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Satellite DNA Libraries and Centromere Evolution
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Abstract: Related species share a pool of satellite DNA sequences known as a satellite DNA library. Such sequences may
persist in the genome for long evolutionary time at latent locations and can be amplified in any species. This leads to rapid
turnover of satellite DNA composition which is characteristic for centromere evolution. The «library» hypothesis however
does not predict whether any of the sequences can be amplified, and subsequently confer a centromere role. Based on
structural and evolutionary studies it is proposed that satellite DNAs are highly adapted sequences whose evolution has
proceeded through the combined action of natural selection and molecular drive. Their recruitment to a satellite library
and retention within the genome could be related to some structural characteristics which enable them to be extended into
a functional centromere array. A newly formed array could replace the previous centromere if it has some selective advan-
tage in transmission at meiosis due to particular satellite sequence features and/or high homogeneity.
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CENTROMERE AND SATELLITE DNA

The centromere is known as a locus required for accurate
chromosome inheritance, visible as the primary constriction
on metaphase chromosomes. Centromeric chromatin con-
tains histone modification patterns which are distinct from
the flanking heterochromatin and provides the structural
foundation for the establishment of kinetochore [1]. The ki-
netochore assembles onto the centromere in the form of a
large multiprotein complex that links the chromosome to the
microtubules of the mitotic spindle. It directs chromosome
movement during mitosis and meiosis and is critical in sens-
ing completion of metaphase before allowing anaphase to
begin [2]. Whereas the proteins responsible for forming the
kinetochore are conserved throughout the species, the DNA
sequences found at centromeres are highly divergent [3]. The
common feature of centromeres across the wide species
range which includes Arabidopsis thaliana, rice, maize, Dro-
sophila melanogaster and humans, is the presence of satellite
DNA as their predominant component [4-8]. In the case of
human chromosomes, the main centromeric component is
alpha satellite DNA. It has been shown that alpha satellite
DNA is not absolutely necessary for centromere formation
since in its absence euchromatic DNA is capable of being
activated to form a “neo-centromere” [9]. However in the
presence of alpha satellite, the centromere is always formed
on the alpha satellite array [10]. Therefore, alpha satellite
and probably other satellite DNAs are considered to be pre-
ferred substrates for centromere establishment. In addition,
transcripts of alpha satellite DNAs have been shown to be a
functional component of the kinetochore participating in
recruitment of kinetochore proteins [11]. All these data point
to an important role for satellite DNA in centro-
mere/kinetochore establishment and function. In addition,
new findings related to evolutionary constraints on satellite
DNAs can shed more light on the evolution of centromere.
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SATELLITE DNA LIBRARY

According to the «library» hypothesis centromeric satel-
lite DNAs may persist in the genome at latent locations for
long evolutionary time forming a collection or library of
satellite sequences shared among related lineages [12]. The
amount of satellite DNAs in a single centromere can be in-
creased or reduced dramatically in a short time frame. Such
rapid turnover characteristic for centromere evolution can be
explained by differential amplification of satellite DNAs
from the library in any species [13]. The first experimental
demonstration of a satellite DNA library is found in the in-
sect genus Palorus (Coleoptera) where all examined species
posses a common collection of centromeric satellite DNASs
[14]. A different single satellite is significantly amplified in
each of the different species resulting in species specific sat-
ellite DNA profiles. The existence of satellite libraries is
supported for different groups of species including plants,
nematodes, insects and mammals, as well as their preferen-
tial localization within pericentromeric and centromeric re-
gions [15-21]. In the marsupial genus Macropus three satel-
lite DNAs present within the library are involved in the crea-
tion of centromeric arrays in nine examined species [22].
Each species however has experienced different expansion
and contraction of individual satellites. In Bovini, six related
centromeric satellite DNAs are shared among species fluctu-
ating considerably in relative amounts [23].

