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Abstract

Satellite DNAs (tandemly repeated, non-coding DNA sequences) stretch over almost all native centromeres and surrounding pericentromeric
heterochromatin. Once considered as inert by-products of genome dynamics in heterochromatic regions, recent studies showed that satellite DNA
evolution is interplay of stochastic events and selective pressure. This points to a functional significance of satellite sequences, which in (peri)
centromeres may play some fundamental functional roles. First, specific interactions with DNA-binding proteins are proposed to complement
sequence-independent epigenetic processes. The second role is achieved through RNAi mechanism, in which transcripts of satellite sequences
initialize heterochromatin formation. In addition, satellite DNAs in (peri)centromeric regions affect chromosomal dynamics and genome plasticity.
Paradoxically, while centromeric function is conserved through eukaryotes, the profile of satellite DNAs in this region is almost always species-
specific. We argue that tandem repeats may be advantageous forms of DNA sequences in (peri)centromeres due to concerted evolution, which
maintains high intra-array and intrapopulation sequence homogeneity of satellite arrays, while allowing rapid changes in nucleotide sequence and/
or composition of satellite repeats. This feature may be crucial for long-term stability of DNA-protein interactions in centromeric regions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Repetitive DNA sequences build a significant portion of
every eukaryotic genome, and among them, a large fraction
comprises sequences repeated in tandem, commonly known as
satellite DNAs (Charlesworth et al., 1994; Elder and Turner,
1995; Schmidt and Heslop-Harrison, 1998). The term “satellite
DNA” is historical, because this kind of sequences was initially
isolated from satellite bands in experiments with gradient
centrifugation, due to the difference in A+T content from the
rest of genomic DNA (Szybalski, 1968). Since no protein
coding function could be primarily associated with satellite
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DNAs, early hypothesis considered them as useless genomic
elements accumulated as junk (Ohno, 1972), or alternatively, as
sequences that represent genomic parasites proliferating for
their own sake (Orgel and Crick, 1980). An opposite view
suggested the involvement of satellite DNAs in a series of
functions ranging from chromosome organization and pairing to
cell metabolism and speciation (John and Miklos, 1979). More
recent studies supported these functionalist assumptions con-
cerning the association of satellite DNAs with complex features
of eukaryotic chromosomes (for example, Csink and Henikoff,
1998; Henikoff et al., 2001; Sullivan et al., 2001). Accordingly,
satellite sequences are the main constituent of centromeric and
pericentromeric heterochromatin, two epigenetically determin-
ed regions responsible for correct pairing and disjunction of
eukaryotic chromosomes in cell divisions (see for example
Arney and Fisher, 2004; Hall et al., 2004; Bloom, 2007 for
reviews). The extreme diversity of satellite DNAs, in nucleotide
sequence, complexity, genomic abundance, as well as the ex-
istence of a large number of unrelated satellite DNA families,
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blurs the putative functions these sequences might have in a
genome. Despite progressive accumulation of data, direct evi-
dences about function(s) of satellite sequences and mechanisms
of their action in particular processes are still mostly lacking,
and great part of our conclusions rely more on intuitive de-
duction than on direct experimental evidences.

Some conceptual properties of satellite DNA composition
and evolution were already reviewed elsewhere (Charlesworth
et al., 1994; Elder and Turner, 1995; Schmidt and Heslop-
Harrison, 1998; Ugarković and Plohl, 2002). Here, in the light
of recently published data, we present some general features of
satellite DNA sequences and discuss possible significance of
satellite repeats and their evolution in centromeric and peri-
centromeric genomic regions.

2. Basic features of satellite repeats

Satellite DNAs can be defined as highly reiterated non-
coding DNA sequences, organized as long arrays of head-to-tail
linked repeats located in the constitutive heterochromatin, the
eukaryotic chromosomal regions that remain condensed
throughout the cell cycle (Heitz, 1928). Basic repeating units,
satellite DNA monomers, are often A+T rich and range in
length from only few bp up to more than 1 kb, building up to
100 Mb long arrays. The preferential monomer length of 150–
180 bp and 300–360 bp detected in many satellites in both
plants and animals is often considered to mirror requirements of
DNA length wrapped around one or two nucleosomes (Schmidt
and Heslop-Harrison, 1998; Henikoff et al., 2001). Satellite
DNA contribution to total genomic content varies significantly
among species, exceeding sometimes 50% of total DNA (Elder
and Turner, 1995; Schmidt and Heslop-Harrison, 1998), and
consequently they are involved in the enormous variation of
genome size in eukaryotes (Doolittle and Sapienza, 1980;
Cavalier-Smith, 1985; Gregory et al., 2007). Megabase-long
arrays of repeats in heterochromatin mainly differentiate
satellite DNAs from two other categories of tandemly repeated
non-coding DNA elements, i.e. mini- and microsatellites. These
elements are characterized by short repeating units (2–6 bp for
microsatellites and 15–60 bp for minisatellites) repeated in
moderate abundance, and located predominantly in euchromatic
chromosomal regions (Charlesworth et al., 1994). Further,
microsatellite arrays can be often also detected in heterochro-
matin (Gindullis et al., 2001).

