionally stained chromosomes,
Smith (1964) suggested two successive translocations
between the original XY chromosome pair and a pair of
small autosomes. The postulated rearrangements, how-
ever, were not sufficiently documented, because the
involved chromosome arms could not be distinguished
using solid staining techniques.

The present study aimed at characterizing the two
chromosomal races of R. hastatulus, and this goal was
achieved using C-banding/DAPI and fluorescence in
situ hybridization (FISH) techniques. We demonstrate
that Y chromosomes of this species are enriched with
DAPI-positive sequences, and that the reduction of
chromosome number in NC race was accompanied by
the switch in the localization of 5S rDNA from auto-
somes to heterosomes. Our results contradict earlier
reports on the lack of heterochromatin within Y chro-
mosomes of this species, allow for the unambiguous
identification of autosomes involved in the autosome-
heterosome translocation and provide useful chromo-
some landmarks for further studies on the karyotype
and sex chromosome differentiation in this interesting
species.

Material and methods

Plant material and chromosome preparation

Male and female R. hastatulus plants were grown from
seeds in a greenhouse. Seeds of the North Carolina race
collected from its natural population in the United States
were kindly provided by Professor Spencer Barrett
(University of Toronto, Canada). Seeds of the Texas
race were obtained from The Royal Botanic Gardens,
Kew, UK.

The radicles were collected, pretreated with saturated
solution of α-bromonaphthalene for 24 h and fixed in a
mixture of glacial acetic acid and absolute ethanol (1:3,
v/v). Before squashing in 45 % acetic acid, fixed root
tips were hydrolyzed in 1 M HCL at 60 °C for 13 min

(for conventional chromosome staining with 0.1 %
aqueous solution of toluidine blue) or macerated enzy-
matically (1 % pectinase+1 % cellulase in citric buffer,
ph 4.6) at 37 °C for 30 min (for differential chromosome
staining with C-banding/DAPI method). C-banding/
DAPI on squashed R. hastatulus preparations were con-
ducted according to the procedure described by
Grabowska-Joachimiak et al. (2011).

Chromosome observations were made using a Nikon
Eclipse E800 microscope and the images were captured
and processed with a Nikon DS-2MBWc camera and
the NIS Elements software.

DNA probes and fluorescence in situ hybridization

Two kinds of probes were used: (i) the 5S rDNA probe
was generated by PCR amplification of a 410-bpBamHI
sub-clone of the 5S rDNA from the wheat clone pTa794
(Gerlach and Dyer 1980) and labelled also by PCR with
tetramethyl-rhodamine-5-dUTP (Roche) by using uni-
versal M13 ‘forward’ (5′-CAG GGT TTT CCC AGT
CAC GA-3′) and ‘reverse’ (5′-CGG ATA ACA ATT
TCACACAGGA-3′) sequencing primers. The thermal
cycling program was as follows: 94 °C for 1 min, 39 cy-
cles of 94 °C for 40 s, 55 °C for 40 s, and 72 °C for 90 s
and finally 72 °C for 5 min; (ii) the 26S rDNA probe,
which was used for detection of 35S rDNA loci, was
made by nick translation of a 2.3-kb ClaI sub-clone of
the 26S rDNA coding region of Arabidopsis thaliana
(Unfried and Gruendler 1990) with digoxigenin-11-
dUTP (Roche). The conditions for this reaction were
as follows: 15 °C for 95 min and 65 °C for 10 min.

The pre-treatment and denaturation of chromosome
slides subjected to FISH experiments were carried out as
follows: RNase treatment (37 °C for 1 h), 0.1× SSC at
room temperature for 1 min, incubation of slides in 2×
SSC at 65 °C for 30 min, 0.1× SSC at room temperature
for 1 min, denaturation of slides in 0.07 N NaOH at
room temperature for 1 min, 0.1× SSC at 4 °C for 1 min,
2× SSC at 4 °C for 1 min, and then the slides were
dehydrated in an ethanol series at room temperature
(Fritz et al. 1998, Rieder et al. 1998, with minor modi-
fications). The FISH procedure was performed as
described in detail by Książczyk et al. (2010). FISH
images were acquired using an F-View II CCD camera
attached to an Olympus BX 60 epifluorescence micro-
scope. Image processing and superimpositions were
done using Olympus Cell-F imaging software and
Micrographx Picture Publisher software.
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DNA measurements

