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Functional centromeres, ensuring regular chromosome segregation in mitosis and meiosis, are a
prerequisite for the evolutionary success of pre-existing and new chromosome variants. The

rapid progress in plant comparative genomics and cytogenetics brings new insights into the
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evolutionary fate of centromeres and mechanisms of chromosome number reduction
(descending dysploidy). Centromere loss and relocation in chromosome regions with otherwise
conserved collinearity can be explained by conventional mechanisms of chromosome
rearrangements or, as newly available phylogenomic and cytogenomic data suggest, by
centromere inactivation through epigenetic chromatin modifications and/or intra- and

inter-chromosomal recombination.

Introduction

Chromosome numbers of plants vary enormously over a 360-fold
range (from 7= 2 in five angiosperm species to =720 in the fern
Opbhioglossum reticulatum; Cremonini, 2005; Khandelwal, 2008).
Besides the increase in chromosome number as a result of whole-
genome duplication (polyploidy) and increases/decreases through
aneuploidy, chromosome numbers are altered by chromosome
rearrangements towards higher and lower values (ascending and
descending dysploidy, respectively). Owing to the fast progress in
comparative genomics and cytogenetics in families harboring
major crop and model species, such as grasses (Poaceae: The
International Brachypodium Initiative, 2010; Luo ezal, 2009,
2013; Wang & Bennetzen, 2012), crucifers (Brassicaceae: Lysak
etal., 2006; Manddkova ezal, 2010a,b; Cheng eral, 2013),
Cucurbitaceae (Huang ez al., 2009; Yang ez al., 2014), Solanaceae
(Sierro et al., 2013; The Tomato Genome Consortium, 2013), and
Rosaceae (Jung eral, 2012), a new light was cast on the
mechanisms of chromosome number reduction in plants.
Although scant phylogenomic data do not allow us to perform a
rigorous statistical analysis of the incidence of descending
dysploidy, we know that the process is frequent, occurs in different
phylogeneticlineages, and almost inevitably follows whole-genome
duplications during so-called genome diploidization (The
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Arabidopsis Genome Initiative, 2000; Manddkova ez al., 2010a,
b; Murat ezal., 2010; Salse, 2012; Wang & Bennetzen, 2012;
Cheng eral., 2013). The opposite process (i.e. chromosome
number increase by chromosome fissions) seems to be less
common, taking into account genome comparisons of analyzed
angiosperm genera and families (but see Fishman ezal., 2014).
Karyotypes with telocentric chromosomes resulting from chromo-
some fissions have so far only been reported in a few groups, for
example, in faba bean (Schubert ez al,, 1995), orchids (Cox ez al.,
1998), and the spiderwort family (Comelinaceae: Jones, 1998).

For both ascending and descending dysploidy in plants with
monocentric chromosomes, ‘a change in the number of chromo-
somes means a change in the number of centromeres’ (Darlington,
1937). Presumably inactivated or lost centromeres are identified
through comparisons of genomes of extant species, on the one
hand, and between extant and reconstructed ancestral genomes on
the other. Recently, several instances of centromere loss and
relocation in chromosome regions with otherwise conserved
collinearity were reported (Y. Han ezal., 2009; Luo et al., 2009,
2013; Mandakovd eral., 2010a,b; Hu ezal,, 2011; Cheng ez al.,
2013). Interestingly, some of these centromere losses are not
explainable by conventional descending dysploidy (i.e. by unequal
reciprocal translocation and loss of the small product) and require
other interpretations.
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Here I summarize the recent progress on understanding
mechanisms of descending dysploidy associated with centromere
elimination in the light of newly available phylogenomic and
cytogenomic data for several angiosperm families.