Current strategy for satellite DNA detection and character-
ization is genomic DNA digestion with restriction endonu-
cleases, followed by sequence analysis of randomly cloned
monomers or short multimers. This approach is still ongoing,
even after the burst of large-scale genome sequencing projects:
low variability of satellite monomers and paucity of intervening
sequences inserted into megabase-sized arrays impose serious
limitations on current sequencing and mapping techniques to
assemble tandemly repeated motifs into large contigs. Since
satellite DNAs are dominant components in the heterochroma-
tin, it remains underrepresented in outputs of genome projects,
and the information concerning general organization and func-
tional significance of its DNA sequences is still only limited
(Eichler et al., 2004; Nagaki et al., 2004; Rudd and Willard,
2004; Hoskins et al., 2007).

3. Concerted evolution

Even if satellite DNA monomers are present in many
thousands copies per genome, sequence divergence between
monomers of the same family is often very low, usually up to
15% (see for example, King and Cummings, 1997). However,
the divergence can be much higher in some cases, such as in
monomeric alpha-satellite, in which repeating units diverge for
up to 30% (Rudd and Willard, 2004). High repeat homogeneity
is achieved by non-independent evolution of monomers. It is a
consequence of molecular drive, a two-level process in which
mutations are homogenized throughout members of a repetitive
family, and concomitantly fixed within a group of reproduc-
tively linked organisms (Dover, 1982, 1986). The consequence
is concerted evolution of monomers constituting a satellite
DNA family.

Sequence homogenization is due to diverse molecular mech-
anisms of nonreciprocal transfer, such as unequal crossover,
gene conversion, rolling circle replication and reinsertion, and
transposon-mediated exchange (Stephan, 1986; Dover, 2002;
Glinka et al., 2006). While it is not clear which of the above
reported mechanisms is preferentially involved in sequence
homogenization, it is generally acknowledged that these mech-
anisms act more efficiently within localized subsets of satellite
repeats, while efficiency drops progressively when changes are
homogenized between arrays on the same chromosome, homo-
logous and heterologous chromosomes (Fig. 1; Dover, 1986).
Because of differences in rates of local and global sequence
homogenization, adjacent monomers show a higher degree of
sequence similarity than those retrieved at random, and can be
often grouped into subsets or subfamilies, defined by diagnos-
tic mutations (Willard and Waye, 1987; Durfy and Willard,
1989; Schindelhauer and Schwarz, 2002; Hall et al., 2005;
Roizes, 2006). Distinctive groups of monomer variants are
usually chromosome-specific. As predicted by theoretical mod-
els (Smith, 1976; Stephan, 1989), monomers at array ends are
more divergent than those located centrally due to the low
efficiency of homogenization mechanisms (predominantly un-
equal crossover) in bordering regions of the satellite array
(Mashkova et al., 1998; McAllister and Werren, 1999; Bassi
et al., 2000; Schueler et al., 2005).

Adjacent monomer variants can be sometimes homogenized
together and form a new, composite higher-order repeat (HOR)
unit in which former monomers became subrepeats or subunits
(Willard and Waye, 1987; Warburton and Willard, 1990). Since
a HOR is a homogenization unit, HORs generally show high
level of sequence identity, while substantial sequence diver-
gence is accumulated among constituent subunits. For example,
in the human alpha-satellite, HORs are highly homogeneous
and are typically 97–100% identical, while subunits within
them are on average ~70% identical (Willard and Waye, 1987;
Roizes, 2006 and references therein). The increase in repeat unit
length and complexity by merging shorter repeat motifs into a
HOR seems to be a common trend in at least some satellite



