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Abstract Here, we analyze the evolutionary dynamics of
a satellite-DNA family in an attempt to understand the
eVect of factors such as location, organization, and repeat-
copy number in the molecular drive process leading to the
concerted-evolution pattern found in this type of repetitive
sequences. The presence of RAE180 satellite-DNA in the
dioecious species of the plant genus Rumex is a noteworthy
feature at this respect, as RAE180 satellite repeats have
accumulated diVerentially, showing a distinct distribution
pattern in diVerent species. The evolution of dioecious
Rumex gave rise to two phylogenetic clades: one clade
composed of species with an ancestral XX/XY sex chromo-
some system and a second, derived clade of species with a
multiple sex–chromosome system XX/XY1Y2. While in the
XX/XY dioecious species, the RAE180 satellite-DNA is
located only in a small autosomal locus, the RAE180
repeats are present also in a small autosomal locus and
additionally have been massively ampliWed in the Y chro-
mosomes of XX/XY1Y2 species. Here, we have found that
the RAE180 repeats of the autosomal locus of XX/XY spe-
cies are characterized by intra-speciWc sequence homoge-

neity and inter-speciWc divergence and that the comparison
of individual nucleotide positions between related species
shows a general pattern of concerted evolution. On the con-
trary, both in the autosomal and the Y-linked loci of XX/
XY1Y2 species, ancestral variability has remained with
reduced rates of sequence homogenization and of evolu-
tion. Thus, this study demonstrates that molecular mecha-
nisms of non-reciprocal exchange are key factors in the
molecular drive process; the satellite DNAs in the non-
recombining Y chromosomes show low rates of concerted
evolution and intra-speciWc variability increase with no
inter-speciWc divergence. By contrast, freely recombining
loci undergo concerted evolution with genetic diVerentia-
tion between species as occurred in the autosomal locus of
XX/XY species. However, evolutionary periods of rapid
sequence change might alternate with evolutionary periods
of stasis with variability remaining by the reduced action
of molecular mechanisms of non-reciprocal exchange as
occurred in XX/XY1Y2 species, which could depend on
repeat-copy number and the processes involved in their
ampliWcation.
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Introduction

Satellite-DNA evolution is a key subject in molecular evo-
lutionary genetics. Understanding modes, paths and conse-
quences of satellite-DNA evolution is an open question,
which requires a profound analysis using appropriate study
systems. In this context, the presence of RAE180 satellite-
DNA in the dioecious species of the plant genus Rumex
makes it a noteworthy trait as RAE180 satellite repeats
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have accumulated diVerentially, showing a distinct distribu-
tion pattern in diVerent species. The comparative analysis
of the eVect of these diVerent patterns of location, organiza-
tion, and repeat-copy number within diVerent Rumex spe-
cies should enhance the understanding of satellite-DNA
evolution, especially in this case, as well as in relation to
sex-chromosome evolution.

Satellite-DNA families are comprised tandem non-
coding short repeated sequences distributed through the
eukaryotic genomes at heterochromatin basically in centro-
meric and subtelomeric regions as well as chromosome-
speciWc ampliWed regions (Ugarkovic and Plohl 2002). A
satellite-DNA family could arise in a phylogenetically short
period by explosive ampliWcation (Bachmann and Sperlich
1993). Then, after its formation, the repeats of the family
could follow a gradual mode of sequence evolution during
a long evolutionary period (Bachmann and Sperlich 1993).
The processes by which satellite-DNA families arise are
not well known. A set of molecular-exchange mechanisms
has been proposed to be involved in its origin by ampliWca-
tion of a tandem array of multi-copy sequences. Those
mechanisms include unequal crossing-over (Smith 1976),
transposition (Miller et al. 2000), or extrachromosomal
rolling-circle replication and reintegration of tandem arrays
into the genome (Feliciello et al. 2005, 2006). A recently
originated tandem array is initially homogeneous in
sequence because of the multi-copy ampliWcation of the
same repeat type. In the course of time, random mutations
would accumulate and the repeats would diverge. However,
the non-allelic repeats of a satellite-DNA family do not
evolve independently, but concertedly.

Mechanisms such as unequal crossing-over or gene con-
version (Ohta and Dover 1984) can gradually spread a
sequence variant throughout a family within a sexual popu-
lation in a population-genetic process called molecular
drive (Dover 2002). Molecular drive leads to high homoge-
neity levels in a repetitive DNA family for species-diagnos-
tic mutations, which subsequently gives rise to inter-speciWc
genetic divergence, an evolutionary pattern of repetitive
sequences known as concerted evolution (Dover 2002).
Empirical observations indicate that the production rate of
new sequence variants is a slower process than their rate of
spread, while the general paucity of transition stages indi-
cates also that the replacement is relatively fast (Ugarkovic
and Plohl 2002). However, the rates of homogenization and
Wxation of sequence variants, i.e., the rates of sequence
change, vary for each satellite-DNA family or even for the
same satellite-DNA family within diVerent lineages. Levels
of sequence identity between repeats would depend on
many factors in each species, such as the rates and biases
of transfer between homologous and non-homologous
chromosomes, number and distribution of repeat units,
physical constraints within the genome, generation time,

and eVective population size as well as selective con-
straints (Ohta and Dover 1984). We have analyzed the
eVects of some of these factors (location, rate of genetic
transfer, and repeat number, organization, and distribution)
on satellite-DNA evolution in dioecious species of the
genus Rumex.