Plant centromeres

As the structure and evolution of plant centromeres have been
covered in a number of insightful reviews (Malik & Henikoff,
2002, 2009; Ma etal, 2007a; Birchler eral, 2011; Birchler &
Han, 2013a), only a brief account of the plant centromere
properties is given here. The role of centromeres is to mediate sister
chromatid cohesion up to a faithful chromatid segregation
through kinetochore interaction with spindle microtubules during
mitotic or second meiotic division. Typical plant centromeres
comprise arrays of centromere-specific satellite repeats and
retrotransposons (particularly long terminal repeat (LTR) retro-
transposons). Centromeric chromatin is characterized by centro-
mere-specific repeats and by substitution of histone H3 with the
centromere-specific histone H3 variant (CenH3) within the core
of centromeric nucleosomes (Howman ezal, 2000; Blower &
Karpen, 2001). Often centromeres are flanked by repeat-rich
pericentromeric heterochromatin. Whereas the centromere func-
tion and kinetochore proteins are evolutionarily conserved across
eukaryotes (Henikoff ezal, 2001; Birchler etal, 2011), the
centromere size, amino acid sequence of CenH3, and the sequence
and copy number of centromeric repeats are not, and could vary
among (sub)species, populations, and individuals and even
between centromeres within a chromosome complement. This
variation is particularly typical for rapidly evolving centromeric
satellites and proteins (i.e. CenH3 and/or CENP-C) (Ma &
Bennetzen, 2006; Ma ez al., 2007a; Gong ez al., 2012; Wang ez al.,
2014). The puzzling rapid evolution of centromeric repeats and
CenH3-encoding proteins has been explained by the centromere-
drive model (Henikoff eral, 2001; Malik & Henikoff, 2002,
2009). According to this model, expansion of centromeric repeats
results in larger CenH3 domains with increased microtubule-
binding capacity during asymmetric first nuclear division in
female meiosis. The resulting preferential transmission of the
corresponding chromosomes to the egg will increase the propor-
tion of the larger centromeres in a population. To counteract
detrimental effects of this drive, CenH3 alleles with mutated
DNA-binding specificity would evolve as suppressors. These
counteracting processes could explain the rapid divergence of
centromeric repeats and CenH3.

Collectively, these findings changed the traditional perception of
centromeres as static structures on the chromosome (Birchler ez 4.,
2011). It seems that centromeres are not exempted from a tug of
war between genome expansion (mainly as a result of retrotrans-
poson amplification) and genome downsizing. The proliferation of
transposable elements is counterbalanced by removal of DNA
repeats by unequal homologous recombination (UR) and illegit-
imate recombination (IR) (Bennetzen ezal, 2005; Vitte &
Bennetzen, 2006; Hawkins ez /., 2009). Both UR and IR were
identified as major forces mediating the removal of LTR
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retrotransposons from plant centromeres (Ma & Bennetzen,
2006; Ma etal, 2007a). UR and IR can also be involved in
removal of repetitive components of nonfunctional (inactive)
centromeres. By contrast, it is assumed that the ‘maturation’ of
newly formed repeat-less centromeres is associated with subsequent
de novo amplification and insertion of satellite repeats into CenH3
domains (Gong et al., 2012; Wang et al., 2014), and reinforced by
centromere drive. Centromere-specific repeat arrays can further
expand through segmental duplications and proliferation of (LTR)
retrotransposons (Ma & Bennetzen, 2006; Ma & Jackson, 2006;
Ma et al., 2007a; Wu et al., 2009).

Translocation-induced centromere loss

Descending dysploidy can occur through a translocation event
involving terminal regions of two chromosomes — usually with
breakpoints close to the centromere of the long arm of a telo- or an
acrocentric chromosome and one end of any type of chromosome.
Such events, sometimes called end-to-end fusions or telomeric
chromosome fusions (Salse, 2012), result in a large chromosome
comprising most parts of the original chromosomes and a small
centromere-containing minichromosome. These terminal chro-
mosome translocations (TCTs), that is, translocations with
terminal breakpoints, are mediated by nonhomologous end joining
(NHE]) or by homologous recombination at DNA double-strand
breaks (DSBs) within (sub)telomeric tandem repeats, rDNA
repeats of terminal nucleolus organizing regions (NORs) or
(peri)centromeres. TCTs include so-called Robertsonian translo-
cations, that is, whole-arm translocations (sometimes confusingly
called centric fusions), that transform two telocentric or acrocentric
(rod-shaped) chromosomes into one V-shaped (sub)metacentric
chromosome (Darlington, 1937; Tobgy, 1943; Jackson, 1971;
Lysak ez al., 2006; Schubert & Lysak, 2011; Stimpson ez al., 2012).
The minichromosome product of a TCT is supposed to contain a
centromere, repeats and other dispensable sequences, and to be
meiotically unstable because of an inability to form chiasmata and
segregate regularly and/or because of insufficient sister chromatid
cohesion during the first meiotic division (Birchler & Han, 2013b).
It is conceivable, though, that such a centric fragment with
telomeres at both ends becomes fixed in a chromosome comple-
ment as a B chromosome by accumulation of sequences from the
remaining autosomes, and from mitochondrial and/or plastid
genomes (Martis ez al., 2012).