DNA content in young leaves of Rumex plants was
estimated by flow cytometry. Nuclear samples were
prepared as previously described (Błocka-Wandas
et al. 2007). Zea mays line CE-777 (2C=5.43 pg/nucle-
us Lysak and Doležel 1998) was used as internal stan-
dard. For each sample, (3000–5000) nuclei were
analysed directly after preparation using a CyFlow SL
Green (Partec GmbH, Münster, Germany) flow
cytometer, equipped with a high-grade solid-state laser
with green light emission at 532 nm, long-pass filter RG
590 E, DM 560 A, as well as with side (SSC) and
forward (FSC) scatters. At least 10 plants from each
cultivar were analysed. Histograms were evaluated
using FloMax software (Partec GmbH, Münster,
Germany). Nuclear DNA content was calculated using
the linear relationship between the ratios of the Rumex/
Zea peak positions on the histogram of fluorescence
intensities.

Results

The autosome complement of the Texas race consisted
of 4 metacentric chromosome pairs: two larger ones,
clearly differing in length and centromere position and
two smaller ones of similar morphology. The females of
this race had two medium-sized X chromosomes, and
the males had a heteromorphic pair of sex chromo-
somes. The Y chromosome was homobrachial and the
largest in the complement, the X chromosome was
extremely heterobrachial (Table 1). The sex chromo-
somes were well-distinguishable from each other and
from autosomes in the conventionally stained prepara-
tions (Fig. 1a). After C-banding/DAPI (Fig. 2a, b), Y

chromosome showed several interstitially located het-
erochromatic bands on both arms (Fig. 2b). When 35S
and 5S rDNAwere used as FISH probes, six hybridiza-
tion sites were observed on the two small autosome
pairs (Fig. 3a, b). Chromosome pair 3 showed 35S
rDNA on the shorter arm and 5S rDNA on the longer
arm, while chromosome pair 4 showed 35S rDNA on
the shorter arm. The 35S rDNA signals were located
terminally, whereas 5S rDNA signals interstitially.
Considering the length differences and chromosome
landmarks described here, all the chromosomes of T
race of R. hastatulus were well-distinguishable from
each other.

The autosome complement of the North Carolina
race consisted of only three metacentric chromosome
pairs, clearly differing in size. The females of this race
had two large homobrachial X chromosomes. Male
plants had three sex chromosomes: the X chromosome
and two medium-sized Y chromosomes (Table 1). The
Y chromosomes differed from one another in size and
centromere position, but were hardly distinguishable
from the larger autosomes in conventionally stained
preparations (Fig. 1b). After C-banding/DAPI
(Fig. 2c, d), Y chromosomes showed clearly visible
heterochromatic bands, what differentiated them from
all the other chromosomes in the complement. The Y2
chromosome possessed such bands only on the longer
arm, the Y1 showed DAPI-positive segments on both
arms (Fig. 2d). Double FISH revealed two large 35S and
two tiny 5S rDNA sites in the metaphase plates of NC
race. 35S rDNA signals were located on the smallest
autosome pair, and the 5S rDNA sites were observed
within shorter arms of two sex chromosomes, both in
male and female metaphase plates. In females, two 5S
rDNA signals were observed on both X chromosomes;
in males, one signal was observed on X, whereas the

Table 1 Chromosome morphol-
ogy in two R. hastatulus races

For each race, chromosomes from
20 conventionally stained meta-
phase plates were measured

TL total chromosome length, AR
arm ratio (L/S), SD standard
deviation

Texas N. Carolina

TL (μm, ±SD) AR (±SD) TL (μm, ±SD) AR (±SD)

1 5.02±0.71 1.22±0.21 1 4.98±0.73 1.17±0.17

2 3.80±0.44 1.73±0.28 2 3.67±0.43 1.64±0.22

3 2.81±0.24 1.25±0.19

4 2.35±0.35 1.24±0.13 3 2.20±0.32 1.43±0.38

X 3.40±0.46 5.53±0.79 X 5.36±0.63 1.29±0.23

Y 5.89±0.61 1.21±0.18 Y1 4.22±0.59 1.24±0.17

Y2 3.77±0.39 1.46±0.28
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other on the Y2 chromosome (Fig. 3c, d). Thanks to the
different patterns of DAPI-positive segments and 5S
rDNA signals, the sex chromosomes and their arms
were easy to identify. Compared to the T race, the
chromosome complement of NC race showed, apart
from the loss of two autosomes (identified as the 3rd
autosome pair of the Texas race), incorporation of 5S
rDNA repeats to the sex chromosomes and loss of two
35S rDNA sites (Fig. 4).