Molecular phylogeny classiWes Rumex in three clades
(Navajas-Pérez et al. 2005a). The basal clade is composed
by hermaphroditic species. A second clade, derived, is
composed of polygamous and gynodioecious species.
Finally, a third clade is composed of all Eurasian and
American dioecious species. There is an evolutionary trend
within the genus Rumex from hermaphroditism to dioecy,
with polygamy and gynodioecy as intermediate stages
(Navajas-Pérez et al. 2005a). We also conWrmed that, in the
evolution of the genus Rumex, there is an evolutionary
trend for a chromosome-number reduction from x = 10 (the
basic ancestral chromosome number for the genus, which
persisted in all hermaphroditic as well as in some polyga-
mous Rumex species) to x = 7 (the basic number found in
most dioecious species), with intermediate stages having
x = 9 (gynodioecious and some polygamous species)
and x = 8 (the Eurasian dioecious Rumex suVruticosus)
(Degraeve 1975, 1976, 1980; Navajas-Pérez et al. 2005a).
The dioecious clade is subdivided into two subclades
(Navajas-Pérez et al. 2005a). One basal subclade is composed
of species such as R. suVruticosus (x = 8) and Rumex aceto-
sella (x = 7) having a XX/XY sex chromosome system, in
which females are XX and males are XY. A second subclade
is composed of species such as Rumex acetosa and Rumex
papillaris and represents a derived state with a complex
XX/XY1Y2 sex-chromosome system, in which females
have a karyotype 2n = 12 + XX and the males are
2n = 12 + XY1Y2. The origin of the double Y chromosome
system might come from a chromosomal translocation
between one member of a pair of autosomes and the X
chromosome in an ancestral XX/XY species (Smith 1969)
or from a process of misdivision of an ancestral Y chromo-
some (Navajas-Pérez et al. 2006). Taking a mean rate of
change in plant nuclear DNA of 0.6% per site per million
years (Gaut 1998), the ITS mean-distance corrected esti-
mates between clades supported the origin of dioecy in
Rumex between 15 and 16 mya, while the divergence time
between the two dioecious subclades should be 12–13 mya
(Navajas-Pérez et al. 2005a).

RAE180 satellite-DNA family is present within the
genomes of all Eurasian and American dioecious Rumex
species while being absent of the rest of Rumex species.
This data support the idea, on the one hand, that the dioe-
cious group is monophyletic and, on the other hand, that
RAE180 repeats appeared in the common ancestor of these
species, approximately 15–16 mya. However, whereas in
the XX/XY dioecious species, RAE180 satellite-DNA is
123



Mol Genet Genomics (2009) 282:395–406 397
located only in a small locus of a pair of autosomes
(Cuñado et al. 2007), these repeats are present also in a small
autosomal locus and additionally have been massively
ampliWed in the Y chromosomes of XX/XY1Y2 species
(Cuñado et al. 2007; Navajas-Pérez et al. 2009). Comparing
satellite-DNA sequences of two species with a XX/XY1Y2

system such as R. acetosa and R. papillaris, we found that
the repeats of the RAE180 satellite-DNA families located
in the non-recombining Y chromosomes have lower rates
of sequence evolution than the repeats of the autosomic
RAE730 satellite-DNA family (Navajas-Pérez et al.
2005b). These data imply that patterns of satellite-DNA
evolution depend on the chromosomal location of the
repeats, as the absence of recombination between the sex
chromosomes seriously inXuenced the rate of satellite-
DNA sequence change. These conclusions were derived
from a comparison between diVerent satellite-DNA fami-
lies. The present research opens the possibility of testing
the behavior of repeats from the same satellite-DNA family
when they are located in diVerent loci. For this task, we iso-
lated and sequenced RAE180 repeats of the autosomic loci
of R. acetosa and R. papillaris (XX/XY1Y2 species), and of
the autosomic loci of R. suVruticosus and R. acetosella
(XX/XY species) and we have studied their evolutionary
patterns in comparison to those previously characterized for
RAE180 repeats of the Y chromosomes of R. acetosa and
R. papillaris (Navajas-Pérez et al. 2005b).

Materials and methods

Materials, DNA extraction, and RAE180 repeats isolation

Female and male plants of R. suVruticosus and R. aceto-
sella (Puerto de Navacerrada, Segovia, Spain), R. acetosa
(Sierra Nevada, Spain), and R. papillaris (Sierra de Baza,
Spain) were used in this study. DNA isolation was per-
formed using DNAeasy mini kit (Qiagen) according to the
manufacturer’s instructions.