A centromere can also be eliminated as a result of a misrepair of
muldple DSBs in two nonhomologous chromosomes yielding
diverse products, for example, a monocentric chromosome with a
zebra-like pattern of chromosome segments largely collinear to the
corresponding regions of the participating chromosomes. The
fragment containing the second centromere is meiotically unstable
and sooner or later becomes eliminated. This process of chromo-
some rearrangement mediating a reduction in chromosome
number and centromere loss was described by Zhang ez a/. (2008)
in an alloplasmic wheat line and might be more common, in
particular, in allopolyploid genomes undergoing diploidization
through descending dysploidy (e.g. Manddkova ez al., 2010a).
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Centromere loss through ‘nested chromosome
insertion’

Nested chromosome insertion (NCI) isa mechanism of descending
dysploidy described for grass species by Luo ez /. (2009). NCl is a
translocation event involving two nonhomeologous chromosomes,
whereby the entire donor chromosome appears to be ‘inserted” into
or near the centromere of the recipient chromosome (Luo ezal.,
2009; Murat et al., 2010). This translocation event requires at least
three breakpoints: two at telomeres of the inserted chromosome
and one at the (peri)centromeric region of the recipient chromo-
some (Schubert & Lysak, 2011). NCls occurred independently in
different subfamilies and tribes of the grass family and contributed
to chromosome number reduction from the ancestral 12 chromo-
somes to 10 (sorghum, Luo ez al., 2009), seven (Triticeae: Aegilops
tauschiz; Luo et al., 2009, 2013) or five chromosomes (Brachypo-
dium distachyon, The International Brachypodium Initiative,
2010). NClIs presumably also contributed to chromosome number
reduction from 7#=20 to »=10 in maize (Wang & Bennetzen,
2012). The insertion may target the core centromere (location of
the kinetochore) or regions close to the centromere; both instances
were reported (Luo ez al., 2009, 2013; Wang & Bennetzen, 2012).
If the recipient centromere is not disrupted, the resulting
chromosome becomes dicentric. Although the fate of the centro-
mere of the recipient chromosome is elusive, it seems reasonable to
assume that the centromere, if not deleted in the course of DSB
repair, becomes inactive by epigenetic modifications (see later). An
inserted chromosome could leave its signature in the form of
interstitial (sub)telomeric repeats within the composite chromo-
some. However, no remnants of telomeric repeats were detected in
the insertion junctions in Brachypodium (T. Gu & W. Belknap,
pers. comm.; Murat ez al., 2010).

Nested chromosome insertion appears to be the predominating
mechanism of descending dysploidy in grasses (Murat ez a/., 2010),
although other types of chromosome rearrangements reducing
chromosome numbers can also occur in Poaceac (Wang &
Bennetzen, 2012). We do not understand why NCls are prevalent
in grasses. NCI outside Poaceae was claimed to play a role in the
origin of chromosome C1 in cucumber (Yang ezal., 2014) and of
three composite chromosomes in three genera of Brassicaceae. In
Hornungia alpina, chromosome AK2 was integrated into AK5
(Lysak ezal, 2006), and the ancestral chromosome PC3 was
formed by insertion of AK2 into the centromere of AK3 in the
genus Pachycladon (Mandakova er al., 2010b). An NCI event can
be assumed for the origin of the complex chromosome AK5/8/6 in
the hypotetraploid Cardamine pratensis by insertion of chromo-
some AKS5 into the centromere of translocation chromosome AK8/
6 (Mandakova ez al., 2013). However, NClIs cannot be objectively
assessed in groups of organisms for which advanced comparative
genomic and cytogenomic data are lacking.