Chromosome and nuclear DNAmeasurements in the
two R. hastatulus races were summarized in Tables 1
and 2. The X chromosome size was 19.56 % of female
genome (A+X) in T race and 33.07 % in NC race. The
share of Y chromosome(s) in male genome (A+Y) of T
race was 29.64 % and 42.41 % in male genome (A+
Y1Y2) of NC race. The relative difference in 2C DNA
content between male and female nuclei proved to be
almost identical in both races (9.8 % and 9.7 %). On the

Fig. 1 The morphology of toluidine blue-stained chromosomes of two R. hastatulus races. aMale metaphase plate of Texas race (2n=10,
XY). b Male metaphase plate of North Carolina race (2n=9, XY1Y2). Scale bar=5 μm

Fig. 2 C-banding/DAPI-stained metaphase plates ofR. hastatulus. a-b Texas race: female (a), male (b). c-dNorth Carolina race: female (c),
male (d). Scale bar=5 μm
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other hand, the two races differed in nuclear DNA
amount in males by 3.5 % and in females by 3.4 %
(Table 2). It suggests loss of only a small amount of
chromatin and preservation of size difference between
male and female sex chromosomes in the derived
karyotype.

Discussion

The combination of C-banding/DAPI and FISH along
with the conventional karyotype analysis provided
deeper insight into the karyotype structure and more
precise characterization of sex chromosomes in the
two R. hastatulus races. The X and Y chromosomes in
Texas race differed not only in size and morphology but
also in the amount of heterochromatin. The occurrence
of clearly visible DAPI-positive segments in Y chromo-
somes was not reported in any Rumex species with
simple (probably ancestral) sex chromosome system
(Cuñado et al. 2007, Navajas-Pérez et al. 2006,
Navajas-Pérez 2012). Also in other well-studied XX/
XY plant species, e.g. Silene latifolia, S. dioica and

Humulus lupulus, Y chromosomes seem to be euchro-
matic (Grabowska-Joachimiak and Joachimiak 2002,
Karlov et al. 2003). Among plants possessing well-
differentiated (heteromorphic) XX/XY sex chromo-
somes, the only exceptions were heterochromatinised
Y chromosomes of Coccinia grandis and Cannabis
sativa (Sousa et al. 2013, Divashuk et al. 2014).
Accumulation of heterochromatin within the male-
specific region of the Y chromosome (MSY) was also
revealed inCarica papaya, a species with homomorphic
sex chromosomes (Zhang et al. 2008).

The Y chromosomes of North Carolina race were
also marked by DAPI-positive bands. This is in contra-
diction to the statement by Quesada del Bosque et al.
(2011) and Navajas-Pérez (2012) that the male sex
chromosomes of this race lacked any contrastable
DAPI+bands and were still euchromatic. Most proba-
bly, heterochromatin revealed in the Y chromosomes of
NC race was largely inherited from the Texas race,
possessing an ancestral XX/XY sex chromosome
system and heterochromatinised Y chromosome. A
similar pattern of sex chromosome divergence in
R. hastatulus was detected by Hough et al. (2014) on

Fig. 3 Double-FISHwith rDNA probes on R. hastatulus chromosomes: 35S rDNA (green) and 5S rDNA (red). a-b Texas race: female (a),
male (b), c-d North Carolina race: female (c), male (d). Scale bar = 5 μm
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the molecular level. The authors showed that the older
Y-linked genes that are shared between the XX/XY (T
race) and XX/XY1Y2 (NC race) systems show clear
signs of degeneration, in contrast to the Y-linked genes
unique to the relatively younger XX/XY1Y2 system.
The euchromatic character of the shorter arm of Y2
chromosome, representing the translocated autosome
fragment confirms this assumption.

The observed interspecific differences in the
heterochromatinisation of plant Y chromosomes may
be a reflection of their different ages. However, the
influence of other factors cannot be excluded, especially
in some species with derived XX/XY1Y2 sex chromo-
some system, having close XX/XY relatives without
heterochromatinised Y chromosomes. It cannot be ruled
out that the extensive accumulation of repetitive se-
quences in Y chromosomes of R. acetosa and in
H. japonicus has been accelerated by epigenetically
regulated condensation of these chromosomes in inter-
phase nuclei (Mosiołek et al. 2005, Grabowska-
Joachimiak et al. 2011). It is interesting to date that all
known plants possessing an XX/XY1Y2 sex chromo-
some system show accumulation of AT-rich sequences
within their Y chromosomes (Ruiz Rejon et al. 1994,
Shibata et al. 1999, Navajas-Pérez et al. 2006, 2009a,
Cuñado et al. 2007, Mariotti et al. 2009, Navajas-Pérez
2012, Grabowska-Joachimiak et al. 2011, 2012).