Fig. 1. Molecular drive and concerted evolution. A) Homogenization of mutated
variant throughout the members of a repetitive family within an array and
between sister chromatids. Arrow appearance is correlated with the homo-
genization efficiency. B) Efficiency of homogenization between homologous
and non-homologous chromosomes. C) Variant spread among individuals (fix-
ation) depends on bisexuality and population factors. Reproductive isolation
leads to fixation of different repeat variants in genomes of different evolutionary
units (white and black circles).
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DNAs and/or organisms (for example, Willard and Waye, 1987;
Modi et al., 2004; Mravinac et al., 2005). This process can be
predicted theoretically if low unequal cross-over to mutation
ratios are assumed as specific for centromeric regions (Stephan
and Cho, 1994).

While homogenization depends on mechanisms of genomic
turnover, fixation results from random chromosomal assortment
in sexual reproduction through meiosis and amphimixis, dep-
ending thus on population factors. The final outcome of con-
certed evolution is higher repeat homogeneity within lineages
(strains, populations, subspecies, species, etc.) than between
them (Dover, 1982; Rudd et al 2006; Ellingsen et al., 2007). This
model has received considerable support from other repetitive
DNA elements, such as rRNA genes (Dadejová et al., 2007) and
a repeated protein coding gene (Carmon et al., 2007). Effects of
fixation are excluded in satellite DNAs from parthenogenetic
organisms, due to the lack of bisexual reproduction. As ex-
pected, satellite sequences show higher intra- than intergroup
homogeneity in bisexual taxa, while unisexuals exhibit similar
variability disregarding the level of taxonomic position and
parthenogenetic mechanism (Mantovani, 1998; Luchetti et al.,
2003; Fig. 2). Exceptionally, specific biological traits can lead to
the non-concerted patterns of satellite DNA evolution (Lorite
et al., 2004; Luchetti et al., 2006). In eusocial termites, for
example, satellite monomers accumulate mutations which have
no possibility to be spread (or eliminated) owing to the limited
number of reproducers, thus leading to a high level of variability
uniformly distributed among taxa (Luchetti et al., 2006).

Due to the nature of homogenization and fixation, molecular
drive is assumed to be an entirely stochastic process (Smith,
1976; Stephan, 1986, Charlesworth et al., 1994), during which
mutations rapidly accumulate in a gradual manner (Bachmann
and Sperlich, 1993). An opposite effect, i.e. an extreme con-
servation of nucleotide sequence, can be also predicted by the
model, if “non-desirable” mutations are preferentially elimi-
nated instead of being spread throughout a satellite family (Ohta
and Dover, 1984; Dover and Flavell, 1984; Strachan et al.,
1985). The nucleotide sequence of some satellite families in-
deed remained “frozen” for long periods, even for tens of Myrs
(for example, Arnason et al., 1992; Heikkinen et al., 1995;
Vershinin et al., 1996; Mravinac et al., 2002; Cesari et al., 2003;
Robles et al., 2004; Meštrović et al., 2006a). Although the basis
for favoring one sequence variant over another is usually not
known (Dover, 1987), it might mirror constraints imposed on
satellite sequences by some functional interactions. In that case,
the evolution of at least some satellites seems to be driven by an
interplay of selective constraints and stochastic events (Hall
et al., 2003, 2005; Meštrović et al., 2006b).

4. Satellite DNAs in and around centromeres

4.1. Diversity of DNA sequences at the centromere

Centromere is a multidomain locus necessary for poleward
chromosomal segregation in mitosis and meiosis. Functional
centromeres are usually embedded into large blocks of peri-
centromeric heterochromatin, but chromatin structure in cen-
tromeres is distinct from that in heterochromatin and in
euchromatin (Sullivan and Karpen, 2004). Principal DNA
components underlying the majority of centromeres in plants
and animals are satellite repeats, as corroborated by chromatin
immunoprecipitation (ChIP) data (e.g. Nagaki et al., 2003;
Zhong et al., 2002; Lee et al., 2005). While centromere structure
and function is conserved through complex eukaryotes, DNA
sequences in that region are paradoxically variable (Henikoff
et al., 2001). For example, centromere-specific immunopreci-
pitation revealed divergent satellite DNAs in centromeres of
several rice species (Lee et al., 2005). The extreme diversity of
rapidly evolving satellite repeats, or even their absence in neo-
centromeres (e.g., Wong and Choo, 2001) agree with the idea
about epigenetic determinants of centromere function and in-
heritance; with satellite sequences being considered to be nei-
ther necessary nor sufficient for centromere dynamics (Karpen,
1994; Henikoff et al., 2001). Nevertheless, the abundance of
satellite DNAs in the majority of native centromeres indicates
that satellite DNA amplification together with retrotransposon