For ampliWcation of RAE180 sequences from female
and male plants of R. suVruticosus and R. acetosella and
from female plants of R. acetosa and R. papillaris, we used
the pair of primers Rae180a 5�-TCATCGAACTTCATTC
AT-3� and Rae180b 5�-TATAGTAATATCTCGATC-3�

(Navajas-Pérez et al. 2005b). PCR ampliWcations were per-
formed in 50-�l reactions containing 10 ng of puriWed
DNA, 2 mM of dNTPs, 2 mM of each primer. and
1.25 units of Taq-polymerase in 10 mM Tris–HCl at pH
8.3, 5 mM KCl, 2 mM MgCl reaction buVer. Thermal
cycles consisted of 1 min at 94°, 1 min at 55°, and 1 min at
72°. The PCR products were electrophoresed in agarose
gels, after which the bands were cut out of the gel, puriWed
using GenElute PCRClean-Up Kit (SIGMA), ligated to the

pCR4-TOPO vector, and cloned using the TOPO TA
Cloning Kit (Invitrogen), following the manufacturer’s instruc-
tions. Recombinant clones were sequenced by the dideoxy-
sequencing method using the automatic ABI-Prism 377
sequencer (Applied Biosystems). The EMBL accession
numbers for all the sequences analyzed in this article are:
AM398600 to AM398639, AJ580328 to AJ580351,
AJ580453 to AJ580469, and AJ634478 to AJ634526.

Sequence analysis

For sequence analysis, multiple alignments were carried out
using Clustal X (Thompson et al. 1997) followed by man-
ual adjustments. For each species, we determined repeat
length, nucleotide composition, and intra-speciWc variabil-
ity (measured as nucleotide diversity, �, the average num-
ber of nucleotide diVerences per site between two
sequences, Nei 1987) using the software satDNA Analyzer
(Navajas-Pérez et al. 2007a). Intra-speciWc variability was
estimated by comparison of all RAE180 repeats. The sat-
DNA Analyzer program has been developed for the analy-
sis of the patterns of variation at each nucleotide position
among all units of a repetitive family within a species and
for comparing a pair of species. Within each species, the
program classiWes each site accordingly as monomorphic
(the same nucleotide in all the repeats of the species) or
polymorphic (the site is variable between repeats).

In comparing the repeats of two species, the satDNA
Analyzer program (Navajas-Pérez et al. 2007a) discrimi-
nates between shared and non-shared polymorphic sites.
The program identiWes polymorphic sites shared between
two species when the same polymorphism is found in both
species (see Supplementary material, Sm1, for a graphic
representation). When this occurs, we assume that these are
ancestral sites that appeared prior to the split between the
two species (Navajas-Pérez et al. 2005b). By contrast, non-
shared polymorphic sites are autapomorphies, representing
diVerent transitional stages in the process of intra-speciWc
sequence homogenization and inter-speciWc divergence.
Under the assumption that concerted evolution is a time-
dependent process, the expected stages of transition during
the spread of a variant repeat unit toward its Wxation can be
deWned according to the model of Strachan et al. (1985).
This is a method of partitioning the variation by analyzing
the patterns of variation at each nucleotide site considered
independently among all the repeats of a repetitive family
when comparing a pair of species (Strachan et al. 1985;
Navajas-Pérez et al. 2007a). This method classiWes the sites
in terms of six stages (Classes I–VI) in the spread of variant
repeats through the family and the species (see Supplemen-
tary material, Sm1, for a graphic representation). BrieXy,
the Class I site represents complete homogeneity across all
repeat units sampled from a pair of species, whereas
123



398 Mol Genet Genomics (2009) 282:395–406
Classes II, III, and IV represent intermediate stages in which
one of the species shows a polymorphism. The frequency of
the new nucleotide variant at the site considered is low in
Class II and intermediate in Class III, while Class IV repre-
sents sites in which a mutation has replaced the progenitor
base in most members of the repetitive family in the other
species. Class V represents diagnostic sites in which a new
variant is fully homogenized and Wxed in all the members
of one of the species while the other species retains the pro-
genitor nucleotide. A Class VI site represents an additional
step over the stage of Class V (new variants appear in some
of the members of the repetitive family at a site fully diver-
gent between the two species).

Genetic distances between species were calculated
according to the Jukes–Cantor method, comparing all the
repeats from each species. Rates of RAE180 evolution were
determined then according to the divergence times esti-
mated in Navajas-Pérez et al. (2005a). Shared polymorphic
sites were excluded from the alignments, and genetic dis-
tances and the rates of RAE180 sequence change were esti-
mated from these alignments following Navajas-Pérez et al.
(2005b). This procedure avoids the quantiWcation of ances-
tral variability, prior to the split of two species from their
common ancestor, in the determination of genetic distances
between two species for a satellite-DNA family.

Phylogenetic analyses were conducted using MEGA
version 4.1 (Tamura et al. 2007) and trees constructed by
the neighbor-joining method (Saito and Nei 1987). Thousand
bootstrap replicates (Felsenstein 1985) were performed to
assess internal support for nodes.