Our FISH analyses demonstrated significant differ-
ences in the number and position of rDNA loci in the
karyotypes of two R. hastatulus races. T race showed
four 35S rDNA and two 5S rDNA clusters located
autosomally, whereas NC race showed two 35S rDNA
clusters on autosomes and two 5S rDNA sites on sex
chromosomes: in females they were found on X chro-
mosomes, in males on the X and Y2 chromosomes. In
the absence of corresponding autosomal loci in the NC
karyotype, such distribution ensures a balance in the
amount of 5S rDNA in both sexes. A very similar
phenomenon was observed in the catfish, Harttia
punctata, possessing a polymorphic sex chromosome
system X1X1X2X2/X1X2Y, where the only two 5S
rDNA sites in the karyotype were observed on the X1
and Y chromosomes (Blanco et al. 2014).

The occurrence of ribosomal DNA (mainly associat-
ed with nucleolar organizer region) in sex chromosomes
has been observed in several groups of organisms (da
Cruz et al. 2011). In plants it is a rare phenomenon,

Table 2 Comparison of genome/karyotype length (μm) and nuclear DNA amount (pg) in two races of R. hastatulus

XF XM KF KM 2CF 2CM

Texas 17.38 19.87 34.76 37.25 3.632 3.989

N. Carolina 16.21 18.84 32.42 35.05 3.511 3.852

Difference 1.17 (7.22 %) 1.03 (5.46 %) 2.34 (7.22 %) 2.20 (6.28 %) 0.121 (3.44 %) 0.137 (3.55 %)

XF female genome (A+X), XM male genome (A+Y/A+Y1Y2), KF female karyotype (2A+XX), KM male karyotype (2A+XY/2A+
XY1Y2), 2CF female DNA amount, 2CM male DNA amount

Fig. 4 Ideograms of two R. hastatulus chromosomal races includ-
ing C-banding/DAPI-positive bands on the Y chromosomes
(blue), 35S rDNA sites (green dots) and 5S rDNA sites (red dots)
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observed so far exclusively in taxa with simple sex
chromosome system. It was reported only in three an-
giosperm species, Asparagus officinalis (Deng et al.
2012), Spinacia oleracea (Lan et al. 2006) and Carica
papaya (Zhang et al. 2010), all possessing primitive
(homomorphic) sex chromosomes, and in the liverwort
Marchantia polymorpha (Nakayama et al. 2001). All of
these species, however, have analogous rDNA loci with-
in the autosomes. In A. officinalis, two incipient sex
chromosomes showed 5S and 35S rDNA clusters on
their shorter arms, inherited from the ancestral autosome
pair. On the other hand, both M. polymorpha and
S. oleracea showed heterogenous location of 45S
rDNA on sex chromosomes; it was detected on the X,
but not on the Y chromosome. It is likely to be a result of
the deletion which occurred in the Y chromosome
(Newton 1984, Lan et al. 2006). Most probably, as in
Asparagus, the ancestral configuration for these species
consisted of rDNA located on each sex chromosome.
Interestingly, inC. papaya, rDNAwas detected on the Y,
but not on the X chromosome. The presence of two
small 5S rDNA loci associated with heterochromatic
knobs within the papaya MSY suggested that amplifi-
cation of rDNA contributed to the accumulation of
heterochromatin in this chromosome region (Zhang
et al. 2010).

The uneven distribution of 45S rDNA between sex
chromosomes was also observed in some animal spe-
cies. In fish, Liobagrus styani, the rDNA region in the Y
chromosome is smaller in size than that in the X chro-
mosome; in rainbow trout, frog Gastrotheca riobambae
and in some Drosophila species, rDNA locus was pre-
served only in the X chromosomes (Schmid et al. 1983,
Iturra et al. 2001, Roy et al. 2005, Chen et al. 2008).
Generally, when the supernumerary 45S rDNA cluster
occurred on the heterosome, it was always observed on
the X chromosome. The attrition of functional se-
quences from the non-recombining, genetically isolated
Y chromosomes can be considered a major force leading
to heteromorphy between sex chromosomes (Graves
1995, Charlesworth and Charlesworth 2000).

