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Centromeres: long intergenic spaces with adaptive features
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Abstract Centromeres are composed of inner kinetochore
proteins, which are largely conserved across species, and
repetitive DNA, which shows comparatively little sequence
conservation. Due to this fundamental paradox the forma-
tion and maintenance of centromeres remains largely a
mystery. However, it has become increasingly clear that a
long-standing balance between epigenetic and genetic
control governs the interactions of centromeric DNA and
inner kinetochore proteins. The comparison of classical
neocentromeres in plants, which are entirely genetic in their
mode of operation, and clinical neocentromeres, which
are sequence-independent, illustrates the conflict between
genetics and epigenetics in regions that control their own
transmission to progeny. Tandem repeat arrays present in
centromeres may have an origin in meiotic drive or other
selfish patterns of evolution, as is the case for the CENP-B
box and CENP-B protein in human. In grasses retrotrans-
posons have invaded centromeres to the point of complete
domination, consequently breaking genetic regulation at
these centromeres. The accumulation of tandem repeats
and transposons causes centromeres to expand in size,
effectively pushing genes to the sides and opening the
centromere to ever fewer constraints on the DNA sequence.
On genetic maps centromeres appear as long intergenic
spaces that evolve rapidly and apparently without regard to
host fitness.
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Introduction

Proper chromosome segregation during cell division is
essential for the perpetuation of life. In higher eukaryotes
segregation is mediated by large protein complexes known as
kinetochores, which interact on one side (inner kinetochore)
with the chromosomes and on the other side (outer
kinetochore) with the spindle microtubules. The kinetochore
serves as the protein interface between chromosomes and the
spindle apparatus that guides chromosome segregation. In
recent years there has been a large effort to characterize
kinetochore proteins and centromeric DNA, with the goal of
understanding the specifics of their interaction. Interestingly,
it has been found that kinetochore proteins are well conserved
across eukaryotes, but that centromeric DNA has very limited
sequence similarity even within families. How can such
functionally important and conserved proteins faithfully
recognize seemingly random sequences of DNA?

While the base-by-base sequence of centromeres is not
conserved, there are defining features that traverse species
boundaries: centromeres are composed of particular forms
of repetitive DNAs and they possess the ability to recruit
the histone H3 variant, CENH3. Although the type(s) and
amounts of repetitive DNA vary widely across eukaryotes,
they are generally consistent within species and often
appear to be quite specific to centromeres. However, fine
scale analyses show that centromeric sequences are rarely
specific to the kinetochore-binding domains; rather, they
tend to spread into pericentromeric regions as well. In the
absence of identifying sequence features, centromeres have
come to be identified by their interaction with CENH3. The
evolution of centromeric DNA and how kinetochores

Funct Integr Genomics (2009) 9:287–292
DOI 10.1007/s10142-009-0124-0

L. Kanizay : R. K. Dawe (*)
Department of Plant Biology, Miller Plant Science Bldg,
University of Georgia,
Athens, GA 30602, USA
e-mail: kelly@plantbio.uga.edu

R. K. Dawe
Department of Genetics, University of Georgia,
Athens, GA 30602, USA



recognize it remain shrouded in mystery. What exactly is
required for a functional centromere? Here we propose
three elements that are essential to understanding the
complex nature of centromere behavior, formation, and
maintenance: repetitive DNA, CENH3, and the significance
of epigenetics in sequence evolution.

Part I: centromeres: DNA and associated proteins

DNA

In humans and other great apes centromeres are exclusively
composed of arrays of tandem repeats which recruit the
centromeric histone H3 variant, CENH3 (referred to as
CENP-A in mammals), and bind tightly to a second
kinetochore protein known as CENP-B (Fig. 1b). Generally,
the individual units in repeat arrays fall within a 120–
200 bp size range. This is thought to be of some importance
because it is about the length of DNA required to wrap
around the nucleosome (that contains CENH3), providing
the first level of DNA packaging in chromatin. In human,
the tandem repeats are known as α satellites and are 171 bp
in length. Alpha satellites vary slightly in sequence from
chromosome to chromosome. This slight sequence varia-
tion is interpreted as an indication that centromeric repeat
arrays are capable of rapid evolution via some combination
of unequal exchange, inversion, and duplication. Sub-
variants of centromere repeats can be conserved to some
degree between species: chimps contain α satellites that
share sequence similarity with some human α satellites.
The sequence conservation seen between chimps and
humans is most likely due to their recent divergence time,
because homology deteriorates very quickly in wide species
comparisons. For example, Drosophila centromeres are
composed of a mere 4–8 bp repeat unit. Additionally,

mouse minor satellite repeats, while close in size to α
satellites, share only the 17 bp Cenp-B box (discussed
below) (Choo 1997; Amor et al. 2004).

