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Abstract

We report a neocentromere event on maize chromosome 3
that occurred due to chromosome breakage. The neocen-
tromere lies on a fragment of the short arm that lacks the
primary centromere DNA elements, CentC and CRM. It is
transmitted in the genomic background of oat via a new
centromere (and kinetochore), as shown by immunolocal-
ization of the oat CENH3 protein. Despite normal transmis-
sion of the maize fragment in most progeny, neocentro-
meres appear to vary in size within the same tissue, as shown
by fluorescent measurements. A secondary truncation in
one line lowered mitotic transmission to 3% and precipitous-
ly reduced the size of the chromosome. The results support
the view that neocentromere formation is generally associ-
ated with major genomic disturbances such as wide species
crosses or deletion of an existing centromere. The data fur-
ther suggest that new centromeres may undergo a period of
instability that is corrected over a period of several genera-
tions. Copyright © 2009 S. Karger AG, Basel

Centromeres must be positionally stable — otherwise
homologous chromosomes will not pair correctly and can
be lost at high frequencies during meiosis. The stability is
perplexing because centromeres are not determined in a
strictly genetic sense [Dawe and Henikoff, 2006]. A spe-
cial histone called centromeric histone H3 (CENH3) re-
places standard histone H3 and creates an environment
that demarcates centromeres from surrounding chroma-
tin. Several other proteins are required to build the ki-
netochore over a centromere, but CENH3 is widely con-
sidered the ‘centromere identifier’ [Warburton etal., 1997;
Malik and Henikoff, 2001; Van Hooser et al., 2001]. Al-
though centromere chromatin typically forms on tandem
arrayed satellite repeats or special retrotransposon fami-
lies, there are no common constraints on the DNA se-
quences CENH3 may interact with [Jiang et al., 2003].
Other data support and extend the idea that centromeres
are propagated by epigenetic means. Some of the best ev-
idence comes from chromosome addition lines where
alien centromeres are maintained by centromere proteins
of the host species [Jin et al., 2004], and rare cases in which
the centromere chromatin forms at a new locus, creating
a neocentromere [Maggert and Karpen, 2001; Nasuda et
al., 2005; Alonso et al., 2007; Marshall et al., 2008].
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Neocentromerization has been proposed to underlie
key evolutionary events such as rapid centromere evolu-
tion, hybrid incompatibility, and speciation [Ventura et
al., 2001; O’Neill et al., 2004; Marshall et al., 2008]. Ex-
tensive work in human cell lines suggests that neocentro-
meres have different DNA sequences but structurally
similar kinetochores [Saffery et al., 2000; Alonso et al.,
2003, 2007]. In contrast, ‘classical’ neocentromeres form
at terminal heterochromatic knob repeats of some plants
and do not share any protein similarity to the normal
centromere/kinetochore [Dawe and Hiatt, 2004]. Despite
its presumed importance, the process of new centromere
formation is not well understood.

One mode of neocentromere formation appears to
involve the direct transfer of kinetochore proteins to a
new locus. Such a kinetochore transfer mechanism was
first suggested by a study in Drosophila, where chromo-
somes were broken next to a centromere and the centro-
mere/kinetochore moved laterally to neighboring DNA
sequences [Maggert and Karpen, 2001]. In wheat, a sim-
ilar neocentromere event occurred on a barley chromo-
some that had been introduced by a wide cross. A spon-
taneous breakage produced an isochromosome with no
known centromere repeats and two mirror images of
the chromosome 7 short arm. The newly formed centro-
mere was transmitted normally, although some chro-
mosome variants were produced; for example some had
one or part of one of the 2 original arms. Immunolo-
calization of CENH3 and other key proteins confirmed
that a neocentromere had formed close to the position
of the original barley centromere [Nasuda et al., 2005].
A common feature of most neocentromeres is their as-
sociation with genome rearrangements that cause a loss
of the original centromere. It seems likely that neocen-
tromeres arise as a natural means of stabilizing broken
genomes.