R. hastatulus proved to be the only angiosperm spe-
cies with rDNA located on heteromorphic sex chromo-
somes. We demonstrated that 5S rDNA in North
Carolina race sex chromosomes were not inherited from
the incipient chromosome pair, but derived from an
ordinary pair of autosomes. The movement of rDNA
from autosomal to heterosomal position has never been
demonstrated in flowering plants, although the changes

in the number and chromosomal position of rDNA
clusters have already been reported between closely
related species, and even within a given species
(Schubert and Wobus 1985, Dubcovsky and Dvorak
1995, Pedrosa-Harand et al. 2006).

Our results confirm Smith’s (1964) supposition that
the karyotype of North Carolina race might have origi-
nated from the karyotype of Texas race in the course of
translocation between the small autosomes and sex
chromosomes. We postulate that in the rearrangements
of autosome sex chromosomes, the 3rd pair of auto-
somes of Texas race was involved, instead of the 4th
pair of chromosome, what was supposed by Smith
(1964). Most probably, the longer arms of autosomes
containing 5S rDNA were translocated to sex chromo-
somes; the shorter arms or their major parts were elim-
inated. This is justified by lack of chromosomes of the
Texas 3rd chromosome pair, reduction in the number of
35S rDNA loci as well as a slight reduction in size of the
karyotype’s length in North Carolina race, roughly cor-
responding to the length of shorter arms of the 3rd
autosome pair of the Texas race (2×1.25 μm=
2.5 μm). Smith (1964) considered the loss of the auto-
some fragment in his model as a difficult and unsolved
problem and suggested that—for functional reasons—it
must have been proceeded by ‘transfer of all essential
autosomal material to the X-chromosome’. In our opin-
ion, the loss of chromosome portions composed primar-
ily of 35S rDNA should not be of functional signifi-
cance because it was compensated by the presence of
corresponding sequences located on the 4th pair of
autosomes. Moreover, it is not known whether all the
35S rDNA loci are transcriptionally active in Texas race.
In R. acetosa, 35S rDNA also occurs on two pairs of
autosomes, but it has been demonstrated that in one of
them it is silenced (Lengerova and Vyskot 2001).

C-banding/DAPI staining suggests that the breaking
of the original Texas Y chromosome took place, and the
part of autosome 3 was translocated to one of thus
formed Y fragments. In this way, chromosome Y2 orig-
inated—with the longer C/DAPI-banded arm and the
shorter euchromatic arm containing 5S rDNA. The anal-
ogous autosome fragment was translocated to the X
chromosome. Chromosome Y1 of North Carolina race,
possessing two large segments of DAPI-positive chro-
matin, originated from the second, most probably cen-
tric fragment of the original Y chromosome.
Furthermore, breaking and inversion must have
occurred because this chromosome is homobrachial
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now. The sequence of the described events is difficult to
determine. It seems possible that the X chromosome
rece ived the autosomal addi t ion above i t s
pseudoautosomal region (PAR); and in the next meiosis,
this autosomal fragment was able to cross over to the Y.
Theoretically, it cannot be also excluded that evolution
in R. hastatulus went in the opposite direction, i.e. the
XX/XY1Y2 system occurring in North Carolina race
was primeval. However, in R. acetosa (subg. Acetosa)
and in R. acetosella (subg. Acetosella), 5S rDNA occurs
only in autosomes; what might suggest that such
localisation is ancestral for all dioecious Rumex species
(Kim et al. 2006).

Our analyses did not allow us to establish which arm
of the primary Y chromosome was developed to chro-
mosome Y1 and which one to Y2. The distribution of
DAPI-positive bands in male sex chromosomes in both
R. hastatulus races do not correspond to each other
(Fig. 4, see also Supplementary material) which might
result from secondary changes, such as inversions or
progressive heterochromatinisation of chromosomes Y1
and Y2. Furthermore, it is not known whether the pri-
mary centromere of the X chromosome was preserved,
whether centric/acentric fragments of autosomes were
translocated and what was the size of these fragments in
both cases. Further research should allow for explana-
tion of these issues.

Studies on polymorphic systems of sex chromo-
somes in plants showed that they might have derived
from the XX/XY system on various ways. In
H. japonicus (XX/XY1Y2), most probably, there was
a translocation of the autosome to the primary X chro-
mosome, and the original Y chromosome became Y1
and the other autosome gave rise to the Y2 (neo-Y)
chromosome (Grabowska-Joachimiak et al. 2011). In
Silene diclinis, reciprocal translocation between an au-
tosome and the Y chromosome led to formation of a
system with four sex chromosomes (X1, X2, Y1, and
Y2) (Howell et al. 2009). Only in R. hastatulus, two
autosome-heterosome translocations were evidenced,
and the involved autosome pair was identified.