Different satellite DNAs that coexist in the same species
in the form of a library can vary significantly in their se-
quence homogeneity and are considered as independent evo-
lutionary units. In addition, each satellite DNA can exist in
the form of different, usually chromosome specific satellite
subfamilies [reviewed in 13]. All primate species share alpha
satellite DNA which in the form of different subfamilies
represents the major component of all centromeres [24]. Al-
pha satellite is composed of two basic types of repeat units: a
171 bp monomer and higher order repeats (HOR). Higher
order repeats have complex repeat units composed of up to
30 diverged 171 bp monomers [25]. In the genomes of lower
primates monomeric alpha satellite repeats prevail and com-
prise long centromeric arrays. Monomeric repeats character-
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istic for low primates lack a 17 bp motif known as the
CENP-B box which represents a binding site for centromere
protein B (CENP-B). In higher primates such as the great
ape and humans, higher order repeats are amplified and are
characterized by the presence of CENP-B binding sites. As
shown for the human X chromosome higher order repeats
are major constituents of functional centromere while alpha
satellite DNA in the form of monomers remains in pericen-
tromeric regions [26]. It has been proposed that higher order
repeats appeared relatively recently in the primate lineage,
coinciding with the great ape evolution [8, 26]. However,
simple higher order repeats in the form of dimers are com-
mon to all lower primates, as revealed by analysis of whole-
genome shotgun sequence data [27]. In addition, CENP-B
protein has been found in lower primates, dispersed in the
outer regions of centromeres, out of the kinetochore as well
as throughout the nuclei [28, 29]. The presence of the CENP-
B protein suggests the existence of latent higher order re-
peats having a CENP-B box in the genomes of lower pri-
mates. Such alpha satellite distributional pattern in lower and
higher primates is well explained by library dynamics. It can
be proposed that alpha satellite DNA in the form of mono-
mers as well as simple higher order repeats existed very
early in primates. Evolution of centromeres within lower
primates has proceeded mostly through expansion of se-
quences already present within the common primate library.
These sequences have been extensively exchanged and ho-
mogenized among chromosome due to genetic turnover
mechanisms of unequal crossingover and gene conversion
which are involved in the process of molecular drive [30]. In
higher primates however intrachromosomal homogenization
has predominated relative to interchromosomal exchange
due to different rate and/or effectiveness of genomic turn-
over mechanisms. This results in the generation of new,
chromosome specific higher order repeats and chromosome
specific subfamilies. Such newly acquired and fast evolving
complex HORs have been subsequently expanded into cen-
tromeric arrays in all great ape species as well as in humans
[26].

EVOLUTIONARY CONSTRAINTS ON SATELLITE
DNAS

Based on the structural and evolutionary studies of di-
verse satellite DNAs it can be proposed that satellite se-
quences within a library are highly adapted and relatively
conserved in the sense that they can tolerate limited sequence
change. In some instances such as four satellite DNAs of the
coleopteran insect genus Palorus, the sequences remain
completely frozen for long evolutionary periods of up to 60
million years [31, 32]. Remarkable sequence conservation is
also characteristic of human alpha satellite DNA, which has
been detected as a rare, highly conserved repeat in evolu-
tionary distant species such as chicken and zebrafish [33].
Most of the known satellites exhibit sequence change which
seems to be constrained by selection in order to preserve
some structural characteristics [reviewed in 34]. In addition
to selection, the rate of sequence change depends on muta-
tion rate, rates of recombinational processes that spread mu-
tations horizontally through the repetitive family as well as
on the rate of fixation within a population [30]. Satellite se-
quences generally evolve in two manners: gradually by ac-
cumulating mostly single point mutations and saltatory due
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to larger rearrangements induced by recombination and non-
Mendelian exchanges occurring in the genome [13, 35]. Due
to such complex evolution, the rate of divergence of particu-
lar satellite DNA sequence is not uniform between species
and often not within a species, varying between chromo-
somes [36, 37]. Evolutionary rate can also be significantly
different for related satellite DNAs present in parallel within
the pair of species. Comparison between human and ortholo-
gous chimpanzee chromosomes reveals different evolution-
ary rates for the two types of alpha-satellite DNA: higher-
order repeats located within the centromere evolve much
faster than monomers at the pericentromeric location [38].

In order to be retained in the genome and to become a
member of the library satellite sequences seem to have ac-
quired certain structural features. Some of these characteris-
tics might include an ability to bind necessary chromatin
components such as diverse kinetochore proteins. In humans,
centromeric proteins A, B and C (CENP-A, CENP-B,
CENP-C) bind alpha satellitet DNA. While CENP-B specifi-
cally recognizes 17 bp motif in alpha satellite DNA known
as the CENP-B box, CENP-A and CENP-C do not exhibit
such sequence specificity. CENP-A corresponds to a cen-
tromere-specific histone variant CenH3 which replaces H3 in
centromeric nucleosomes. CenH3 has been shown to be sub-
jected to adaptive evolution and its coevolution with centro-
meric DNA has been proposed [39]. Besides binding DNA,
CENP-C is also an RNA-associating protein that binds tran-
scripts of alpha satellite DNA. It has been revealed that long,
single stranded alpha satellite DNA transcripts encompassing
a few satellite monomers are functional components of the
human kinetochore. They are required for the association of
kinetochore proteins CENP-C1 and INCENP in the human
interphase nucleolus as well as at the centromere [11]. It is
possible that constrains on alpha satellite RNA secondary
and/or tertiary structure exist in order to preserve its ability
to bind kinetochore proteins such as CENP-C1.

