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Abstract Studies of rDNA location in holocentric chro-
mosomes of the Cyperaceae are scarce, but a few reports
have indicated the occurrence of multiple 45S rDNA sites
at terminal positions, and in the decondensed state of these
regions in prometaphase/metaphase. To extend our
knowledge of the number 45S and 5S rDNA sites and
distribution in holocentric chromosomes of the Cypera-
ceae, 23 Brazilian species of Eleocharis were studied.
FISH showed 45S rDNA signals always located in terminal
regions, which varied from two (E. bonariensis with
2n = 20) to ten (E. flavescens with 2n = 10 and E. lae-
viglumis with 2n = 60). 5S rDNA showed less variation,
with 16 species exhibiting two sites and 7 species four
sites, preferentially at terminal positions, except for four
species (E. subarticulata, E. flavescens, E. sellowiana and
E. geniculata) that showed interstitial sites. The results are
discussed in order to understand the predominance of ter-
minal rDNA sites, the mechanisms involved in the inter-
stitial positioning of 5S rDNA sites in some species, and
the events of amplification and dispersion of 45S rDNA
terminal sites.
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Introduction

rDNA occurs as moderately repetitive DNA families in
eukaryote genomes. 45S rDNA of plants, as well as in
other organisms, appears as repeated and clustered seg-
ments at particular chromosomal positions. These segments
predominantly occupy the chromosome ends (Furuta and
Kondo 1999; Rego et al. 2009), varying in the number of
sites among and within species (Vanzela et al. 1998; De
Melo and Guerra 2003; Da Silva et al. 2008a; Raskina et al.
2008). 5S rDNA is also organized as repeated and clustered
segments, occurring in most cases at chromosome positions
different from those occupied by 45S rDNA (Moscone
et al. 1999). However, they tend to occupy similar chro-
mosomes and positions in closely related species, as in
Aristolochia (Berjano et al. 2009).

The Cyperaceae are widely known as having holocentric
chromosomes, and several studies involving chromosome
counts and meiotic analysis were performed in order to
understand the mechanisms of karyotype differentiation
(Vanzela et al. 2000; Roalson 2008; Da Silva et al. 2010).
However, few comparative studies have focused on the
chromosome location of rDNA sites in species with holo-
centric chromosomes. Multiple 45S rDNA sites were
detected in nine species of Rhynchospora (Vanzela et al.
1998, 2003) and seven species of Eleocharis (Da Silva
et al. 2005, 2008a, b), both of the family Cyperaceae.
Hoshi (1995) and Furuta and Kondo (1999) also reported
multiple and terminal rDNA sites in Drosera. However, in
Cuscuta approximata, one pair of 45S rDNA and three of
5S rDNA sites were reported (Guerra and Garcia 2004). In
spite of a general tendency towards a terminal location of
45S rDNA, 5S rDNA was reported to be preferentially
located in interstitial regions in plants, but the only study of
5S rDNA location in the Cypercaeae showed interstitial
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hybridization sites associated with chromosome rear-
rangement (Da Silva et al. 2008b).

The family Cyperaceae possesses approximately 5,500
species (Govaerts et al. 2007), but less than 1% of the
species have been studied by FISH using rDNA probes.
These few reports do not discuss the location and ampli-
fication of rDNA based on models, as commonly done in
organisms with monocentric chromosomes. The aim of this
study was to localize the 45S and 5S rDNA sites using
double-FISH in 23 Brazilian species of Eleocharis with
different chromosome numbers and sizes. Data were dis-
cussed to assess the karyotypic diversity and to understand
the possible mechanisms at work in rDNA amplification
and distribution in these organisms that possess holocentric
chromosomes.

Materials and methods

Three individuals of each of 23 species of Eleocharis were
collected in different Brazilian states (Table 1). Samples
were cultivated in a greenhouse at the Laboratério de
Biodiversidade e Restauracdo de Ecossistemas (LABRE) at
Universidade Estadual de Londrina, Parana, Brazil.
Vouchers were deposited at the ICN herbarium of the
Universidade Federal do Rio Grande do Sul, Porto Alegre,
Brazil (Table 1). Metaphase cells were obtained from root
tips pre-treated with 2 mM 8-hydroxyquinoline for 24 h,
fixed in ethanol:acetic acid (3:1, v:v) for 24 h, and stored at
—20°C. Samples were softened in 4% cellulase plus 40%
pectinase (w:v) at 37°C for 4 h and squashed in a drop of
60% acetic acid, and the cover slips were removed after
freezing in liquid nitrogen.