Fig. 2. Effect of reproductive strategies on concerted evolution. Segmented line represents monomer variants within one individual, symbols indicate mutations,
groups of lines species. A) In sexual species mutations spread both throughout repeats (homogenization) and organisms (fixation), or they disappear. Transition stages
of concerted evolution are reflected by incompletely homogenized mutations (see also Fig. 4 in Strachan et al., 1985). New mutations (light colors) appear at the same
time and absolute identity of repeats is never achieved. Reproductively isolated units (populations, species etc.) accumulate group-specific mutations. B) According to
the theory of concerted evolution, the lack of panmissy and chromosome reshuffling leads to the failure of variant fixation in the unisexual species.
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accumulation are important for centromere expansion and sta-
bilization in the evolution from gene-containing non-satellite
DNA neocentromere towards typical eukaryotic centromere
(Nagaki et al., 2004; Ma and Jackson, 2006).

Satellite arrays in the centromere are usually much longer
than it is necessary for the centromeric function. ChIP exper-
iments using antibodies against centromere-specific histones
revealed that 30–50% of chromosome-specific higher-order
alpha-satellite repeats forms centromeres in human chromo-
somes 7, 17, and X, while the rest of the homogeneous arrays
constitute the flanking heterochromatin (Lam et al., 2006).
Similar studies showed that only about 15% of 180-bp satellite
resides in Arabidopsis centromeres (Nagaki et al., 2003).

4.2. Organizational patterns of centromeric-pericentromeric
satellite DNA arrays and intervening sequences

Satellite families in (peri)centromeric regions vary signi-
ficantly in copy number, nucleotide sequence, organizational
patterns and number and nature of inserted non-satellite DNA
sequences. Domains formed by single satellites are usually
several hundreds kb, or even Mb long, such as in humans
(Shiels et al., 1997; Mahtani and Willard, 1998; Schueler et al.,
2001), Drosophila (Sun et al., 2003), or Arabidopsis (Heslop-
Harrison et al., 2003). Among individuals, array length of a
single satellite can be highly polymorphic. For example, array
length in alpha-satellite from human X varies almost 3 times
(Mahtani and Willard, 1990).

In Arabidopsis, despite a small genome, a 180-bp centro-
meric satellite is present on all five chromosome pairs, forming
up to 4 Mb long tracts, occasionally interrupted by retro-
transposons and other types of repetitive DNA elements
(Heslop-Harrison et al., 1999, 2003; Kumekawa et al., 2000,
2001). About 300 kb long arrays of centromerically located
mouse minor satellite are surrounded with about 10 times more
abundant major satellite, both of them being interrupted with
short stretches of two GC-rich families (Kuznetsova et al., 2006
and references therein). Interestingly, all four mouse satellite
DNAs were detected in threads of locally decondensed peri-
centromeric heterochromatin that physically links mitotic
chromosomes (Kuznetsova et al., 2007). Organizational pattern
in which two satellite families form an irregular patchwork of
interspersed short arrays (b70 kb) of each satellite has been
observed in the beetle Tribolium madens. The same pattern
probably extends over functional centromeres of all chromo-
somes (Durajlija-Žinić et al., 2000).

The best studied long-range organization is with no doubt that
of alpha-satellite DNA in the pericentromeric and centromeric
region of human chromosomes (Rudd and Willard, 2004).
Briefly, two major types of phylogenetically distinct alpha-
satellite DNA exist. Multimers of ~171 bp monomers form
centrally located, chromosome-specific HORs, flanked with
domains of irregularly interspersed variants, called monomeric
alpha-satellite. Homogeneous array of X-chromosome-specific
HOR, DXZ1, spans several megabases, and includes the region
of kinetochore formation (Mahtani and Willard, 1998, Schueler
et al., 2001; Lam et al., 2006). Such pattern of two distinct
organizational forms of alpha-satellite is characteristic for
centromeric heterochromatin in all human and higher primate
chromosomes (Rudd and Willard, 2004; Rudd et al., 2006). It
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has been proposed that highly homogeneous alphoid arrays may
facilitate proper centromeric function (Basu et al., 2005; Roizes,
2006).