Acknowledgments We are grateful to Prof. Spencer Barrett
(Department of Ecology and Evolutionary Biology, University of
Toronto, Canada) and The Royal Botanic Gardens, Kew (United
Kingdom), for providing us with seeds of Rumex hastatulus. We
would like to express our gratitude to Ms. Krystyna Gołąb
(Department of Plant Breeding and Seed Science, University of
Agriculture, Cracow, Poland) for the technical assistance and
valuable advice during the cultivation of the plants.

This work was supported by the grant no. N303 598139 from
the Polish Ministry of Science and Higher Education/National
Science Center (NCN).

The experiments performed for this publication comply with
the current laws of Poland.

This article does not contain any studies with human or animal
subjects performed by any of the authors.

Conflict of interest The authors (A. Grabowska-Joachimiak, A.
Kula, T. Książczyk, J. Chojnicka, E. Sliwinska and A.J.
Joachimiak) declare that they have no conflict of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the orig-
inal author(s) and the source are credited.

References

Bartkowiak E (1971) Mechanism of sex determination in Rumex
hastatulus Baldw. Theor Appl Genet 41:320–326

Blanco DR, Vicari MR, Lui RL et al (2014) Origin of the
X1X1X2X2/X1X2Y sex chromosome system of Harttia
punctata (Siluriformes, Loricariidae) inferred from chromo-
some painting and FISH with ribosomal DNA markers.
Genetica 142:119–126

Błocka-WandasM, Sliwinska E, Grabowska-JoachimiakA,Musiał
K, JoachimiakAJ (2007)Male gametophyte development and
two different DNA classes of pollen grains in Rumex acetosa
L., a plant with an XX/XY1Y2 sex chromosome system and
female-biased sex ratio. Sex Plant Reprod 20:171–180

Charlesworth D (2002) Plant sex determination and sex chromo-
somes. Heredity 88:94–101

Charlesworth B, Charlesworth D (2000) The degeneration of Y
chromosomes. Phil Trans R Soc Lond B 355:1563–1572

Chen J, Fu Y, Xiang D, Zhao G, Long H, Liu J, Yu Q (2008) XX/
XY heteromorphic sex chromosome systems in two bullhead
catfish species, Liobagrus marginatus and L. styani
(Amblycipitidae, Siluriformes). Cytogenet Genome Res
122:169–174

Cuñado N, Navajas-Pérez R, de la Herrán R, Ruiz Rejón C, Ruiz
Rejón M, Santos JL, Garrido-Ramos MA (2007) The evolu-
t ion of sex chromosomes in the genus Rumex
(Polygonaceae): identification of a new species with hetero-
morphic sex chromosomes. Chromosom Res 15:825–832

Da Cruz VP, Shimabukuro-Dias CK, Oliveira C, Foresti F (2011)
Karyotype description and evidence of multiple sex chromo-
some system X1X1X2X2/X1X2Y in Potamotrygon aff.
motoro and P. falkneri (Chondrichthyes: Potamotrygonidae)
in the upper Parana River basin, Brazil. Neotropical Ichthyol
9:201–208

Deng C-L, Qin R-Y, Wang N-N, Cao Y, Gao J, Gao W-J, Lu L-D
(2012) Karyotype of asparagus by physical mapping of 45S
and 5S rDNA by FISH. J Genet 91:209–212

Autosome-sex chromosome translocations in Rumex hastatulus 195



Divashuk MG, Alexandrov OS, Razumova OV, Kirov IV, Karlov
GI (2014) Molecular cytogenetic characterization of the di-
oecious Cannabis sativa with an XY chromosome sex deter-
mination system. PLoS ONE 9(1):e85118

Dubcovsky J, Dvorak J (1995) Ribosomal RNA multigene loci:
nomads in the triticeae genomes. Genetics 140:1367–1377

Fritz B, Küster W, Orstavik KH, Naumova A, Spranger J, Rehder
H (1998) Pigmentary mosaicism in hypomelanosis of Ito.
Further evidence for functional disomy of Xp. Hum Genet
103:441–449

Gerlach WL, Dyer TA (1980) Sequence organisation of the re-
peating units in the nucleus of wheat which contain 5S rRNA
genes. Nucleic Acids Res 8:4851–4865

Grabowska-Joachimiak A, Joachimiak A (2002) C-banded karyo-
types of two Silene species with heteromorphic sex-chromo-
somes. Genome 45:243–252

Grabowska-Joachimiak A, Mosiolek M, Lech A, Góralski G
(2011) C-banding/DAPI and in situ hybridization reflect
karyotype structure and sex chromosomes differentiation in
Humulus japonicus Siebold & Zucc. Cytogenet Genome Res
132:203–211