Fluorescent in situ hybridization (FISH) was performed
as described by Da Silva et al. (2008a). The p7a71 con-
taining the 45S rDNA probe isolated from Triticum aes-
tivum (Gerlach and Bedbrook 1979) was labeled with
digoxigenin-11-dUTP, and the 5S rDNA probe isolated
from Rhynchospora pubera (Angeles Cuadrado, unpub-
lished) was labeled with biotin-14-dATP, both by nick
translation. Probes were simultaneously utilized for FISH in
a mixture of 34 pL containing 100% formamide (15 pL),
50% polyethylene glycol (6 uL), 20 x SSC (3 pL),
100 ng of calf thymus DNA (1 pL), 10% SDS (1 pL), and
200 ng of probes (4 pL each). The material was denatured
at 90°C for 10 min, and hybridization was performed at
37°C overnight in a humid chamber. Post-hybridization
washes were carried out with 70% stringency, using baths
with SSC buffer.

The probes were simultaneously detected with avidin-
FITC and anti-digoxigenin-rhodamine conjugates. The
post-detection washes were performed in 4 x SSC/0.2%
Tween 20, all at room temperature. Slides were mounted
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with 25 pL. of DABCO solution, composed of glycerol
(90%), 1,4-diaza-bicyclo(2,2,2)-octane (2.3%), 20 mM
TrisHCI, pH 8.0 (2%), 2.5 mM MgCl, (4%) and distilled
water (1.7%), plus 4 pL of 2 ug/mL~"' DAPI.

All the chromosome images were separately acquired in
grayscale with a Leica DM 4500 B microscope coupled
with a DFC 300FX camera and overlapped with red color
for DAPI, white for rhodamine (45S rDNA) and greenish—
yellow (5S rDNA) for FITC, using the Leica IM50 4.0
software. The images were optimized for best contrast
and brightness with Adobe Photoshop CS3 version 10.0
software.

Results

Twenty-three species were analyzed, of which 15 belonged
to the subgenus Eleocharis, two to Scirpidium and six to
Limnochloa (Table 1). The number of 45S rDNA sites
varied from two to ten, independent of the subgenus to
which the species belonged and the chromosome number.
In contrast, the terminal location of 45S rDNA was con-
stant in all species. The 5S rDNA probe showed a minor
variation when compared to 45S rDNA, ranging from two
to four chromosome sites which were terminal in 19 spe-
cies and interstitial in four others (Table 1). The rDNA
hybridization signals also varied in size between homologs,
as observed in E. niederleinii (Fig. 1c), E. montana
(Fig. 1g), E. debilis (Fig. 2f) and E. obtusetrigona
(Fig. 3b). In all cases, the 45S rDNA hybridization signals
appeared decondensed, unlike the 5S rDNA signals, even
when they were located in the terminal region.

The representatives of the subgenus Eleocharis showed
no correspondence between polyploidy level and rDNA
site number. Eleocharis flavescens, with 2n = 10, exhib-
ited 45S rDNA hybridization signals in all chromosomes of
the complement and only one pair with interstitial 5S
rDNA signal (Fig. 1k), while E. nana with 2n = 20,
showed two terminal signals of 45S and of 5S rDNA
(Fig. 1b). Two interstitial signals of 5S rDNA were also
found in E. subarticulata (2n = 6), E. sellowiana and
E. geniculata, but, in the last two species, karyotypes with
2n = 10 and 20 were found. These species also showed
variation in the number of terminal 45S rDNA sites: four in
E. subarticulata (Fig. 1f), in the diploid and polyploid
forms of E. geniculata (Fig. 2c, d), and in the diploid form
of E. sellowiana; and eight in the polyploid form of
E. sellowiana (Fig. 2a, b). Eleocharis contracta (Fig. la),
E. niederleinii (Fig. 1c), E. loefgreniana (Fig. 1d), E. viri-
dans (Fig. le), E. montana (Fig. 1g), E. minima (Fig. lh),
E. filiculmis (Fig. 1i), E. capillacea (Fig. 1j), E. maculosa
(Fig. 11) and E. debilis (Fig. 2f) exhibited different chro-
mosome numbers but equal numbers of rDNA sites (four
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Table 1 Number and distribution of rDNA hybridization sites in 23 species of Eleocharis (Cyperaceae). Species are grouped according to the

classification of Gonzalez-Elizondo and Peterson (1997)