We report the characterization of a second plant neo-
centromere. An unstable chromosome lacking a visible
centromere was reported by Muehlbauer et al. [1999] as
a derivative of maize chromosome 3 in an oat genomic
background. We analyzed progeny and show that the un-
usual chromosome is a fragment of the chromosome 3
short arm (ch3S) and lacks known maize centromere
DNA sequences. In contrast to the highly unstable de-
rivative originally reported, this neocentromere now re-
liably transmits the maize chromosome in somatic tis-
sue. We cloned the oat CENH3 gene and raised an anti-
body to the predicted protein in order to demonstrate the
location of the new centromere. In apparent contrast to
the neocentromeres formed in Drosophila and barley, the
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maize neocentromere formed at a site distant from the
original, making a templating event in cis unlikely. We
also observed wide variance in the size of stably trans-
mitting neocentromeres, suggesting to us that newly
formed centromeres undergo a period of epigenetic flux
before (presumably) stabilizing.

Materials and Methods

Mapping of the Maize Chromosome 3 Breakage Site

The following conditions were used to PCR amplify markers
from each material: 50 ng genomic DNA, 0.2 units HotStarTaq
(Qiagen), 0.5 M of each primer forward and reverse, 2.67 pM
dNTPs, and 1X supplied buffer in a 15 pl total volume. The cy-
cling program began with a 15 min incubation at 95°C to activate
the enzyme followed by 36 cycles of 94°C for 30 s, 57°C or 52°C
for 30 sand 72°C for 75 s, and finally 2 min at 72°C. PCR primers
were either downloaded from www.maizegdb.org or designed us-
ing the Primer3 program with an optimal annealing temperature
of 63°C [Rozen and Skaletsky, 2000]. Southern blots were per-
formed using standard conditions.

Quantitative PCR of Neocentromere Material

qPCR was performed on an Eppendorf Realplex machine us-
ing the following conditions: ~100 ng genomic DNA, 0.375 units
AmpliTaq Gold (Applied Biosystems ), 3 mMm MgCl,, 0.3 wM of
each primer forward and reverse, 200 uM dN'TPs, 5% DMSO, 1 X
SYBR Green (Invitrogen), and 1 X supplied buffer in a 15 pl total
volume. Primers pairs are as follows: CentC F-(GATTGGGCA-
TGTTCGTTGTG), R-(CACTACTTTAGGTCGAAAAC); CRM
F-(CTCGTGCTCGTCAACTCAA), R-(ACCGTCACAAGTTG-
GTGTT); OPIE F-(GATTCCTCGCAAACGGGAW), R-(CTT-
GCCTACTCCACGTTGT); 5S rDNA F-(GATGCGATCATAC-
CAGCACTA), R-(GAATGCAACACGAGGACTT). The cycling
program began with a 5 min incubation at 95°C to activate the
enzyme followed by 35 cycles of 95°C for 15 s, 53°C for 15 s and
72°C for 30 s, and finally 1 min at 72°C. Fold depletion was cal-
culated by the 2724 method [Livak and Schmittgen, 2001] using
5S rDNA as the reference standard. Each reaction was performed
in triplicate wells and averaged, excluding replicates in which the
variability exceeded one cycle.

Fluorescence in situ Hybridization

Root tip preparation and FISH were performed essentially as
described, except the digestion was 80 min [Lamb et al., 2007].
PCR products were amplified from maize cultivar Seneca 60, us-
ing the aforementioned primers for CentC, OPIE, CRM, or as
reported for CentA [Mroczek and Dawe, 2003]

Identification of Oat CENH3 (Avena sativa CENH3)