The effect of selection on satellite DNA sequence is
probably reflected in the non-random distribution of variabil-
ity along satellite monomers, resulting in constant and vari-
able regions. Such a distribution is characteristic of many
satellites including the centromeric satellite of Arabidopsis
thaliana and human alpha satellite DNA [40].

A non-random pattern of variability indicates possible
functional constraints on satellite DNA sequence that might
be related to specific protein-binding sites. Selective con-
straints on satellite sequence are probably not only related to
their interaction with specific proteins but also to their role in
controlling gene expression. Transcription of satellite DNA
seems to be a general phenomenon as well as the processing
of transcripts into different regulatory RNAs (Fig. 1; re-
viewed in [34]).

Despite the extreme sequence divergence of satellite
DNAs most of them exhibits some common structural char-
acteristics such as clustering of A or T and regular phasing
of A or T >3 tracts, as well as dyad structures [41]. Periodic
distribution of AT tracts usually leads to curvature of the
DNA helix axis, which is characteristic of approximately
50% of satellite DNAs [42]. As a result of this curvature, a
superhelical tertiary structure is formed that is thought to be
important for the tight packing of DNA and proteins in het-
erochromatin [42, 43]. In general, it can be concluded that
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Fig. (1). Evolutionary constraints on centromeric satellite DNAs. S
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tructural requirements posed on satellite DNAs which enable them to be

retained in the genome as members of satellite library might include periodic clusters of A+Ts, binding sites for centromeric proteins such as
CENP-B box, or promoter elements necessary for active transcription. Periodic distribution of AT tracts leads to curvature of the DNA helix
axis and formation of superhelical tertiary structure thought to be important for heterochromatin establishment. Transcription of satellite
DNAs proceeds either in the form of double-stranded RNA (dsRNA) or single-stranded RNA (ssRNA). Long, ssSRNAs are required for the
association of kinetochore proteins while dsSRNA is processed into small interfering RNAs (siRNAs) that participate in heterochromatin for-
mation. Constraints on satellite RNA secondary and/or tertiary structure could exist in order to preserve its ability to bind kinetochore pro-

teins.

there are some structural requirements posed on satellite
DNAs which enable them to become potentially functional
and to be retained in the genome as members of the satellite
library (Fig. 1).

CENTROMERE EVOLUTION

Taking into account the existence of satellite libraries and
the relative conservation of satellite sequences as well as
their structural features it can be proposed that the evolution
of the centromere does not proceed through «de novo» adop-
tion of «new», previously noncentromeric sequences which
are repeatedly introduced into the genome as predicted by
centromere drive [44]. On the contrary, the centromere is
formed from already adapted sequences that reside within
the satellite library and have certain structural characteristics
that enable these sequences to confer a centromeric role (Fig.
2). The content of the library is constantly evolving, new
sequences can be generated and added into the library such is
the case of alpha satellite complex HORs which appear later
in the evolution of primate lineage [25]. On the other hand,
some «old» centromeric satellite repeats can be lost in par-
ticular lineages as shown for centromeric satellites in species
of grass [45]. Removal of centromeric satellites from the
library is probably a stochastic process mediated by mecha-
nisms of unequal crossing over and illegitimate recombina-
tion [46, 47].

Satellite sequences from the library can undergo recur-
rent repeat copy number expansion and contraction in diver-
gent lineages. This amplification from the library seems to
be random and does not correlate with phylogeny of the spe-
cies as shown for the insect genus Pimelia, the marsupial
genus Macropus and grass species [22, 45, 48]. The same
satellite sequences can undergo convergent expansion on all
chromosomes in different lineages. Although the evolution