Dicentric chromosomes

Whereas TCTs resulting in monocentric chromosomes and the
elimination of one centromere through loss of the small translo-
cation chromosome were deduced in the early days of plant
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cytogenetics (Darlington, 1937 and references therein; Tobgy,
1943), the origin and stable maintenance of dicentric chromo-
somes as a result of asymmetric translocations were not fully
acknowledged until recently. Following McClintock’s pioneering
research on maize, dicentrics entering the breakage—fusion—bridge
(BFB) cycle (McClintock, 1939) were considered as unstable and
lacking a long-term evolutionary prospect. Dicentric chromosomes
are formed by asymmetric reciprocal translocation usually between
centric ends or short arms of two telocentrics or acrocentrics,
respectively (although theoretically any two chromosomes can be
involved). An acentric fragment, frequently too small to be detected
microscopically, is formed as the second translocation product
(Fig. 1). The fate of the dicentric chromosome and its two
centromeres depends on the position of breakpoints, and thus on
the distance between the two centromeres (Stimpson ez /., 2012).
If these centromeres are in close proximity, both can remain active
(Sears & Camara, 1952; Schubert ez al., 1995). Similarly, when
two different centromeres are broken and then brought together by
recombination, both can stay active and constitute one functional
‘hybrid centromere’ (Zhang ez al., 2001). The maximum distance
between two centromeres still ensuring a regular segregation was
inferred as 20 Mb in engineered human dicentric chromosomes
(Higgins ez al., 2005). However, the larger the distance between the
centromeres, the higher is the probability that the dicentric
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Fig. 1 Potential modes of centromere inactivation and loss. (a) Asymmetric
reciprocal translocation between two nonhomologous chromosomes results
in the origin of a dicentric chromosome and an acentric fragment. (b) The
dicentricchromosome s stabilized by deletion of one centromere. This occurs
either by recombinational sequence removal (schematically left) or by
epigenetic inactivation retaining the original DNA sequences (right), or by
partial loss of centromeric sequences in combination with epigenetic
inactivation. See text for details. H3K27me2, H3 lysine 27 dimethylation;
H3K27me3, H3 lysine 27 trimethylation.
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chromosome will break in the region between the centromeres
(BFB cycle; e.g. see Lukaszewski, 1995), because the risk of
attachment of sister centromeres to fibers from the same spindle
pole, as a result of twisting of sister chromatids between the
centromeres, increases with the distance. Ifa dicentric chromosome
with distantly positioned centromeres should segregate regularly
and become fixed in a population, one of the two centromeres has to
become inactive or deleted (Fig. 1).

Dicentric chromosomes and centromere inactivation
in plants

As outlined earlier, dicentric chromosomes usually undergo BFB
cycles (McClintock, 1939; Lukaszewski, 1995). A transmissible
chromosome with two centromeres was observed for the first time
in wheat (Sears & Camara, 1952). New insight into the structure of
dicentric chromosomes was gained with the advent of fluorescence
in situ hybridization (FISH) of centromeric and telomeric repeats,
and immunofluorescent detection of centromere-specific histone
variants. Schubert eral (1995) showed that recombination
between centric ends of two telocentrics in the field bean may
result in a meta(di)centric chromosome with telomeric repeats still
persistent between the two centromeres. Breakage between the
centromeres of the dicentric led to restitution of two telocentric
chromosomes. This showed that both centromeres and telomeric
repeats can temporarily form one functional centromere, and these
components can again become functional in fission products. In
wheat—rye translocation lines, Zhang eral. (2001) showed that
centric breakage followed by misrepair frequently results in
intergenomic translocation chromosomes with a wheat—rye
‘hybrid’ centromere, and that the chromosomes with composite
centromeres were stable during mitosis and meiosis. Employing
FISH and antibodies against the centromeric histone H3 variant
CenH3, Zhang et al. (2010) could show that centromeres of the
transmissible wheat dicentric of Sears & Camara (1952) actually
comprise one large (primary) and two smaller domains, all three
being positive for CenH3. Small domains were often observed as a
single unit, albeit still smaller than the primary centromere. As the
dicentric chromosome is transmitted to 70% of the progenies, the
three centromere domains often behave functionally as one
centromere. It seems likely that this is a result of their physical
proximity and/or the dominating pulling force of the primary
centromere in meiotic anaphase I. Nevertheless, some tricentrics
have undergone breakage and centromere inactivation. The
inactivation was always associated with small centromere domains
and elevated concentrations of histone H3 lysine 27 di- and
trimethylation (H3K27me2 and H3K27me3). In rice, a whole-
arm reciprocal translocation led to the origin of a translocation
chromosome with a tripartite centromere comprising two centro-
mere-specific CentO tandem arrays separated by a 5S rDNA region
¢.400 kb long. As only the two CentO satellite regions were positive
for CenH3, the regularly segregating translocation chromosome
has two active centromere regions (Wang eral, 2013). The
existence of di- and tricentric chromosomes segregating as
functionally monocentric chromosomes was recently corroborated

by the finding of extremely long (70-107 Mb) centromeres with
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multiple CenH3-containing domains in chromosomes of the pea
(Neumann ez al., 2012). The unexpected ‘metapolycentric’ struc-
ture of pea chromosomes suggests that experimentally obtained,
transmissible dicentric chromosomes may exist in wild species.