Species 2n  45Ssite CP 58S site CP  Coordinates, localities and voucher numbers
number number
Subgenus Eleocharis
E. contracta Maury 20 4 T 2 T 25°17'48"S 49°54'42"W, Tibagi, PR. 152096
E. nana Kunth 20 2 T 2 T 25°38'37"S 51°40'01”W, Pinhdo, PR. 158383
E. loefgreniana Boeck. 20 4 T 2 T 19°13/20”S 43°33'32"W, Serra do Cip6, MG.
152659
E. niederleinii Boeck. 20 4 T 2 T 25°38'37"S 51°40'01”W, Pinhdo, PR. 158380
E. minima Kunth 20 4 T 2 T 19°04'13"S 43°24'58"W, Conc. do Mato Dentro,
MG. 133
E. viridans Kiik ex Osten 20 4 T 2 T 30°06'18”S 50°44'33"W, Viamao, RS. 153094
E. filiculmis Kunth 30 4 T 2 T 20°34'51”S 51°36/36"W, Vestia, MS. 151969
E. montana (Kunth) Roem. and Schult. 40 4 T 2 T 23°13/73”S 51°13’71”W, Londrina, PR. 151964
E. subarticulata (Nees) Boeckl. 6 4 T 2 | 21°49'42"S 46°29'51"W, Pogos de Caldas, MG.
152647
E. maculosa (Vahl) Roem and Schult 10 4 T 2 T 30°12/08”S 50°12/52"W, Balnedrio Pinhal, RS.
158385
E. capillacea Kunth. 10 4 T 2 T 22°15'54"S 47°55'30"W, Brotas, SP. 152642
E. flavescens (Poir.) Urban 10 10 T 2 I 25°50'53"S 48°32'50"W, Caiobd, PR. 156144
E. sellowiana Kunth. 10 4 T 2 1 25°50/53"S 48°32/50"W, Caiobd, PR. 156140
20 8 2 1 20°34'51”S 51°36/36”"W, Vestia, MS. 69
E. geniculata (L.) Roem and Schult. 10 4 T 2 1 26°16'46"S 51°03'24"W, Porto Unido, SC. 84
20 4 2 1 21°45'13"S 48°59°55”"W, Ibitinga, SP. 151980
E. debilis Kunth. 30 4 T 2 T 25°22'51"S 48°51'50"W, Morretes, PR. 156129
Subgenus Scirpidium
E. bonariensis Nees 20 T T 28°45'05”S 50°22/09”W, Cambara do Sul, RS. 229
Eleocharis sp. 10 6 T T 25°39'59”S 51°40'05”W, Pinhdo, PR. 193
Subgenus Limnochloa
E. interstincta (Vahl) Roem and Schult. 40 8 T 4 T 08°39'40"S 35°09'57"W, Rio Formoso, PE. 11
E. obtusetrigona Lindl. and Nees. 52 8 T 4 T 25°36/16"S 51°40"74”W, Pinhdo, PR. 354
E. liesneri S. Gonzalez and Reznicek 50 10 T 4 T 21°34'08"S 45°46'77"W, Paraguacu, MG. 152648
E. laeviglumis R. Trevis. and Boldrini 60 10 T 4 T 29°54'18”S 50°06'15"W, Imbé, RS. 219
E. acutangula (Roxb.) Schult. 54 8 T 4 T 19°43'39”S 50°13'39"W, Iturama, MG. 151977
E. plicarhachis (Griseb.) Svenson 54 10 T 4 T 19°10'55”S 57°42'47"W, Pantanal, MS. 180

T terminal and [/ interstitial IDNA positions, CP position

45S rDNA and two 5S) always at the terminal positions.
(Table 1).

The two species of the subgenus Scirpidium varied in
number and position of rDNA sites. Eleocharis bonariensis
with 2n = 20 showed four 45S rDNA sites and four signals
of 5S rDNA, always at terminal positions (Fig. 2g), while
Eleocharis sp., with 2n = 10 showed six chromosomes
with 45S rDNA signals and another two with 5S rDNA,
also always at terminal positions (Fig. 2e).

Six species of the subgenus Limnochloa were studied.
These species showed different chromosome numbers (40,
50, 52, 54 and 60) and exhibited the smallest chromosomes
of Eleocharis. Four 5S rDNA terminal sites were found
in all species, but the number of terminal 45S rDNA

sites varied. Eleocharis obtusetrigona, E. acutangula and
E. interstincta showed eight hybridization signals (Fig. 3b, d
and e), while E. plicarhachis, E. liesneri and E. laeviglumis
showed 10 sites (Fig. 3a, ¢ and f).