Plant centromeres also contain tandem arrays that are
comparable to those found in animals. They fall within the
same 120–200 bp size range and bind CENH3. These arrays
are also presumed to be capable of rapid evolution. For
instance, the copy number of maize centromeric repeat CentC
varies dramatically among chromosomes and between
species (Kato et al. 2004; Lamb and Birchler 2006). Also,
the major Arabidopsis centromere repeat (called the 180 bp
repeat) shows evidence of extensive local homogenization
within and among Arabidopsis ecotypes (Hall et al. 2005).
As in human, the tandem centromere repeats in plants are
conserved between recently diverged species. For example,
the CentC monomers of maize and Tripsacum (which
diverged from a common ancestor about three million years
ago) are indistinguishable from one another. Even the
tandem arrays from the distantly related species maize and
rice (roughly 60 million years separated) share a limited
homology over an 80 bp region (Lee et al. 2005).

In addition to tandem arrays, some plants appear to have
evolved a novel mechanism for creating subdomains within
their centromeric DNA. Most grass centromeres contain two
distinct types of repetitive DNA: tandem repeat arrays and
centromere specific LTR retrotransposons (CR elements)
(Fig. 1c). A major difference between CR elements and
tandem repeat arrays is that CR elements are conserved at a
much higher level than tandem arrays. For instance, the
coding portion of the elements is conserved between all CR
elements. CR elements are highly abundant and have been
transpositionally active in recent history. They are randomly
interspersed within the tandem repeat arrays; but, new
elements also frequently jump into other CR elements. The
relative quantities of CR elements compared to tandem
repeats vary widely among centromeres of the same indi-

Fig. 1 Model of centromere
composition in animals and
plants. a Sister chromatids with
kinetochores and spindle micro-
tubules attached. b Animal
centromere, with CENP-B box
(black) in tandem arrays. c Plant
centromere with CR elements
(purple) and no CENP-B or
CENP-B box. Centromeric
DNA is orange, pericentromeric
regions are gray, and inner
kinetochore proteins are labeled
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vidual, with CR elements being the more consistent feature.
This has been clearly shown with the recent sequencing of
some rice (Feng et al. 2002; Matsumoto et al. 2005) and
maize (unpublished) centromeres. Due to their prolific nature
CR elements are thought to be an important part of grass
chromosomes. In wheat there are no known tandem repeats
in centromeres and CR elements appear to have over-
whelmed any other form of sequence (Liu et al. 2008).

Proteins

The next level of centromere structure is the kinetochore.
This large protein complex is divided into two major
domains, the inner kinetochore and the outer kinetochore.
The inner kinetochore interacts with the centromeric DNA,
repressing genetic recombination, while the outer kineto-
chore connects inner kinetochore proteins to spindle micro-
tubules. CENH3 and CENP-C are conserved in plants and
animals, and are the only two kinetochore proteins known
to bind DNA in both kingdoms. Several other inner and
outer kinetochore proteins have clear homologs in plants
(Yu et al. 1999; Sato et al. 2005; Du and Dawe 2007); for
example, Mis12, Ndc80, Nnf1, and Spc105 (Meraldi et al.
2006; Cheeseman and Desai 2008).

CENP-B is an example of an important inner kinetochore
protein in animals that is absent in plants. At a glance, the
lack of CENP-B may not seem particularly noteworthy,
considering there are other key kinetochore proteins that
have not yet been identified in plants or even in all animals.
What makes CENP-B unique are its homology to the
Mariner transposase and its novel function. It binds to a
specific DNA sequence known as the CENP-B box, which
is located in a subset of human α satellite repeats. Neither
CENH3 nor CENP-C bind DNA in a sequence-dependent
manner. Additionally, CENP-B is the only kinetochore
protein with homology to a transposase. Interestingly,
CENP-B is not essential for centromere maintenance in
mammals and can be removed from mice with no adverse
effects (Hudson et al. 1998; Kapoor et al. 1998; Perez-
Castro et al. 1998). However, it is necessary for de novo
human artificial chromosome (HAC) formation (Ohzeki
et al. 2002). Functional HACs do not form efficiently over
α satellites that do not contain CENP-B boxes. Plant
centromeres appear to rely more heavily than their mam-
malian counterparts on sequence-independent mechanisms
to monitor their DNA–protein interactions. We refer to these
mechanisms as epigenetic. Here, and in all other studies on
centromeres, the term epigenetic is used in the broadest
sense. The interactions are not sequence-specific but
otherwise not understood (Dawe and Henikoff 2006; Gieni
et al. 2008; Birchler et al. 2009).

Clearly repetitive DNA and kinetochore proteins are
integral components of both plant and animal centromeres.