Experimental engineering of maize chromosomes showed that
centromere inactivation is not extremely rare and can play a role in
karyotype evolution. Han ezal. (2006) found maize A chromo-
somes with an additional centromere translocated from a B
chromosome. Although the recombinant A-B chromosomes
contained duplicated centromeric sequences, only the smaller B
chromosome centromere was inactive (negative for CenH3 and H3
serine 10 phophorylation). Similarly, if differently sized B
chromosome centromeres occurred on one chromosome, the
smaller centromere was always inactive and negative for CENPC,
CenH3 and H3S10ph marks (F. Han ez /., 2009). Interestingly,
when the inactive centromere was separated from the active one by
intra-chromosomal recombination, the inactive centromere
became active again. In maize, centromere inactivation is not
restricted only to centromeres originating from B chromosomes,
but can also affect for many generations centromeres derived from
A chromosomes. The maize translocation chromosome T1-5
possesses an active and an inactive centromere (Gao eral., 2011).
The inactive centromere contained centromere-specific repeats
(CentC and CRM), but neither CENP-C nor H3S10ph.

In evolutionary terms, centromere inactivation is documented
only for maize and for crucifer species. Wang & Bennetzen (2012)
reconstructed the fate of the 20 ancestral maize (peri)centromeresin
the process of chromosome number decrease from 7= 20 towards
n= 10 of the extant maize genome. Centromere inactivation or loss
was anticipated to contribute to the origin of current maize
chromosomes, often following TCTs and NClIs. Out of 10 lost
(peri)centromeres, only one is still detectable as co-occurring
remnants of maize centromeric-specific satellite (CentC) and
retrotransposons (CRMs) within the modern chromosome 10.
This result supports the thesis that sequence removal can be
preceded by functional (epigenetic) inactivation. A growing
number of centromere inactivation or loss events has been
reported for descending dysploidies in crucifer species. Sequence
comparison between genomes of Arabidopsis lyrata (n=28) and
Arabidopsis thaliana (n=>5) revealed two remnants of ancestral
centromeric satellite repeats on chromosome At2, at the position of
the ancestral Al4 (AK4) centromere (Hu ez al, 2011). These data
suggest that the A. thaliana chromosome At2 originated by a TCT
event between short arms of ancestral chromosomes AK3 and AK4.
The proposed alternative scenario (Lysak ez al., 2006), assuming a
paracentric and subsequently a pericentric inversion of the short
arm of AK4, followed by a translocation between the centric end of
AK4 and the short arm of AK3, and resulting in the loss of the AK4
centromere as a dispensable centric fragment, is plausible but
requires one step more than a TCT accompanied by inactivation of
the AK4 centromere. Chromosome number reduction from 7= 8
to n="7 in Boechera stricta was also most probably associated with
inactivation of the ancestral AK5 centromere on chromosome Bs5
(Schranz eral., 2007). Interestingly, centromere inactivation is
frequently observed in crucifer genomes that have descended from
tetraploid or hexaploid progenitors. During diploidization of a
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hexaploid ancestor (n=21) towards Brassica rapa (n=10), at least
two out of 11 lost ancestral centromeres were lost without a break of
collinearity (Cheng ez al., 2013). Whereas no sequence remnants of
the ancestral centromere were left on the B. 7apa chromosome A03,
remnants of a pericentromeric retrotransposon and tandem repeats
were detected at the site of the ancestral centromere on chromosome
A04. Crucifer genera endemic to Australia and New Zealand have
descended from one or two very similar ancestral tetraploid
genomes (7=16). In these taxa, centromere inactivation was
apparently a prominent mechanism during descending dysploidy
and the number of inactive ancestral centromeres is positively
correlated with the extent of genome diploidization and chromo-
some number reduction. In the younger genus Pachycladon
(n=10), four ancestral centromeres became inactive (Mandakova
et al.,2010b). By contrast, five, six, and seven ancestral centromeres
were found inactive in Ballantinia antipoda (n=06), Stenopetalum
lineare (n=15), and Stenopetalum nutans (n=4) (Mandakova ez al.,
2010a).