Discussion

The Cyperaceae exhibit a high variability in chromosome
number (Roalson 2008), due mainly to events of symploidy
(fusion), agmatoploidy (fission) and polyploidy (Hakanson
1958; Vanzela et al. 2000; Yano et al. 2004; Hipp et al. 2009).
The basic chromosome number, x = 5, proposed by Love
et al. (1957) for the Cyperaceae is accepted by several
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Fig. 1 Metaphases of
Eleocharis species double-
probed with 45S rDNA and

5S rDNA (arrows) probes.

a E. contracta 2n = 20)
showing four hybridization
signals of 45S rDNA and two of
5S. b E. nana (2n = 20) with
two signals each of 45S and 5S
rDNA. ¢ E. niederleinii

(2n = 20) with four 45S rDNA
signals and two for 5S.

d E. loefgreniana (2n = 20).

e E. viridans (2n = 20).

f E. subarticulata 2n = 6).

g E. montana (2n = 40).

h E. minima 2n = 20).

i E. filiculmis (2n = 30).

j E. capillacea (2n = 10).

d, e, g, h, i, exhibited four 45S
rDNA and two 5S rDNA signals
at terminal positions.

f E. subarticulata, exhibited 5S
signals at interstitial positions.
k E. flavescens (2n = 10) with
ten 45S rDNA signals and two
interstitial 5S signals.

1 E. maculosa (2n = 10) with
four 45S rDNA and two of 5S.
Bar represents 10 pm

authors (Vanzela et al. 1998; Yano et al. 2004; Da Silva et al.
2008a), even considering the high numeric variability.
Therefore, we would expect the karyotypes with few chro-
mosomes to also have few 45S rDNA sites. However, we
found species with 2n = 10 with four signals (the majority of
species), six signals (Eleocharis sp.) and signals in all
chromosomes, such as in E. flavescens. Species with multiple
45S rDNA hybridization sites were previously reported, as in
the genera Eleocharis (Da Silva et al. 2008a), Rhynchospora
(Vanzela et al. 1998) and Drosera (Hoshi 1995).

The polyploids should have double the number of
hybridization sites in relation to their diploid representa-
tives, as reported in Rhynchospora tenuis with 2n = 4 and
2n = 8, possessing two and four 45S rDNA sites, respec-
tively (Vanzela et al. 2003). This was also observed in
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E. sellowiana (with four and eight 45S rDNA signals). On
the other hand, Eleocharis geniculata exhibited the same
number of sites in both 2n = 10 and 2n = 20. The
remaining polyploid species with 2rn = 20, 30 and 40
showed two and four 45S rDNA signals (see Table 1);
however, we did not find their representative diploids,
making it impossible to establish the relationship between
ploidy level and number of hybridization sites. The
polyploids mentioned, namely E. filicumis and E. montana,
possess regular meiosis (Da Silva et al. 2010), and the
occurrence of few 45S rDNA sites number in these species
could be explained by the loss of rDNA sites during the
diploidization process, as proposed by Leitch and Bennett
(1997). Similar events were reported in Passiflora (De
Melo and Guerra 2003).
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Fig. 2 Metaphases of Eleocharis species double-probed with 45S
rDNA and 5S rDNA (arrows) probes. a E. sellowiana (2n = 10) with
four 45S rDNA signals and two interstitial 5S signals. b E. sellowiana
(2n = 20) with eight 45S rDNA signals and two interstitial 5S
signals. ¢ and d E. geniculata (2n = 10 and 20) both with four 45S

Fig. 3 Metaphases of subgenus
Limnochloa species double-
probed with 45S rDNA

and 5S rDNA (arrows) probes.
a E. plicarhachis (2n = 54)
showing ten hybridization
signals of 45S rDNA and four of
5S. b E. obtusetrigona

(2n = 52) with eight
hybridization signals of 45S
rDNA and four of 5S.

¢ E. liesneri (2n = 50) with ten
hybridization signals of 45S
rDNA and four of 5S.

d and e E. acutangula

(2n = 54) and E. interstincta
(2n = 40) both with eight
hybridization signals of 45S
rDNA and four of 5S.

f E. laeviglumis (2n = 60) with
ten signals of 45S rDNA and
four of 5S. Bar represents