Satellite-DNA quantiWcation

To determine the relative percentage of RAE180 repeats
within diVerent genomes (males and females of the four
species analyzed), a quantitative PCR (qPCR) approach
was developed. PCR conditions were optimized for each
assay with regard to annealing temperature and concentra-
tion of MgCl2. Conventional PCR reactions for agarose gel-
based detection were carried out in 25 �l using 90 ng/�l
genomic DNA template, 0.2 mM dNTPs, 200 mM each oli-
gonucleotide primer (Rae180a and Rae180b), optimized
MgCl2, and 1 unit Taq DNA polymerase. Each sample was
subjected to an initial denaturation of 10 min at 95°C, fol-
lowed by 40 ampliWcation cycles of denaturation at 95°C
for 15 s, optimized annealing for 30 s, followed by exten-
sion at 72°C for 30 s. Quantitative PCR reactions were car-
ried out using SensiMix/dT Kit, which includes the internal
reference (ROX) (Quantace). Each qPCR reaction com-
prised 12.5 �l SensiMix/dT, forward and reverse primers
(Rae180a and Rae180b) at optimized concentrations of
10 pmol (Wnal concentration), 1 �l SYBR Green I solution
50£, 90 ng/�l genomic DNA template, and sterile water up

to a Wnal volume of 25 �l. Each sample was subjected to an
initial denaturation of 10 min at 95°C as a pre-cycle heat
activation of DNA polymerase, followed by 40 cycles of
denaturation at 95°C for 15 s, annealing temperature
56.7°C for 30 s, followed by extension 30 s at 72°C. Quan-
titative PCR experiments were performed using a Real-
Time PCR Cromo 4 thermocycler (BioRad).

Real-time kinetic quantitative PCR determines, for each
sample well, the Ct, the fractional cycle number at which
the well’s accumulating Xuorescence crosses a set threshold
that is several standard deviations above baseline Xuores-
cence. A plot of Ct versus log(amount of input target DNA)
is linear, allowing simple relative quantiWcation of
unknowns by comparisons to a standard curve derived from
ampliWcation, in the same plate, of serial dilutions of a ref-
erence DNA sample. The standard curve was generated
from a 7-fold log10 dilution series of a solution of 50 ng/�l
of recombinant plasmid DNA containing one RAE180
repeat using Rae180a and Rae180b as PCR primers. All
samples, including the external standards and non-template
control, were run in triplicate. The ampliWcation eYciency
for each primer was determined from the linear slope of
standard curve; only primers with a standard curve slope of
around ¡3.3 were used for quantiWcation. When analyzed
by qPCR, the dilution series produced a set of standard
curves, which were used to calculate the slope value using
the Opticon3 software (BioRad).

Results

Isolation and analysis of RAE180 sequences 
from R. suVruticosus and R. acetosella

The main PCR product obtained for R. suVruticosus with
Rae180a and Rae180b primers had an approximate length
of 330 bp, although some PCR products of 520 bp were
also obtained. Each ampliWed product was comprised one
(330-bp product) or two (520-bp product) RAE180 repeat
units plus a fragment of each 5� and 3� surrounding repeats.
In the case of R. acetosella, the ampliWed PCR product had
about 700 bp, composed of three repeat units plus a frag-
ment of each 5� and 3� surrounding repeats. PCR products
were cloned and sequenced. The number of clones and
repeats sequenced and the results on base-pair composition,
repeat length, intra-speciWc variability (measured as nucle-
otide diversity, �, the average number of nucleotide diVer-
ences per site between two sequences, Nei 1987) and
quantiWcation of RAE180 repeats in the genomes of
R. acetosella and R. suVruticosus are summarized in
Table 1. SpeciWcally, intra-speciWc variability was low for
both species (5.1 and 5.4%, respectively), being similar for
repeats isolated from diVerent sexes. RAE180 sequences
123



Mol Genet Genomics (2009) 282:395–406 399
were poorly represented in the genome of R. acetosella
(7 £ 10¡4% of the genome), while this satellite-DNA family
represents the 0.04% of the genome of R. suVruticosus.

RAE180 sequences of these two species were phylo-
genetically analyzed (Figs. 1, 2; see also supplementary
material, Sm2, for alignments). RAE180 repeats of
R. suVruticosus were not speciWcally clustered by sequence
type or source gender (Fig. 1). However, in the case of
R. acetosella, the grouping of sequences resembled the tan-
dem arrangement of each repeat within each sequenced
clone in the order A–B–C (Fig. 2). This indicates the orga-
nization of RAE180 monomers in a higher-ordered
repeated (HOR) supra-organization constituted by three or
more repeats of the RAE180 satellite-DNA. It is worth
mentioning here that the third repetition of the HOR under-
went a 3� terminal deletion of 16 bp in all the clones
analyzed, giving rise to 167-bp monomers in all cases
(Fig. 2b). Notably also, in all clones analyzed, the next
repeat in the tandem, which was sequenced partially
because of the PCR procedure, also had a 25-bp Wxed dele-
tion at the 5� end (Fig. 2b). In this species, sequence diVer-
entiation between the three types of sequences was between
6 and 7%, while the variation between sequences of the
same type ranged between 2 and 3%.