Mechanisms of centromere inactivation and loss

As the molecular mechanism(s) of centromere inactivation remain
elusive and the topic was covered by several recent reviews (Fu ez al.,
2012; Kalitsis & Choo, 2012; Sato et al., 2012; Stimpson et al.,
2012), we are only highlighting the main principles of how
dicentric chromosomes may become stabilized by centromere
inactivation and deletion. We distinguish between centromere
inactivation and loss, although loss might follow inactivation, or
both processes might concur (Fig. 1). Inactivation would include
predominantly epigenetic modification of centromere-specific pro-
teins, whereas centromere loss (deletion) is thought to be associated
with a removal of centromere-specific sequences, for example, via
misrepair of DSBs on opposite sites of a centromere, unequal sister
chromatid exchange or by unequal recombination between LTR
retrotransposons or centromeric tandem repeats on opposite centro-
mere borders (Ma & Bennetzen, 2006; 1. Schubert, pers. comm.).
Compared with active centromeres, functionally defined by
CenH3, inactive centromeres in maize and wheat lack CenH3 and
the kinetochore protein CENP-C (Nasuda ezal., 2005; F. Han
etal., 2006, 2009; Zhang ez al., 2010; Gao ez al., 2011). Centro-
mere inactivation is also associated with altered modifications of
other histone proteins. Histone H3 phosporylated at serine 10,
marking active centromeres during nuclear divisions, is lacking at
inactive centromeres of maize (F. Han ez 2/, 2009; Gao et al.,2011)
and barley (Houben ezal., 1999). Active centromeres are charac-
terized by hypomethylation of CenH3-containing chromatin and
hypermethylation of pericentromeric heterochromatin. Centro-
mere inactivation is thought to be associated with cytosine
hypermethylation of centromeric sequences (Koo eral, 2011)
and loss of pericentromeric heterochromatin — centromere decay
(Y. Han ez al., 2009; Zhang ez al., 2010). Inactive centromeres in
maize showed enhanced H3K27me2 and H3K27me3 concentra-
tions (Zhang ez al., 2010), marking euchromatin regions in barley
(Houben etal., 2003). In fission yeast, inactive centromeres are
prevented from reactivation by heterochromatinization and
histone deacetylation expanding from the pericentromeric region

New Phytologist (2014) 203: 1082-1089
www.newphytologist.com

New
Phytologist

to the centromere (Sato eral., 2012). Furthermore, experiments
using maize dicentric chromosomes have shown that the absence of
CenH3 in inactive centromeres led to the loss of Thr133-
phosphorylation of histone H2A (Dong & Han, 2012).

It is conceivable that epigenetic changes are immediately or
gradually followed by removal of centromere-specific sequences.
Exactly how and when centromeric sequences are excised (or
reinserted) remains unknown. Intra- and inter-chromosomal UR,
the former combined with formation of circular extrachromosomal
DNA (eccDNA) molecules, are plausible options (Ventura e al.,
2004; Ma ez al.,2007a; Gong ez al.,2012). Indeed, in humans some
centromere inactivations were followed by a partial deletion of the
centromere-specific o-satellite associated with CENP-A, which are
important for the kinetochore assembly (Stimpson ez 4/, 2010). In
budding and fission yeast, originally dicentric chromosomes were
stabilized by physical deletion of one centromere (Sato ez al., 2012;
Stimpson etal., 2012). Data on the recombinational loss of
centromeric sequences in plants are scarce. Remnants of pericen-
tromeric heterochromatin at sites of inactive centromeres were
interpreted as decaying ‘old” or ancestral centromeres (Y. Han ez al,
2009; Mandakova eral, 2010a,b; Hu eral, 2011; Wang &
Bennetzen, 2012), presumably as a result of gradual sequence
removal via UR. In the grass species B. distachyon, centromere
inactivation was associated with the loss of centromere-specific
retrotransposons and rapid turnover of centromeric satellite repeats
(Qi ezal., 2010). The recent identification of repeatless and repeat-
based centromeres in potato (Gong ez al., 2012; Wang ez al., 2014)
is corroborating the concept of rapid turnover of centromere-
specific repeats and its role in centromere ‘maturation’, and
possibly also in centromere inactivation.