Because many kinetochore proteins are conserved between
plants and animals, it seems paradoxical that sequence and
type of DNA should vary so much between plant and
animal centromeres. This discrepancy indicates that the
type of repetitive DNA present in a centromere has a
relatively small role in centromere function. One interpre-
tation is that the repeats are a consequence—not a cause—
of kinetochore placement (Nagaki et al. 2004; Dawe 2005).

Part II: neocentromeres: models for centromere
formation

There have been cases in both plants and animals of ectopic
centromere activity. Such regions that exhibit new centro-
mere activity are termed neocentromeres and move towards
the spindle poles during cell division independently of true
centromeres. There are two major types, classic and clinical.
These are summarized in Fig. 2. The classic type is found
only in maize and rye, whereas the clinical type is found in
human, barley, and was most recently discovered in an oat–
maize addition line (Topp et al. in press). Each of the two
categories of neocentromere exemplifies a particular aspect
of true centromeres.

Classic neocentromeres

Classic neocentromeres are completely unique in composi-
tion compared to true centromeres. They employ neither the
same repeats nor the kinetochore proteins utilized by true
centromeres. In maize, classic neocentromeres arose as a
genetic consequence of the abnormal chromosome 10
(Ab10) meiotic drive system. When they are inactive,
classic neocentromeres are referred to as knobs. They are
composed of very long arrays of two different tandem
repeats, a 180 bp repeat and a 350 bp repeat, that form
cytologically visible heterochromatic regions (Peacock et
al. 1981; Dennis and Peacock 1984; Ananiev et al. 1998).
When Ab10 is present in a heterozygous state, it and all
other chromosomes that are heterozygous for a knob are
preferentially transmitted to the female gamete (Fig. 2b). A
widely accepted model for the mechanism of preferential
segregation was proposed by Rhoades (1952). According to
Rhoades, preferential segregation first requires a crossover
between the heterozygous homologues, creating a hetero-
morphic dyad. The knobbed chromatids then orient to the
outermost cells of what will become a linear tetrad.
Following this, anaphase begins and the knobs are trans-
formed into neocentromeres. The neocentromere repeats are
believed to interact in a sequence-specific manner with the
spindle, presumably through the activity of novel proteins
encoded within the Ab10 haplotype (Hiatt et al. 2002;
Mroczek et al. 2006). The sequence-specific interaction
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allows neocentromeres to move laterally along the spindle
microtubules so that they reach spindle poles before true
centromeres (Yu et al. 1997). It is this fast, directed,
sequence-specific movement toward the outermost spindle
poles that allows neocentromere-containing chromosomes
to be preferentially transmitted. A similar type of neo-
centromere activity has been documented in rye, although
no Ab10-like locus has been discovered (Hayward 1962;
Manzanero and Puertas 2003; Puertas et al. 2005).

The Ab10 system serves as an excellent example of how
chromosome domains may adapt to the meiotic spindle for
the selfish purpose of gaining a segregation advantage.
Although it is difficult to draw clear parallels in other
species, classic maize/rye neocentromeres are similar in
some ways to the human alpha-satellite CENP-B interac-
tion. Both systems seem to have evolved outside of or in
parallel with the typical, epigenetically driven kinetochore–
spindle interaction.

Fig. 2 Female meiosis illustrating the behavior of centromeres and
neocentromeres. a Normal meiosis. Crossing over occurs in prophase
and is complete by the time metaphase I begins. Fused sister
kinetochores drive chromosomes to poles in the first reductional
division. Meiosis II is much like mitosis, however, only the basal
megaspore survives to produce an egg (in higher plants). The DNA
that ends up in the basal megaspore will be transmitted to the next
generation. b Classic neocentromere drive. A crossover occurs
between the centromere (green) and knob (yellow), creating hetero-
morphic dyads. During anaphase I the knobs become neocentromeres
and pull their chromosome arms to the outermost poles. This
orientation is maintained through anaphase II, leaving the knobbed

chromatid in the basal-most megaspore. The knobs are composed of
arrays of tandem repeats that are tightly packed into heterochromatin.
They move laterally along microtubules rather than end-on (like true
centromeres) and are thought to interact with microtubules via a motor
protein-like kinesin (purple, in gray box). c Clinical neocentromere
formation. The process is essentially the same as normal meiosis.
However, a chromosome breakage or some other aberrant event
produces an arm fragment that spontaneously gains centromere
function (purple arrow). This new centromere is often called a
neocentromere (blue). The fragment with the neocentromere may end
up in any of the four products of meiosis
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Clinical neocentromeres