Grabowska-Joachimiak A, Kwolek D, Kula A, Marciniuk P
(2012) Fluorescent banding pattern and species-specific
DNA marker in Rumex thyrsiflorus Fingerh. Cytogenet
Genome Res 137:70–77

Graves JA (1995) The origin and function of the mammalian Y
chromosome and Y-borne genes—an evolving understand-
ing. Bioessays 17:311–320

Hough J, Hollister JD, Wang W, Barrett SCH, Wright SI (2014)
Genetic degeneration of old and young Y chromosomes in
the flowering plant Rumex hastatulus. Proc Natl Acad Sci U
S A 111(21):7713–7718

Howell EC, Armstrong SJ, Filatov DA (2009) Evolution of neo-
sex chromosomes in Silene diclinis. Genetics 182:1109–1115

Iturra P, Lam N, de la Fuente M, Vergara N, Medrano JF (2001)
Characterization of sex chromosomes in rainbow trout and
coho salmon using fluorescence in situ hybridization (FISH).
Genetica 111:125–131

Jamilena M, Mariotti B, Manzano S (2008) Plant sex chromo-
somes: molecular structure and function. Cytogenet Genome
Res 120:255–264

Karlov GI, Danilova TV, Horlemann C, Weber G (2003)
Molecular cytogenetics in hop (Humulus lupulus L.) and
identification of sex chromosomes by DAPI-banding.
Euphytica 132:185–190

Kim S-Y, Choi H-W, Koo D-H, LeeW-K, Lee J, Bang J-W (2006)
Characterization of eight Rumex species by FISH (fluores-
cence in situ hybridization) and 5S rDNA spacer sequences.
Korean J Genetic 28:243–251

Książczyk T, Taciak M, Zwierzykowski Z (2010) Variability of
ribosomal DNA sites in Festuca pratensis, Lolium perenne,
and their intergeneric hybrids, revealed by FISH and GISH. J
Appl Genet 51:449–460

Lan T, Zhang S, Liu B, Li X, Chen R, Song W (2006)
Differentiating sex chromosomes of the dioecious Spinacia
oleracea L. (spinach) by FISH of 45S rDNA. Cytogenet
Genome Res 114:175–177

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

Lysak MA, Doležel J (1998) Estimation of nuclear DNA content
in Sesleria (Poaceae). Caryologia 52:123–132

Mariotti B, Manzano S, Kejnovsky E, Vyskot B, Jamilena M
(2009) Accumulation of Y-specific satellite DNAs during
the evolution of Rumex acetosa sex chromosomes. Mol
Genet Genomics 281:249–259

Matsunaga S, Kawano S (2001) Sex determination by sex chro-
mosomes in dioecious plants. Plant Biol 3:481–488

Ming R, Bendahmane A, Renner SS (2011) Sex chromosomes in
land plants. Annu Rev Plant Biol 62:485–514

MosiołekM, Pasierbek P, Malarz J, MośM, Joachimiak AJ (2005)
Rumex acetosa Y chromosomes: constitutive or facultative
heterochromatin? Folia Histochem Cytobiol 43:161–167

Nakayama S, Fujishita M, Sone T, Ohyama K (2001) Additional
locus of rDNA sequence specific to the X chromosome of the
liverwort,Marchantia polymorpha. Chromosom Res 9:469–
473

Navajas-Pérez R (2012) The genus Rumex: a plant model to study
sex-chromosome evolution. In: Navajas-Pérez R (ed) New
insights on plant sex chromosomes. Nova Science Publishers
Inc., New York, pp 91–109

Navajas-Pérez R, de la Herrán R, López González G, Jamilena M,
Lozano R, Ruiz Rejón C (2005a) The evolution of reproduc-
tive systems and sex-determining mechanisms within Rumex
(Polygonaceae) inferred from nuclear and chloroplastidial
sequence data. Mol Biol Evol 22(9):1929–1939

Navajas-Pérez R, de la Herrán R, Jamilena M, Lozano R, Ruiz
Rejón C, Ruiz Rejón M, Garrido-Ramos MA (2005b)
Reduced rates of sequence evolution of Y-linked satellite
DNA in Rumex (Polygonaceae). J Mol Evol 60:391–399

Navajas-Pérez R, Schwarzacher T, de la Herrán R, Ruiz Rejón C,
Ruiz Rejón M, Garrido-Ramos MA (2006) The origin and
evolution of the variability in a Y-specific satellite-DNA of
Rumex acetosa and its relatives. Gene 368:61–71