Isolation and analysis of autosomic RAE180 sequences 
from R. acetosa and R. papillaris

Females of R. acetosa and R. papillaris have only the minor
autosomic locus in contrast to males, which have two Y
chromosomes enriched in RAE180 repeats besides the
autosomic locus (Cuñado et al. 2007). To analyze the evo-
lutionary behavior of RAE180 in the autosomic location in
such species, we then isolated by PCR ampliWcation the
RAE180 repeats from the genomes of females of both spe-
cies. In both cases, the only PCR product obtained with
Rae180a and Rae180b primers had an approximate length
of 330 bp, consisting of one RAE180 repeat unit plus a
fragment of each 5� and 3� surrounding repeats. The prod-
ucts were cloned and sequenced. Results, including quanti-
Wcation of RAE180 repeats in the genome of both females

and males, are summarized in Table 1 (data for males were
taken from Navajas-Pérez et al. 2007b). In this case, intra-
speciWc variability was 20.9% for R. acetosa and 21.9% for

Table 1 Number of clones and repeats sequenced and results on base pair composition, variability, repeat length, and quantiWcation of RAE180
repeats in the genomes of four dioecious Rumex species

a Taken from Navajas-Pérez et al. (2007b)

Species Number of clones Number of repeats %AT Variability Repeat 
length

Percentage

Female Male Total Female Male Total Female Male Total Female Male

R. acetosella 5 8 13 15 24 39 64.4 0.058 0.054 0.054 167–183 0.0007 0.0007

R. suVruticosus 9 7 16 16 12 28 65.4 0.053 0.040 0.051 181–184 0.04 0.04

R. acetosa 18 32a 51 18 42a 60 68.4 0.199 0.199a 0.209 181–186 0.01 5.60

R. papillaris 15 23a 38 15 31a 46 67.9 0.153 0.211a 0.219 182–184 0.01 5.60

Fig. 1 Neighbor-joining tree of RAE180 repeats isolated from R. suVru-
ticosus. RAE180 repeats were not speciWcally clustered by sequence
type or source gender. Sequence code: Wrst three letters (SUF) for species
name (R. suVruticosus), next letter indicates gender (F, female; M, male)
and the number indicates the number of the clone from which the repeat
was sequenced. In some cases, within a clone, there were two adjacent
RAE180 repeats (see text). In these cases, a Wnal letter in the sequence
code indicates the order of the repeat in the clone (A, Wrst and B, second).
1,000 bootstrap replicates were performed to assess internal support for
nodes. Only bootstrap values above 60% are indicated
123
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R. papillaris, being similar in both females and males.
While 0.01% of the genome of females is composed of
RAE180 repeats, these sequences represent the 5.6% of the
genome of males in both species.

Concerted-evolution analysis of autosomic RAE180 
repeats

The mean genetic distance for RAE180 sequences between
R. suVruticosus and R. acetosella proved to be 0.226 (0.247
after excluding shared polymorphic sites). Considering a

divergence time of 4 million years between the two species
(Navajas-Pérez et al. 2005a), we can estimate the evolu-
tionary rate for this satellite-DNA family at 28 £ 10¡9 sub-
stitutions per site per year, almost three-fold higher than
that estimated for RAE180 sequences when comparing
males of R. acetosa and R. papillaris (Navajas-Pérez et al.
2007b). Also, we have studied the sequence divergence by
analyzing the patterns of variation at each nucleotide posi-
tion considered independently among all RAE180 repeats
when comparing the two species. Thus, we have classiWed
each site within each species as monomorphic or polymor-
phic, discriminated between shared and non-shared poly-
morphic sites between the two species, and classiWed each
non-shared polymorphic site according to the model pro-
posed by Strachan et al. (1985) (see “Materials and meth-
ods” section). Table 2 summarizes all these data. A high
percentage of Strachan sites of the categories IV, V, and VI
were found (14% of the sites per repeat), while 24% of the
sites per repeat were Strachan transition stages (II + III).
There were eight shared polymorphic sites between the two
species. Figure 3 shows the neighbor-joining tree of
RAE180 sequences from these two species, which are clus-
tered together according to taxonomic aYnity into two
main clades supported by 100% of bootstrap replicates.

Comparing the autosomic RAE180 repeats of R. acetosa
and R. papillaris females, we found the genetic distance
between the two species to be 0.197. However, almost half
of the polymorphic sites within each species were shared
between the females of the two species (62 shared polymor-
phic sites). A similar situation was found for RAE180
sequences of R. acetosa and R. papillaris males (Navajas-
Pérez et al. 2005b). Excluding the shared polymorphic
sites, the mean genetic distance between females of both
species was 0.045 and thus the evolutionary rate in this case
should be 9 £ 10¡9 substitutions per site per year. There
are no Strachan sites of the classes IV–VI, while 34% of the

Fig. 2 a Neighbor-joining tree of RAE180 repeats isolated from
R. acetosella. The grouping of sequences resembles the tandem arrange-
ment of each repeat within each sequenced clone in the order A–B–C,
which suggest the organization of RAE180 repeats in a higher-ordered
repeated (HOR) supra-organization constituted by three or more re-
peats of the RAE180 satellite-DNA. Sequence code: Wrst three letters
(ACE) for species name (R. acetosella), next letter indicates gender (F,
female; M, male), the number indicates the number of the clone, and
the last letter indicates the order of the repeat in the clone (A, B, or C),
as explained in (b). Only bootstrap values above 60% are indicated.
b Schematic representation of the repeat disposition in clones of the
R. acetosella-RAE180 library. The clone insets comprised three repeat
units (A, B, and C, black boxes) plus a fragment of each 5� and 3� sur-
rounding repeats (grey boxes; arrows indicate PCR primer localiza-
tions). The repeat C underwent a 3� terminal deletion of 16 bp in all the
clones analyzed, giving rise to 167-bp monomers in all cases. Notably
also, in all clones analyzed, the next repeat in the tandem, which was
sequenced partially because of the PCR procedure, also had a Wxed
deletion of 25 bp in the 5� end

�
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sites represented Strachan stages II–III (Table 2). Similar
to the repeats from males (Navajas-Pérez et al. 2005b),
RAE180 repeats from females of both species appear inter-
mixed in the corresponding neighbor-joining tree (Fig. 4;
see also Sm3 complementary material for sequence align-
ments).