The contribution of satellite repeats can be only partial in
some centromeric regions. A well-known example is given by
the centromeric domain of rice chromosome 8, with only 68.4 kb
of the satellite DNA family CentO, split into three short arrays
(Cheng et al., 2002; Wu et al., 2004; Nagaki et al., 2004). The
whole domain into which these arrays are embedded is at least
2 Mb long and built mostly of transposable elements. Besides
small amounts of satellite repeats, it also contains unique DNA
sequences, including transcriptionally active genes (see also
below). ChIP experiments using the rice CENH3 histone-like
protein enabled location of the kinetochore within 750 kb long
region, and this functional region includes all arrays of CentO
satellite (Wu et al., 2004; Nagaki et al., 2004). Based on these
results, it has been hypothesized that low abundance of satellite
repeats in the centromere represents an early stage in the cen-
tromere evolution, characterized by progressive accumulation of
satellite repeats in mature centromeres. Short satellite arrays in
the rice chromosome 8 enabled also, for the first time, DNA
sequence assembly and continuous reading through the whole
centromeric heterochromatin of one native chromosome (Wu
et al., 2004; Nagaki et al., 2004).

One of the most intriguing finding about satellite array
organization is given by the occurrence of transcriptionally
active genes within domains of satellite DNAs. Surprisingly,
these genes require the heterochromatic environment for their
normal activity; if translocated to euchromatin their expression
is impaired (Howe et al., 1995). Recent assembly and mapping
of non-satellite components in Drosophila melanogaster
heterochromatin revealed a minimum of 230 to 254 protein
coding genes, conserved in related species (Smith et al., 2007).
Long arrays of satellite repeats can represent introns of these
genes, such as in the case of the gene for dynein (Kurek et al.,
2000). Transcriptionally active genes have been found in the
centromeric domain of rice chromosome 8, also near satellite
repeats in the region of kinetochore formation (Nagaki et al.,
2004; Wu et al., 2004; Yan and Jiang, 2007). However, besides
transposable elements, no unique sequences and gene candi-
dates could be detected in Arabidopsis (Hosouchi et al., 2002),
or human centromeres (Schueler et al., 2001).

5. The evolution of satellite families and the centromeric
function

As discussed above, satellite DNAs in (peri)centromeric
heterochromatin as well as in genome in general, represent
rapidly evolving components. Consequently, even among the
most closely related species, they differ in nucleotide sequence,
copy number, and/or composition of satellite families (reviewed in
Schmidt and Heslop-Harrison, 1998; Ugarković and Plohl, 2002).
Rapid evolution of satellite DNA sequences is possible owing to
the accumulation of nucleotide divergences, usually with a high
rate and in a gradual manner (Bachmann and Sperlich, 1993).
Gradual accumulation of mutations follows phylogeny at differ-
ent hierarchical ranks. At the species level, centromeric satellite
DNAswere informative in phylogenetic studies of theDrosophila
obscura group (Bachmann and Sperlich, 1993), or in the study of
the fish family Sparidae (Garrido-Ramos et al., 1999). Determina-
tion of ecotype-specific variants in the Arabidopsis thaliana
180-bp satellite indicated accumulation of divergences within
the last ~5 Myr (Hall et al., 2003; Ito et al., 2007). Even
within a genome, distinct forms of satellite DNAs can ac-
cumulate mutations with different rates, adding to the diversity
of sequence patterns in (peri)centromeric areas. Alpha-satellite
repeats, for example, occur as monomeric and higher-order
units; these two distinct forms accumulate mutations with dif-
ferent evolutionary rates. Interestingly, centromerically located
higher-order units diverge more rapidly than pericentromerically
located monomeric repeats (Rudd et al., 2006).