of centromeric satellite DNA composition does not follow
species phylogeny it parallels chromosome evolution in
some karyotypically divergent lineages [22, 49]. The rate of
turnover of satellite DNAs differs among species ranging
from abrupt-saltatory amplification and replacement of satel-
lites in relatively short periods of time, through gradual
changes in satellite DNA profiles, while in some instances
no apparent change occurs for long evolutionary time [48].
Amplification of a sequence from the library could occur due
to unequal crossingover or duplicative transposition [47, 50]
while the spreading and fixation in population is influenced
by stochastic process of molecular drive [30]. The discovery
of human extrachromosomal elements originating from satel-
lite DNA arrays in cultured human cells indicates the possi-
ble existence of other amplification mechanisms based on
extrachromosomal rolling-circle replication [51]. It has been
proposed that satellite sequences excised from their chromo-
somal loci via intrastrand recombination could be amplified
in this way, followed by reintegration of tandem arrays into
the genome [52]. Mechanistic processes inherent to chromo-
some fusion and translocation have been also supposed to be
responsible for contraction and expansion of satellite DNA
arrays [22].

A newly amplified satellite array can replace the previous
centromere and prevail in the population if it has some selec-
tive advantage relative to the «old» centromere e.g. transmis-
sion advantage at meiosis due to some sequence characteris-
tic of newly amplified satellite DNA or just due to the higher
homogeneity of newly amplified array relative to the «old»
one. Based on the structure of the human X chromosome
centromere it can be proposed that high homogeneity and
integrity of newly expanded satellite arrays might represent
an additional requirement imposed on the centromere. In
addition, it seems that a newly expanded array has to be of
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Fig. (2). Model of satellite DNA evolution and centromere formation. A bulk of satellite sequences dispersed in the genome is subjected to
influence of natural selection and molecular drive. Those satellites possessing certain structural features which enable them to become func-
tional are retained in the genome in the form of satellite DNA library. Differential amplification of centromeric satellite DNAs from the li-
brary in two related species can lead to formation of a “new” centromere array which can replace the previous centromere in each species.
Differential amplification which is probably due to unequal crossingover or duplicative transposition, is also responsible for the rapid turn-

over of satellite DNA content and centromere evolution.

certain length in order to become a preferred substrate for
centromere formation. The repetitiveness of satellite DNA
has been proposed to be important for orderly packing of
nucleosomes [53] and nucleosome crystallization on reverse
repeats of alpha satellite DNA support this assumption [54,
55]. Centromeric nucleosomes are specific not only by the
presence of CenH3, but by their internal organization. They
are organized as a heterotypic tetramer composed of one
molecule each of CenH3, H2A, H2B and H4, different from
the octamer found in bulk nucleosomes [56]. It can be sug-
gested that such nucleosome tetramers distributed orderly on
homogenous and uninterrupted satellite arrays represent an
accessible surface for kinetochore assembly.

Due to the constant dynamics of repetitive DNA, centro-
meric satellite DNA array can be expanded affecting kineto-
chore size, which could further influence normal chromo-
some segregation [44]. It is proposed that centromere can be
expanded by sequences which might be variants of native
centromeric array, by different sequences transposed from
other chromosome or by completely novel satellite DNA.
Mutations which reduce sequence specificity of key kineto-
chore proteins such as CenH3 or CENP-C are suggested to
loose the influence of DNA on kinetochore size and help to
restore epigenetic inheritance and Mendelian segregation
[44]. Observed accelerated evolution of CenH3 and CENP-C
speaks in favour of this assumption. The model of centro-
mere evolution presented here however suggests that the
preferential substrate for centromere expansion are satellite
DNAs that in the form of library reside in centromeric re-
gions and are already adapted to confer centromere role.

CONCLUSION

Numerous satellite DNAs are present in parallel within
genomes of related species forming a so called satellite DNA
library. Satellite DNAs may significantly differ in copy
number within and between species but preserve location
within pericentromeric and centromeric regions and reside
within genomes for long evolutionary periods. Some of the
satellites are extended into arrays which comprise a func-
tional centromere. Random amplification as well as deletion
of satellite DNA sequences from the library which does not
correlate with phylogeny of the species is characteristic for
satellite DNA evolution. It also correlates with rapid se-
quence turnover which is characteristic for centromere evo-
lution. It is proposed that satellite DNAs have been selected
and recruited to a library based on particular sequence fea-
tures which enable them to confer a centromere role. The
centromere is therefore formed from highly adapted satellite
sequences recycled from the library and not from de novo
introduced sequences. A newly expanded satellite array can
replace the previous centromere if it has advantage in meio-
sis, probably due to higher homogeneity and integrity of the
array or due to some particular sequence features important
for binding of centromere proteins.
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