Clinical neocentromeres form within the framework of the
normal kinetochore and do not cause meiotic drive. They are
usually observed on broken chromosomes and in euchro-
matic regions that contain few repeats. In spite of the
complete lack of DNA structural and sequence homology
between human neocentromeres and true centromeres, the
two are nearly identical in kinetochore composition and both
require the presence of CENH3 to function. The only
discrepancy is that human neocentromeres are not able to
bind CENP-B due to the lack of the CENP-B box. In plants,
clinical-type neocentromeres have been found in two
different chromosome addition lines, a wheat–barley addition
line (Nasuda et al. 2005) and an oat–maize addition line
(Topp et al., Cytogenetic and Genome Research, in press).
The chromatin where the barley neocentromere formed is
unknown, whereas the oat–maize neocentromere appears
to have formed in euchromatin. Similar to the clinical
neocentromeres in human, these plant clinical-type neo-
centromeres form through their ability to recruit CENH3.
Clinical-type neocentromeres are a testament to the epige-
netic nature of centromeres, proving that CENH3 has
the potential to localize to virtually any DNA sequence.
Together, classic and clinical neocentromeres illustrate the
full power of the genome to adapt to the spindle in ways that
allow its transmission through generations.

Part III: the mixed model for centromere function: both
selfish and epigenetic inheritance

The evidence from clinical neocentromere formation indi-
cates that the recruitment of CENH3 and other kinetochore
proteins, not DNA sequence, determines the site of centro-
mere formation. Under a sequence-independent evolution
scenario it is expected that selfish DNA elements will
proliferate and this is indeed the case. The retroelement
group of transposable elements (TEs) is the primary pioneer
of non-coding spaces, rapidly accumulating within all types
of intergenic (neutral) regions. The CR elements are a
particularly successful group of retroelements specific to
grass centromeres. However, tandem repeats have also
repeatedly arisen in centromeres—unlike any other inter-
genic space in the genomes of complex eukaryotes.
Presumably, the success of tandem repeats in centromeres
is a response to some form of genetic fitness advantage. This
is thought to be an outcome of two properties: a proclivity of
centromere repeats to bind inner kinetochore proteins and an
ability of the repeats to access a novel mechanism for
amplifying in copy number.

The one-cell-takes-all system of female gamete forma-
tion provides the perfect arena for centromere repeats to

gain a genetic fitness advantage (Sandler and Novitski
1957; Henikoff et al. 2001). The egg system of both plants
and animals allows for asymmetric inheritance and a
capacity to proliferate independently of the DNA duplica-
tion events of S phase (Fig. 2). Particularly clear examples
of this are the classic neocentromeres of maize. Here the
repetitive DNA of knobs exists in two heteromorphic dyads
at the start of cell division, enabling their orientation to the
outermost spindle poles and thus ensuring their transmis-
sion to the next generation. The action of classic neo-
centromeres ensures the transmission of the repeats as well
as any other selfish DNA that may be associated with them.
Therefore, such a mechanism naturally benefits transpos-
able elements that can target the repeat arrays. It stands to
reason that a process similar in outcome (if not mechanism)
occurs during centromere evolution (Henikoff et al. 2001).
Tandem repeats may occasionally acquire sequence-specific
interactions with inner kinetochore proteins and proliferate
as a result (Dawe and Henikoff 2006).

Tandem repeats are particularly easy to detect and no
doubt dominate in many species. However, despite their
apparent abundance, the numbers and types of repeats are
sporadic and inconsistent over the tree of life and within
major species lineages. It appears that the fitness advantages
of tandem repeats are tenuous and easily broken, either by a
selected mutation (for instance as a means to restrict
centromere drive) or by simple drift of kinetochore protein
sequence. Once a major fitness advantage is lost, centromeres
appear to rapidly take on features of a massive intergenic
region and accumulate transposons. The retrotransposon
laden centromeres of wheat (Liu, et al. 2008) and Neurospora
(Cambareri et al. 1998) stand out in their evolutionary
clades as examples where epigenetics have taken over
centromeres. Transposons also appear to dominate over
tandem repeats in the marsupial lineage (Gentles et al.
2007). However, any new repeat can, over time, transition to
a more genetic interaction by mutational events that confer a
fitness advantage to the overlying kinetochore.

Taken together, the available data suggest that in most
cases kinetochores are targeted to DNA sequences epige-
netically without regard to sequence. Once a domain is
occupied by a kinetochore, it is shielded from crossing over
and loses many of the normal constraints on DNA evolution,
particularly with regard to repetitive DNA. Simple repeat
arrays often evolve within centromeres and can confer minor
fitness advantages to associated kinetochores such that they
proliferate in a manner similar to meiotic drive. In some
lineages, tandem repeats are the minor component and
specialized retrotransposons have evolved to fill the centro-
mere niche. One result is that the space occupied by
centromeres tends to expand over time. On genetic maps
centromeres appear as long intergenic spaces with a great
abundance of unusual repeats that change rapidly.
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