Discussion

Satellite-DNA ampliWcation has accompanied the karyo-
type rearrangements found during species evolution in
Rumex. AmpliWcation of RAYSI and RAE730 satellite-
DNA families occurred in the lineage leading to XX/
XY1Y2 species (Navajas-Pérez et al. 2005b, 2006). Both
satellite-DNA families share a common origin but one is
autosomic (RAE730 family) and the other is located in the
Y chromosomes (RAYSI) (Navajas-Pérez et al. 2005b,
2006). In turn, the RAE180 family analyzed in this article
originated before the split between XX/XY and XX/XY1Y2

species and has no relation with the other satellite-DNAs
(Navajas-Pérez et al. 2005b). In XX/XY1Y2 species,
RAE180 repeats are located in the Y chromosomes with an
additional small RAE180 autosomic site (Cuñado et al.
2007; Navajas-Pérez et al. 2009). Thus, in the relatively
short evolutionary time span from the origin of the XX/
XY1Y2 clade (12–13 mya; Navajas-Pérez et al. 2005a), the
Y chromosomes have undergone an accelerated process of
genetic degeneration mediated by the accumulation of
RAE180 and RAYSI repetitive sequences (Fig. 5). In fact,
we demonstrated here that the 5.6% of the genome of
R. acetosa and R. papillaris males is made up of the RAE180
repeats while the percentage in females is 0.01%. With the
assumption of a genome size of 3,234 Mb (Bennett and
Leitch 2004) for R. acetosa, this would indicate that there
are about 1 million copies of RAE180 sequences in the
males (repeats located in the Y chromosomes and in the
minor locus of a pair of autosomes) and about 2,000 copies
of RAE180 repeats in females (only the autosomic locus) of
XX/XY1Y2 species. R. acetosa and R. papillaris are two

species belonging to a homogeneous group of species char-
acterized by similar morphological and karyological fea-
tures, including their complex sex-chromosome system
plus a sex-determination mechanism based on the X/A bal-
ance (Wilby and Parker 1988; Ainsworth et al. 1999). Nev-
ertheless, although both species appear to have karyotype
similarities and similar amounts of RAE180 sequences in
their Y chromosomes, heterochromatin of the Ys is the sub-
ject of rapid evolutionary rearrangement mechanisms that
led to diVerences in satellite-DNA distribution in both
species (Navajas-Pérez et al. 2009).

On the other hand, the case for XX/XY species is diVer-
ent. Contrasting with the advanced state of genetic diVeren-
tiation between the X and the Y chromosomes in R. acetosa
and R. papillaris, we have found that R. acetosella and
R. suVruticosus represent an earlier stage of genetic diVer-
entiation between sex chromosomes and also that the Y chro-
mosome in these species is euchromatic and apparently
lacks any type of satellite-DNA family (Cuñado et al.
2007). In fact, RAE180 was the only satellite-DNA family
detected in the genomes of XX/XY species (Navajas-Pérez
et al. 2006; Cuñado et al. 2007). However, RAE180 repeats
are poorly represented within the genome of these species.
RAE180 was found to be slightly ampliWed in R. suVrutico-
sus in which the repeats are accumulated in a minor locus in
a pair of autosomes (Cuñado et al. 2007). In the case of
R. acetosella, even when PCR and Southern-blot hybridiza-
tion techniques revealed the presence of RAE180
sequences within its genome, a FISH assay was unable to
detect these repeats in their chromosomes, a situation that
might be explained by the fact that RAE180 sequences in
R. acetosella are underrepresented or non-tandemly orga-
nized at a level below the resolution of the FISH technique
(Cuñado et al. 2007). These data corroborate the quantiWca-
tion developed in this research. In the case of R. suVruticosus,
RAE180 repeats amount to 0.04% of the genome (for a
rough estimate, if we assume a similar genome size to
R. acetosa for this species, we could estimate some
7,000 copies of RAE180 sequences in R. suVruticosus). In
contrast, we found that RAE180 satellite DNA represents

Table 2 InterspeciWc comparative analysis of RAE180 repeats

The table shows the number and percentage of shared polymorphic sites (SP) between two genomes, the genetic distances and the evolutionary
rates as well as the results on the classiWcation of each non-shared polymorphic site according to the model proposed by Strachan et al. (1985) in
six diVerent stages of transition during the spread of a variant repeat unit toward its Wxation. Genetics distances estimates were after excluding
shared polymorphic sites
a Taken from Navajas-Pérez et al. (2007b)

Species comparison SP (%) Strachan 
sites II–III (%)

Strachan 
sites IV–VI (%)

Genetic 
distance

Evolutionary 
rate

R. acetosa versus R. papillaris malesa 108 (59%) 33 (17%) 1 (0.5%) 0.033 8.25 £ 10¡9

R. acetosa versus R. papillaris females 62 (34%) 62 (34%) 0 (0%) 0.045 9 £ 10¡9

R. acetosella versus R. suVruticosus 8 (4%) 45 (24%) 27 (14%) 0.226 28 £ 10¡9
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7.33 £ 10¡4% of the R. acetosella genome. Genome size
estimated for this tetraploid species is 6,566 Mb (Bennett
and Leitch 2004), which could indicate an absolute number
of about 200 RAE180 repeats in its genome. The diVer-
ences estimated here for the percentage of RAE180 satellite
DNA between the genomes of these two species, R. suVru-
ticosus and R. acetosella, could explain the diVerence in
FISH results (Cuñado et al. 2007).