Accumulation of mutations in satellite families is not the only
way to alter specific profiles of satellite repeats in short
evolutionary periods. Since more than one satellite family exists
in a genome, expansions and contractions of satellite arrays can
efficiently change a landscape of DNA sequences in hetero-
chromatin by replacing one dominant (major) satellite repeat with
another one less represented (reviewed in Ugarković and Plohl,
2002). In this, unequal crossover is proposed to be the major
mechanism responsible for dramatic fluctuations in the copy
number of satellite DNAs (Smith, 1976). The occurrence of
species-specific profiles as a consequence of copy number
changes in a set of satellite DNAs shared by related genomes
was originally explained through the library model (Fry and
Salser, 1977), and experimentally verified in the study of satellite
DNAs shared by species of the insect genus Palorus (Meštrović
et al., 1998; Fig. 3). Copy number changes may be, but are not
necessarily, accompanied by rapid evolution of nucleotide
sequences, and can explain species-specificity of satellite profiles
even when satellite sequences remain “frozen” during long
evolutionary periods (Meštrović et al., 1998; Mravinac et al.,
2002; Bruvo et al., 2003, see also Section 3). Not only distinct
satellite DNAs, but also monomer variants from a single family
can be distributed in genomes in the formof a library (Cesari et al.,
2003). In the constitution of a library, besides stochastic events,
selection might represent a limiting factor for persistence of
particular satellite sequences, as indicated by the study of inter-
satellite variability in a set of related repeats differentially am-
plified in a group of taxa (Meštrović et al., 2006b). In addition to
nucleotide changes and expansions-contractions of satellite
arrays, large-scale changes, such as segmental duplications,
play an important role in the rapid evolution of DNA sequences in
and around centromeric regions (for example, Cardone et al.,
2004; Hall et al., 2004; Ventura et al., 2007).

Satellite repeats may be the preferred form of DNA sequences
in functional centromeres and their flanking regions just because
of their unique characteristic to maintain sequence homogeneity
over long stretches ofDNA, and simultaneously to change rapidly
in evolution, as explained in the above paragraphs. Concerted
evolution and abundance of satellite repeats may stabilize in-
teractions with DNA-binding proteins and eliminate effects of
possible unwanted mutations, and in the same time the whole
array can rapidly adopt new sequence variant which can better fit
the mentioned interactions. In a recent model proposed by Dawe



Fig. 3. The library model. In a genome, several satellite DNA families are coexisting on chromosomes, one family being often at high copy number as the major
satellite. Different families can be preferentially amplified in the derived chromosomes, therefore changing the relative contribution of each family to the (peri)
centromeric chromatin and leading to species-specific profiles of satellite repeats.

Fig. 4. Evolution of satellite DNAs in centromeric regions. A) Centromeric
DNA-binding proteins and underlying satellite repeats drive each other's
evolution. A mutated satellite monomer variant (green) with modified binding
site is able to bind the mutated centromeric protein (red); they will replace the
old protein/satellite pair. B) Rapid changes in satellite DNA profiles without
affecting DNA-binding proteins is possible by copy number changes in a set of
satellite families with equivalent binding affinities.
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and Henikoff (2006), centromeres are defined in a dual way,
through an interplay of epigenetic factors and through interactions
between “selfish” repetitive DNA sequences and protein
components in a centromere, mediated by meiotic drive. Rapid
evolution of satellite DNA sequences without impairment of
centromeric function can be explained assuming that DNA-
binding centromeric proteins such as CENH3 and CENP-C
coevolve with satellite DNAs (Fig. 4A). This coevolution may be
driven either by changes in satellite DNAs (Malik and Henikoff,
2001; Talbert et al., 2004), or by satellite repeats competition to
better fit the chromatin environment (Dawe and Henikoff, 2006).
In other words, both DNA and protein evolution drive each other
in a centromere, thus providing a stable, but flexible system, able
to work on genetic and epigenetic platforms and, if necessary, to
rescue chromosomal function by forming new centromeres on
non-specialized locations (Dawe and Henikoff, 2006). In
agreement with the library model, it can be additionally proposed
that one satellite family can replace another one if their sequences
are of similar functional value, as discussed recently byMeštrović
et al. (2006b). In an ideal case, rapid replacements of equivalent
DNA sequences would be possible without alterations in binding
affinities (Fig. 4B). However, it can be reasonably expected that
the evolution of DNA and DNA-binding centromeric proteins is
an integrative result of all these processes in a particular organism.
Whatever the scenario could be, a proposed direct consequence is
that divergences in satellite sequences and corresponding proteins
accumulated between individuals can cause incompatibilities in
hybrids and eventually lead to reproductive isolation acting thus
as a trigger in speciation process (Meštrović et al., 1998; Henikoff
et al., 2001; Hall et al., 2005).