To generate genomic clones of the 5’ region of the 0oatCENH3
gene, primers F2 (GCACCMGGCSGTGAGGAA) and Rl
(TTCCTGATCTCCCGCAGYGC) were used. From the genomic
DNA sequence (GenBank accession FJ155067), new primers were
used to screen a cDNA preparation from ‘Carolina Oat’. Primers
were 0atCH3F2 (ACGCCCAAGAAGCAGCTCAAG) and oat-
race2 (GCGACCGTGCCAGGCTTGAAC). The RTPCR prod-
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Fig. 1. Neocentromere material does not contain maize centro-
mere DNA or SSR marker DNA from the maize chromosome 3
long arm. A series of SSR markers spanning maize chromosome
3 were used to probe a panel of chromosome 3 truncation lines,
BC,F,_4/9 ‘neocentromere’ progeny, a full maize chromosome 3
disomic addition line (OMAd3.1), and the oat parent of the addi-
tion cross (Sun II). The grey bars represent BAC contigs (ctg) that
correlate the SSR marker position to the IBM2 physical map. The
putative ch3 breakage site maps to the gap between ctgl120 and
ctgl21 on the short arm. Each line was also Southern blotted and
probed with the major maize centromere DNA element, CentC,
demonstrating the loss of the original centromere in neocentro-
mere lines.

ucts were cloned and sequenced and the sequence was deposited
into GenBank (accession FJ155068). The translated sequence was
used to identify a unique peptide, SKPTPKKQLKFGRSPGQTAE,
which was subsequently used to generate a polyclonal antibody
(Biosource, now Invitrogen).

Immunolocalization

Immunolocalization on young anther tissue was performed
essentially as described [Shi and Dawe, 2006], except that dis-
sected, unfixed anthers were treated with 2% cellulase R10, 1%
pectolyase Y23 (Karlan) in 1xX PHEM buffer for 15-30 min to
degrade cell walls prior to fixation.

Measurements and Statistical Analysis of Kinetochores

Fluorescent signal intensities were measured using SlideBook
4.0 software (Intelligent Imaging Innovations, California), essen-
tially as described previously [Du and Dawe, 2007]. In brief, a
projection image of relevant z-stacks from a raw 3D-image was
created for each cell preparation. Total CY3 intensity values were
measured for non-overlapping kinetochores using a brush tool to
paint each signal. Kinetochore intensities were each divided by
the area and then averaged to calculate densities. When the signal
was split (in anaphase I lagging chromosomes), the values were
averaged and taken as one data point. Excel software was used to
calculate the variance of the neocentromere and averaged oat ki-
netochore intensities among cells. An F-test of equality of the ki-
netochore variances was conducted as follows, where A is the neo-
centromere value, and B is the average oat value: Hy: 8%,/8% =
1 versus Hy : 82,/8% > 1; F = s%5/s% = 4.5019, d.f. = (6,6);
Fo.05(6,6) = 4.2839 [F-table: Bhattacharyya and Johnson, 1977];
4.5019 > 4.2839, therefore Hj is rejected at a = 0.05.
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Results

A Neocentromere Event on Maize Chromosome

Arm 3§

GISH analysis of progeny resulting from self mating
a monosomic oat-maize chromosome 3 addition line
detected a small chromosome comprised solely of
maize DNA [Muehlbauer et al., 1999]. The lack of a
primary constriction indicates it formed by a break-
age event within or near the centromere [fig. 5D from
Muehlbauer et al., 1999]. We became interested in this
line, BC,F, 4/9, when a Southern blot of a sibling line
suggested that it had lost its entire native centromere
(summarized in fig. 1). Further mapping with SSR
markers ordered along the length of maize chromosome
3 suggests that only DNA from the short arm (ch3S) re-
mains. We hypothesize that the full maize chromosome
underwent a breakage event on the short arm of ch3,
distal to the centromere but proximal to marker
bnlgl1957, placing it between bnlgl957 and AY110151
(between contig 120 and 121, IBM2 map) (fig. 1). A new
centromere stabilizing the acentric fragment is the most
plausible explanation for the origin of the truncated
chromosome. We wondered if newly formed centro-
meres have any unusual properties compared to those
long established.
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Fig. 2. Maize neocentromere lines lack centromere DNA but are
stably inherited. Quantitative PCR analyses of leaf tissue from 6
neocentromere siblings (CTol_3,8,12,33, 38 and 40) show a sharp
decrease in OPIE and CRM retroelements, and did not detect the
CentC centromere repeat (Ct = 35 was used arbitrarily for illustra-
tion, see Materials and Methods). The full disomic addition line,