The RAE180 satellite-DNA family is present within the
genomes of the Eurasian and American dioecious Rumex
species, while it is absent from the rest of Rumex species.
This data support the contention that the RAE180 satellite-
DNA family was present in the genome of the common
ancestor of all dioecious Rumex species thus dating the ori-
gin of RAE180 sequences at least in 15–16 mya (Navajas-
Pérez et al. 2005a). The diVerences in the amount of
RAE180 repeats through the diVerent species analyzed here
may indicate diVerential events of ampliWcation, depending
on the evolutionary time and the physical place of accumu-
lation. For RAE180 satellite DNA, there are three diVerent
observable cases (Fig. 5): (i) maintenance of RAE180
repeats in low copy in R. acetosella, (ii) moderate ampliW-
cation in one autosomal locus in R. suVruticosus, and (iii)
massive ampliWcation in Y chromosomes of XX/XY1Y2

species and a moderate ampliWcation in one autosomal
locus. Despite the common origin of all RAE180 sequences
and the short evolutionary time lapse from the split of the
two groups of species—XX/XY versus XX/XY1Y2—(12–
13 mya—Navajas-Pérez et al. 2005a), there are two situa-
tions.

1. RAE180 sequences have not ampliWed within the
genomes of XX/XY species except for a single autoso-
mal locus detectable by FISH only in R. suVruticosus.
The situation in R. acetosella in which there are a few
copies of RAE180 repeats not detectable by the FISH
technique might be considered an ancestral situation
maintained in the XX/XY lineage of dioecious Rumex.
A derived state within this lineage is the ampliWcation
process detected in R. suVruticosus. Thus, this ampliW-
cation process might have occurred after the split of
these two species and hence might have occurred in the
last 4 million years, according to data gathered by
Navajas-Pérez et al. (2005a) for ITS sequence diver-
gence between R. acetosella and R. suVruticosus.
Quantitative changes induced by the ampliWcation of
RAE180 satellite repeats could occur in the course of

posed by the R. acetosella repeats. Only bootstrap values above 60%
are indicated
Fig. 3 Neighbor-joining tree of RAE180 repeats from R. suVruticosus
and R. acetosella. The repeats were clustered according to taxonomic
aYnity into two main clades supported by 100% of bootstrap repli-
cates, one composed of R. suVruticosus repeats and the other com-
posed by the R. acetosella repeats. Only bootstrap values above 60%
are indicated

�
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the speciation process, forming a species-speciWc
proWle. Thus, sequence divergence is evident between
R. suVruticosus and R. acetosella. In fact, 14% of the
nucleotide positions per repeat are diVerentiated sites
(species-diagnostic mutations or Strachan stages IV–
VI) between the two species (Table 2). Only 4% of the
nucleotide sites per repeat are ancestral polymorphic
sites shared between both species. These data indicate
eVectiveness of the molecular drive process after spe-
cies split in the spreading of new sequence variants
leading to intra-speciWc homogeneity (5.1 and 5.4% of
sequence variation, respectively; Table 1) and inter-
speciWc divergence (22.6% of sequence divergence
between the two species; Table 2), a pattern known as

concerted evolution. Transitional stages of diVerentia-
tion (Strachan stages II and III) represent 24% of the
nucleotide positions (Table 2). This data support a
gradual process of sequence diVerentiation between
R. suVruticosus and R. acetosella after RAE180 ampliW-
cation and conWrm the double source of the observed
pattern: the eVect in the molecular drive process of the
relatively recent RAE180 ampliWcation in R. suVruti-
cosus and the eVect of the molecular-exchange homog-
enizing mechanisms once ampliWed the locus in this
species. Contrasting with that occurring for RAE180
sequences when they are located in the Y chromo-
somes (Navajas-Pérez et al. 2005b), the autosomal tan-
dem arrays of RAE180 sequences show high degrees
of sequence divergence when comparing these two
related species. In fact, we detected a rate of sequence
substitution of 28 £ 10¡9 substitutions per site per
year, a rate three-fold higher than that estimated for Y-
linked RAE180 sequences (Navajas-Pérez et al. 2007b)
but similar to the evolutionary rate found for satellite
DNA in other species such as in the Drosophila
obscura complex (Bachmann and Sperlich 1993).
In Rumex, other autosomic satellite-DNA family, the
RAE730 family had a sequence substitution rate of
22 £ 10¡9. The comparison between R. acetosa and
R. papillaris that splits 2.5 mya (Navajas-Pérez et al.
2005a) demonstrated 4% of Strachan stages II–III and
30% of Strachan stages IV–VI (Navajas-Pérez et al.
2007b). Intra-speciWc variability was 4.6% for R. ace-
tosa and 2.8% for R. papillaris (Navajas-Pérez et al.
2007b). While we have found similar levels of intra-
speciWc variation in R. suVruticosus and R. acetosella,
the distribution pattern of that variation within tandem
arrays of R. acetosella is speciWc with the appearance
of HORs, which could indicate certain limitations for
molecular drive in this species (Pons and Gillespie
2003), perhaps as a consequence of the presence of
RAE180 sequences only in basal amounts (Cuñado
et al. 2007; this paper).