6. Functional potential of satellite DNAs

6.1. Informational capacity of centromeric satellites

To participate in functional interactions in heterochromatin
and/or in the functional centromere, satellite repeats should
contain sequence motifs recognized by protein components.
The best known is CENP-B box, the 17-bp long sequence motif
found in its functional form in a subset of higher-order alpha-
satellite monomers. The motif binds the CEN-B protein, sug-
gested to facilitate kinetochore formation (Ikeno et al., 1994;
Masumoto et al., 2004; Schueler et al., 2005). Motifs resem-
bling to CENP-B box were observed in diverse satellite families
from various species, but their true functional significance is not
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known (Canapa et al., 2000; Lorite et al., 2004). Besides CENP-
B box, other binding sites might also exist in satellite DNAs to
recognize, for example, CENP-C or other centromeric proteins
(Henikoff and Dalal, 2005). Uneven distribution of polymorph-
ism observed in alpha-satellite and in A. thaliana 180-bp
satellite might help to identify unknown DNA sequence motifs
that evolve under constraints due to functional interactions (Hall
et al., 2003). Alternatively, segments with reduced polymorph-
ism may act as sites that promote recombination among mono-
mers (Hall et al., 2005). Sequence segments with differential
substitution rates were also observed in satellite DNAs from
arthropods (Mravinac et al., 2004; Luchetti et al., 2004),
nematodes (Meštrović et al., 2005), and molluscs (Petrović and
Plohl, 2005).

Besides sequence motifs, other features of satellite repeats
can be informative in putative functional interactions. Similarity
in monomer length of many centromeric satellites (often around
170 bp), and rare length-affecting mutations, led to the as-
sumption that the repeat unit itself might reflect uniformity in
nucleosome phasing and heterochromatin propagation (Henik-
off et al., 2001). Many, but not all, (peri)centromeric satellite
DNAs can adopt tertiary structure due to the sequence-induced
bent helix axis (Martinez-Balbas et al., 1990; Fitzgerald et al.,
1994). For example, structural features and repeat unit length
are similar in evolutionary unrelated satellites from a group of
tenebrionid beetles, indicating constraints above the nucleotidic
sequence level (Plohl et al., 1998). Inverted sequence elements
able to form stable cruciform structures are suggested to act as
signals involved in DNA-protein interactions (Bigot et al.,
1990). Long inverted subunits might be evolutionary favored in
some satellite monomers due to increased stability of secondary
structure (Mravinac et al., 2005). Direct and inverse repeated
sequence elements in satellite monomers could be related to
transposition as a mechanism in the process of concerted evo-
lution (Dover, 2002). Different classes of transposable elements
were recognized as sources of (peri)centromeric satellites in
various organisms, for example in whales (Kapitonov et al.,
1998), Drosophila (Heikkinen et al., 1995; Miller et al., 2000),
and potato (Tek et al., 2005).

6.2. Satellite DNAs and transcription

Transcriptional activity was not expected for repetitive DNA
sequences residing in the transcriptionally suppressive hetero-
chromatin environment. However, satellite transcripts were
until now detected in many animal and plant taxa indicating that
satellite transcription might be a general phenomenon (for
example, Varadaraj and Skinner, 1994; Lorite et al., 2002;
Rudert et al., 1995; Pathak et al., 2006; Lee et al., 2006).
Satellite DNAs never show any prominent open reading frame,
and accordingly, transcript translation has never been demon-
strated. But, there are other possible functional roles; for exam-
ple, the strand or tissue or stage specificity observed in some
cases suggests the involvement of satellite transcripts in regu-
latory functions (Varadaraj and Skinner 1994; Lorite et al.,
2002; Pathak et al., 2006). Some satellite DNAs from insects,
nematodes and amphibians produce hammerhead structure with
a possible ribozymic activity (Rojas et al., 2000 and references
therein). Transcripts of centromeric satellite in maize were
shown to remain tightly bound within centromeric chromatin
and contribute to initiation and stabilization of kinetochore
chromatin structure (Topp et al., 2004).

Another proposed role of satellite DNA transcripts attracted
particular attention during recent years. It has been observed
that satellite DNA transcripts are involved in the initiation of
histone H3 methylation, a necessary prerequisite in hetero-
chromatin formation and maintenance (Volpe et al., 2002;
Martienssen, 2003). Transcripts from centromeric satellites are
processed to produce small interfering RNAs (siRNA) that
mobilize a number of proteins and specifically target their
coding sequence. This sequence is then packed into the
transcription-inhibiting heterochromatin structure (reviewed in
Grewal and Elgin, 2007). This mechanism requires low-levels
of transcription and may be universal, since siRNAs processed
from centromeric satellite repeats were identified in several
eukaryotic species (Lee et al., 2006 and references therein).
Fukagawa et al. (2004) demonstrated that Dicer-related RNA
interference machinery is involved in the formation of the
heterochromatin structure in higher vertebrate cells. However,
the relationship between transcription of centromeric satellite
repeats and centromeric silencing/centromere function is un-
clear, possibly being much more complex than those reported in
Schizosaccharomyces pombe (Martienssen et al., 2005; Grewal
and Elgin, 2007).