Centromere repositioning (CR)

Intrachromosomal centromere relocations were classically attr-
ibuted to pericentric inversions which, according to positions of
inversion breakpoints, can relocate a part of pericentromeric
heterochromatin (Fransz ez a/., 2000), the functional core centro-
mere (Lamb ez al., 2007) or the entire centromere region (Lysak
etal., 2006; Ma etral, 2007b; Wang & Bennetzen, 2012).
Pericentric inversions, however, are associated with changes in
chromosome collinearity. Hence, intra-chromosomal centromere
relocation without alterations in chromosome collinearity cannot
be explained by pericentric inversion unless there is a subsequent
paracentric inversion that restores collinearity (Lysak ez al., 20006;
Schubert, 2007). For clades displaying inversions at a low
frequency, CR without distortions of chromosome collinearity is
a more conceivable alternative (Ventura ez, 2001). CR consists
of two interlinked processes, namely ‘decay’ of old centromere-
specific sequences and epigenetic marks, and the emergence of a
new functional centromere with appropriate epigenetic character-
istics. Analysis of newly formed barley centromeres in wheat—barley
hybrid progenies (Nasuda ez al., 2005), and of new centromeres on
a maize A-chromosome fragment (Fu ez a/., 2013) and B chromo-
some (Zhang ez al., 2013) showed that a new functional centromere
can be formed without centromere-specific sequences, but not
without a high DNA methylation level and centromere-specific
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epigenetic modifications. Clearly, the mechanics of gradual ‘decay’
of an old centromere and formation of a new centromere on the
same chromosome faces the difficulty of overcoming instability by a
transient acentric or a dicentric state.

In plants, CR was claimed for cucumber (Cucumis sativus) by
comparative bacterial artificial chromosome (BAC)/fosmid map-
ping on melon (C. melon, 2n=24) and cucumber (2n=14)
chromosomes. Y. Han ezal (2009) showed that centromeres of
cucumber chromosomes C6 and C7 have changed their positions
compared with centromere position on homeologous chromo-
somes in the ancestral-like melon genome. Identification of CR
depends on the quality of sequence assembly and on the density of
genetic or cytogenetic markers (e.g. BACs or fosmids). Whereas a
new analysis of chromosome collinearity based on next-generation
sequencing in cucumber, melon and C. hystrix (2n=24) confirmed
CR on cucumber chromosome C7, the changed centromere
position on chromosome C6 seems to result from multiple
chromosome rearrangements (Yang eral., 2014). We presumed
CR in Cardamine rivularis (2n=16) where the centromere of
chromosome CR3 has been relocated to a terminal position, while
the ancestral orientation of genomic blocks was preserved
(Mandakova et al., 2013). However, the chromosome could have
become telocentric and the centromere changed its position as a
result of paracentric and pericentric inversions or misrepair of three
DSBs in ¢is, with two of them flanking the original centromere
position.

Conclusions

The centromere as a site of kinetochore formation ensuring regular
chromosome segregation is of the utmost importance for a long-
term evolutionary success of both established and new chromosome
variants. In taxa with monocentric chromosomes, major chromo-
some rearrangements have to comply with the dogma of one
functional centromere per chromosome ensuring heritability.
Reconstruction of chromosome and karyotype evolution consid-
ering only ‘classical’ mechanisms of chromosome rearrangements
may be insufficient to explain some genome alterations. Epigenetic
chromatin modifications and recombination-mediated indel
mechanisms (e.g. excision/insertion of eccDNA) add to the
repertoire of chromosome mutations. Reciprocal translocations
including nested chromosome insertions are not the only ways of
centromere loss during karyotype evolution. Epigenetic loss of the
centromere-specific  histone  H3 cenH3  and/or
intra-chromosomal recombination can mediate inactivation, loss

variant

or relocation of the centromere on a chromosome. Future analyses
of newly sequenced and cytogenetically analyzed plant genomes
should reveal whether centromere inactivation and loss are rare
evolutionary events or play a more substantial role than previously
thought, and whether gradual centromere repositioning is a
realistic option in the course of karyotype evolution.
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