2. RAE180 repeats were dramatically ampliWed within
the XX/XY1Y2 species clade. This ampliWcation pro-
cess was an independent event to that occurring in the
lineage of the XX/XY species. The ampliWcation of
repeat-copy number of RAE180 in the Y chromosomes
of the XX/XY1Y2 lineage might have occurred recur-
rently and independently several times in each new
lineage, leading to each current XX/XY1Y2 species. If
this was the case, we would expect diVerential ampliW-
cation patterns with genetic divergence between spe-
cies. Assuming the non-recombining nature of the Y
chromosomes, we would also expect a high number
of polymorphic sites with a species-speciWc proWle.
However, we have found similar ampliWcation levels

Fig. 4 Neighbor-joining tree of RAE180 repeats isolated from fe-
males of R. acetosa and R. papillaris. RAE180 repeats from females of
both species appear intermixed in the tree indicating no diVerentiation
between the two species for these types of sequences
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(Table 1) and a high number of shared polymorphic
sites (59% of the nucleotide positions per repeat,
Table 2) between R. acetosa and R. papillaris. These
two data support the idea: (a) that the main ampliWca-
tion event of the RAE180 satellite-DNA family pre-
cedes the split between these two species, despite
subsequent new events of ampliWcation and reorgani-
zations (Navajas-Pérez et al. 2009); (b) that most of the
intra-speciWc variability found in each species is ances-
tral, originated prior to the split of these two species;
and (c) that after the split of these two species, pro-
cesses leading to concerted evolution has failed. In
fact, there are high levels of variability in both species
(19.9% in R. acetosa and 21.1% in R. papillaris;
Table 1) and only one species-speciWc diagnostic site
(Table 2). These results were explained on the basis of
the absence of recombination in the Y chromosomes, a
key factor in the molecular drive process (Navajas-
Pérez et al. 2005b). The pattern of the autosomal locus
of R. acetosa and R. papillaris resembles Y-linked
RAE180 repeat behavior, an unexpected conclusion as
a priori we assumed a similar evolutionary scenario for
the autosomal loci in both XX/XY and XX/XY1Y2 spe-
cies. In contrast, the autosomal loci of R. acetosa and
R. papillaris showed high levels of intra-speciWc vari-

ability (23.2 and 15.3%, respectively; Table 1) with no
Wxed diVerences between the R. acetosa and R. papil-
laris (Table 2). Similar ampliWcation levels (Table 1)
and the high number of shared polymorphic sites (34%
of the nucleotide positions per repeat, Table 2) between
R. acetosa and R. papillaris again supports the conten-
tion that intra-speciWc variability found in each species
at the autosomal locus is ancestral, originated prior to
the split of these two species, and, after the split of
these two species, processes leading to concerted evo-
lution has failed. This situation might be explained in
this case also by reduced rates of recombination for the
autosomal locus of R. acetosa and R. papillaris. It
appears that the small autosomal locus found in these
two species was singled out of expansion–contraction
homogenizing processes that should have lead to con-
certed evolution. Variability can remain for long evolu-
tionary periods by reduced action of molecular
mechanisms of non-reciprocal exchange and sequence
variants persist as a library (Mravinac et al. 2002;
MentroviT et al. 2006) from which the ampliWcation
of a particular divergent variant could give rise later
to a new satellite-DNA subfamily (Navajas-Pérez et al.
2006) or to a new enlarged array of the sequence vari-
ant (as in R. suVruticosus). An alternative explanation

Fig. 5 Schematic representation of the evolutionary dynamics of RAE180 sequences in dioecious Rumex species. Black color in chromosomes
indicates presence of RAE180 sequences
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would imply that part of the genetic variability found in
autosomes comes from the Y chromosomes by some
sort of genetic-transfer mechanism.

In conclusion, this study demonstrates the eVect of diVeren-
tial location, organization, and repeat-copy number in the
evolution of a satellite-DNA family. Molecular drive leads
to the concerted-evolution pattern of satellite-DNA repeats.
Molecular mechanisms of non-reciprocal exchange are key
factors in the molecular drive process leading to the
homogenization of tandem arrays within the genome of a
species. Satellite-DNAs in the non-recombining Y chromo-
somes show low rates of concerted evolution and intra-
speciWc variability increase with no inter-speciWc divergence.
By contrast, freely recombining loci undergo concerted
evolution with genetic diVerentiation between species, as
occurs between the autosomal loci of R. acetosella and
R. suVruticosus. However, it appears that satellite-DNA evo-
lution might also have evolutionary periods of stasis with
variability remaining by reduced action of molecular mech-
anisms of non-reciprocal exchange, as occurred between
the autosomal loci of R. acetosa and R. papillaris, some-
thing that could depend on repeat-copy number and the
processes involved in its ampliWcation.
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