10 um

rDNA signals and two interstitial 5S signals, respectively. e Eleo-
charis sp. (2n = 10) showing six hybridization signals of 45S rDNA
and two of 5S. f E. debilis (2n = 30) with four signals of 45S rDNA
and two of 5S. g E. bonariensis (2n = 20) with four 45S rDNA
signals and four of 5S. Bar represents 10 pm
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Species of the subgenus Limnochloa showed karyotypes
with many and small chromosomes and little variation in
size among them. Yano et al. (2004) and Da Silva et al.
(2008a) have proposed that these karyotypes may have
been generated by chromosome fission, but it was not
confirmed in a later study by Da Silva et al. (2010). We
found here that karyotypes of Limnochloa had multiple 45S
rDNA sites (eight and ten). When we compared the FISH
data in relation to karyotype organization, i.e., chromo-
some number and symmetry (see Da Silva et al. 2010),
regardless of systematic arrangement, it was possible to
detect that the species with a more symmetrical karyotype,
namely E. interstincta (Limnochloa), Eleocharis sp. (Sci-
rpidium), E. flavescens and E. sellowiana (the last two of
the subgenus Eleocharis), exhibited a greater number of
45S rDNA sites. The karyotypes with a greater variation in
chromosome size, i.e., more asymmetric, as in E. montana,
E. nana and E. viridans (all of the subgenus Eleocharis),
showed fewer 45S rDNA sites.

Cases of multiple 45S rDNA sites have been described in
both plants with holocentric chromosomes (Vanzela et al.
1998) and in plants with monocentric ones (Hasterok and
Maluszynska 2000; Lim et al. 2001; Kwon and Kim 2009).
Some mechanisms of amplification/dispersion of repetitive
DNA have been proposed or mentioned for the monocentric
system: i) rDNA site mobility associated with co-location
and activity of transposable elements (Shubert and Wobus
1985; Raskina et al. 2008) and ii) equilocal dispersion of
heterochromatin and rDNA (Schweizer and Loidl 1987,
Pederson and Linde-Laursen 1994, respectively). In relation
to the first model, there are no reports in the literature
involving the distribution of transposable elements in plant
holocentric chromosomes. For the second model, however,
Guerra (2000) proposed that the equidistribution of repeti-
tive DNA may depend on some structural or functional
similarity of each chromosomal region. In this sense, the
polarization of rDNA sites observed in the interphase of
some Rhynchospora species may be due to an association of
active sites building a single nucleolus (Vanzela et al.
1998). Except for E. filicumis with 2n = 30 (Fig. 11), all
other species of Eleocharis exhibited 45S rDNA hybrid-
ization sites at the ends of chromosomes of similar size.
Thus, it is possible that the grouping of 45S rDNA regions
to form the nucleolus could contribute to the accumulation/
dispersion of 45S rDNA segments at the ends of chromo-
somes that are similar in size and are near the nucleolus.
This could explain the occurrence of multiple rDNA sites
preferably in karyotypes whose chromosomes have the
same size (symmetrical). Idiograms and chromosome
measurements showing karyotype symmetry/asymmetry
were previously detailed by Da Silva et al. (2010).

The 45S and 5S rDNA probes hybridized to different
chromosome regions. The occurrence of 45S (terminal) and
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5S rDNA (interstitial) sites in the same chromosome pair
was found in E. flavescens, precisely because the 45S rDNA
sites were distributed in the terminal regions of all chro-
mosomes. The 5S rDNA hybridization signals were also
detected at interstitial positions in E. sellowiana, E. gen-
iculata, E. subarticulata and E. maculosa, but, in the last
two species, 5S positioning was associated with chromo-
some rearrangements (Da Silva et al. 2005, 2008b,
respectively). As E. sellowiana and E. geniculata exhibit
regular meiosis (Da Silva et al. 2010), the interstitial posi-
tioning of 5S rDNA in these species could not be explained
by agmatoploidy and symploidy, but possibly by inversion.

Here, we completed a comparative analysis of a large
number of Eleocharis species: about 30% of Brazilian
species in three subgenera. Our study showed that 45S
rDNA is more variable in the number of sites than 5S, but it
is unclear why the 45S rDNA sites never appear at inter-
stitial positions, as observed with the 5S rDNA sites, since
rearrangements are very common in the karyotype differ-
entiation of the Cyperaceae (Vanzela et al. 2003, Da Silva
et al. 2005, 2008b). Besides, it was unclear why the events
that favor the multiplication and dispersion of 45S rDNA
did not favor the same direction for 5S rDNA segments. In
the future, efforts should be directed towards the investi-
gation of the following aspects: (i) relationships between
the location of 45S and 5S rDNA sites in other Cyperaceae
groups, (ii) the functionality of 45S rDNA sites, and (iii)
relationships between rDNA segments detected by FISH,
pseudogenes and transposable elements.
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