Navajas-Pérez R, Schwarzacher T, Ruiz Rejon M, Garrido-Ramos
MA (2009a) Molecular cytogenetic characterization of
Rumex papillaris, a dioecious plant with an XX/XY1Y2
sex chromosome system. Genetica 135:87–93

Navajas-Pérez R, Quesada del Bosque ME, Garrido-Ramos MA
(2009b) Effect of location, organization, and repeat-copy
number in satellite-DNA evolution. Mol Genet Genomics
282:395–406

Newton ME (1984) The cytogenetics of bryophytes. In: Dyer AF,
Duckett JG (eds) The experimental biology in bryophytes.
Academic Press, London, pp 65–96

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

Pedrosa-Harand A, de Almeida CCS, Mosiolek M, Blair MW,
Schweizer D, Guerra M (2006) Extensive ribosomal DNA
amplification during Andean common bean (Phaseolus
vulgaris L.) evolution. Theor Appl Genet 112:924–933

Quesada del BosqueME, Navajas-Pérez R, Panero JL, Fernandez-
Gonzalez A, Garrido-Ramos MA (2011) A satellite DNA
evolutionary analysis in the North American endemic dioe-
cious plant Rumex hastatulus (Polygonaceae). Genome 54:
253–260

Rieder H, Bonwetsch C, Janssen LA et al (1998) High rate of
chromosome abnormalities detected by fluorescence in situ
hybridization using BCR and ABL probes in adult acute
lymphoblastic leukemia. Leukemia 12:1473–1481

Roy V,Monti-Dedieu L, Chaminade N, Siljak-Yakovlev S, Aulard
S, Lemeunier F, Montchamp-Moreau C (2005) Evolution of
the chromosomal location of rDNA genes in two Drosophila

196 A. Grabowska-Joachimiak et al.



species subgroups: ananassae and melanogaster. Heredity
94:388–395

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

Schmid M, Haaf T, Geile B, Sims S (1983) Chromosome banding
in Amphibia: VII. An unusual XY/XX sex chromosome
system in Gastrotheca riobambae (Anura, Hylidae).
Chromosoma 88:69–82

Schubert I, Wobus U (1985) In situ hybridization confirms
jumping nucleolus organizing regions in Allium .
Chromosoma 92:143–148

Shibata F, Hizume M, Kuroki Y (1999) Chromosome painting of
Y chromosomes and isolation of a Y chromosome-specific
repetitive sequence in the dioecious plant Rumex acetosa.
Chromosoma 108:266–270

Shibata F, Hizume M, Kuroki Y (2000) Differentiation and the
polymorphic nature of the Y chromosomes revealed by re-
petitive sequences in the dioecious plant, Rumex acetosa.
Chromosom Res 8:229–236

Smith BW (1963) The mechanism of sex determination in Rumex
hastatulus. Genetics 48:1265–1288

Smith BW (1964) The evolving karyotype of Rumex hastatulus.
Evolution 18:93–104

Sousa A, Fuchs J, Renner SS (2013) Molecular cytogenetics
(FISH, GISH) of Coccinia grandis: a ca. 3 myr-old
species of Cucurbitaceae with the largest Y/autosome
divergence in flowering plants. Cytogenet Genome Res
139:107–118

Unfried I, Gruendler P (1990) Nucleotide sequence of the 5.8S and
25S rRNA genes and the internal transcribed spacers from
Arabidopsis thaliana. Nucleic Acids Res 18:4011

Vyskot B, Hobza R (2004) Gender in plants: sex chromosomes are
emerging from the fog. Trends Genet 20:432–438

Weingartner LA, Delph LF (2014) Neo-sex chromosome inheri-
tance across species in Silene hybrids. J Evol Biol 27:1491–
1499

Zhang W, Wang X, Yu Q, Ming R, Jiang J (2008) DNA methyl-
ation and heterochromatinization in the male-specific region
of the primitive Y chromosome of papaya. Genome Res 18:
1938–1943

Zhang W, Wai CM, Ming R, Yu Q, Jiang J (2010) Integration of
genetic and cytological maps and development of a pachy-
tene chromosome-based karyotype in papaya. Trop Plant
Biol 3:166–170

Autosome-sex chromosome translocations in Rumex hastatulus 197


	Chromosome...
	Abstract
	Introduction
	Material and methods
	Plant material and chromosome preparation
	DNA probes and fluorescence in situ hybridization
	DNA measurements

	Results
	Discussion
	References