In conclusion, it is evident that transcripts from centromeric
satellites may play in quite different scenarios. If a lot of work is
still required to understand the roles of these satellite transcripts,
possibly many more efforts are needed to highlight the rela-
tionships between satellite DNA and proteins or molecules
responsible for transcriptional activities of satellite DNAs (Kro-
potov et al., 2006; Blattes et al., 2006).

6.3. Satellite DNAs and chromosome dynamics

Among different, although indirect, potential roles of satel-
lite DNAs, chromosomal repatterning should be mentioned.
However, there is no evidence that karyotipic repatterning leads
to speciation per se; it is better suggested that it may just
enhance reproductive isolation (Coghlan et al., 2005). For
example, a link between satellite DNAs and chromosomal
instability was studied in the genus Ctenomys, one of the most
specious and karyotypically diverse mammalian taxon. The
high karyotypic variability was associated with amplifications
and deletions of the major Ctenomys satellite DNA and with the
number of species (Slamovits et al., 2001; Hartmann and
Scherthan, 2004; Ellingsen et al., 2007). Opposite to the pos-
sible diversification role played by satellite sequences in Cte-
nomys, the organization of tandem repeats at centromeres and
telomeres of mouse telocentric chromosomes seems to reflect a
mechanism of frequent recombinational exchanges between
non-homologous chromosomes which promotes the mainte-
nance of the telocentric karyotype (Kalitsis et al., 2006). Finally,
the amplification of satellite DNA sequences in the cat chro-
mosomes was related to mitotic instability, which could explain
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the exhibition of complex patterns of chromosome aberrations
detected in the analyzed fibrosarcoma (Santos et al., 2006).

Satellite DNAs appear also involved in genome restructuring
during development in different organisms. The process of
chromatin diminution is known to occur during development in
different organisms, such as in the nematodes Parascaris uni-
valens and Ascaris suum, in copepods and in a hagfish. The
quantity of lost DNA ranges up to 94%, and is mainly com-
posed of satellite sequences (Stanley et al., 1984; Drouin, 2006,
and references therein). The hypothesis that RNAi-related
mechanisms are involved in chromatin diminution has been put
forward (Drouin, 2006). Chromosomal breaking regions sug-
gest that satellite DNAs represent “recombinational hot-spots”
of a genome reorganization. The elimination process may en-
sure the maintenance of a somatic genome and at the same time
allow extremely rapid and profound evolutionarily changes in
the organization of the germ line (Bachmann-Waldmann et al.,
2004).

7. A final comment

At this point of our knowledge, it is evident that satellite DNAs
in (peri)centromeric regions must play at least some fundamen-
tally important functional roles. Satellite repeats in both plants and
animals are likely to be involved in specific interactions, thus
complementing epigenetic processes. Another role of satellite
DNAs in heterochromatin formation and maintenance is
initialized by satellite transcripts processed in the form of small
interfering RNAs. While the first role depends on information
encoded in DNA sequence or in some other features of satellite
repeats, the second one is thought to be sequence-independent.

Profiles of satellite repeats in centromeric and pericentro-
meric regions change rapidly in evolution as a consequence of
efficient spread and homogenization of new mutations within a
repetitive family, and/or because of amplifications and contrac-
tions of diverse repetitive families that replace each other as
dominant satellite sequence. Arrays of tandemly repeated mo-
nomers may be evolutionary favored form of DNA sequence in
and around centromeres because of their unique characteristic to
maintain sequence homogeneity over long DNA segments, and,
if necessary, during long time-periods. In the same time, satellite
DNAs have enormous potential to change extremely rapidly in
nucleotide sequence and/or in copy number. These features can
be under constraints in order to maintain the best fit with the
DNA-binding components.

It is clear that the diversity of satellite repeats and their
organizational patterns would require far more detailed studies in
various experimental systems in order to reach more general
conclusions about functional organization of satellite repeats in a
centromere and in the surrounding heterochromatin. This ultimate
goal is contrasted by the consistent technical difficulties in re-
constructing contigs from the regions of repetitive nature.
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