Stability of the Neocentromere

We were especially intrigued by Muehlbauer and col-
leagues’ [1999] evidence suggesting that the truncated
fragment was completely absent in older tissue, such as
tillers. Somatic loss could result from defects in the neo-
centromere. As a test we screened young leaves of T,
progeny selfed from the plant containing the original
neocentromere event, and compared them to a full diso-
mic ch3 addition line, OMAd3.1. A primer pair that am-
plifies maize, but not oat, members of the abundant OPIE
family of retroelements identified 6 of 40 positive prog-
eny. Quantitative PCR analysis confirmed that the trun-
cated fragment had lost its native centromere. Maize cen-
tromere DNA is comprised of a tandem repeated satellite
named CentC, interspersed with a centromere-specific
retroelement family named CRM [Zhong et al., 2002a;
Jin et al., 2004]. CentC did not amplify in any line and
CRM retroelements amplified at very low levels (similar
to the oat parental background line Sun II, not shown). In
contrast both elements robustly amplified from a full ch3

Maize Neocentromere in an Oat-Maize
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OMAd3.1 is used as a control. Quantitative measurements pre-
sented below the graph are expressed as depletions relative to
OMAd3.1 after normalization to the 55 rDNA content of each
sample. The maize chromosome of CTol_3 seems to be inherited
at lower frequency than the other neocentromere chromosomes,
all of which share the same parent.

addition line (fig. 2). OPIE elements were similarly am-
plified in 5 of 6 neocentromere progeny (fig. 2) as well as
in another leaf from the same tiller (not shown). Consis-
tent OPIE amplification suggested that the original neo-
centromere reported by Muehlbauer and colleagues had
stabilized, and is now transmitting at a much more stable
frequency. The sole exception was line CTol_3, which
showed dramatically reduced levels of OPIE and CRM
elements (fig. 2). It appeared that the neocentomere in
CTol_3 had spontaneously destabilized.

To directly analyze the stable and putative unstable
forms of the neocentromere chromosome, we performed
FISH on root tip spreads of the 5 stable lines, CTol_3,
and the OMAd3.1 control. Neither CentC nor CRM ele-
ments were detected in any neocentromere line, stable or
putative unstable, as opposed to the clear signals detect-
edin OMAd3.1 (fig. 3a, b; CRM not shown). The neocen-
tromere chromosome is consistently seen in all 5 sta-
ble lines by its reduced size relative to oat chromosomes
and its OPIE signal (fig. 3a). Because the OPIE signal ap-
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Fig. 3. Neocentromere-containing chromosomes are distin-
guished from oat chromosomes. a DAPI (blue) staining and FISH
using an OPIE probe (green) identifies stable neocentromere
chromosomes in a metaphase spread, whereas a CentC FISH
probe (red) does not stain. b Full addition line chromosomes are
larger than their neocentromere counterparts and their native
centromeres are identified by CentC staining. ¢ FISH with a
CentA probe (green) stains centromeres, pericentromeres, and
speckles chromosome arms of maize B73 chromosomes. d The
same CentA probe stains oat centromeres/pericentromeres, and
stains the maize ch3S neocentromere chromosome asymmetri-
cally (circled in red). e The unstable neocentromere chromosome
CTol_3 (red arrowhead) is a fraction of the stable size (a), and is
symmetrical around a primary constriction.

232 Cytogenet Genome Res 2009;124:228-238

Table 1. Stability of neocentromere lines

Plant line Number of  Number of  Percent
cells with cells without trans-
OPIE signal OPIE signal mission
OMAd3.1 - control 331 0 100
CTol_3 - unstable 4 131 3.0
CTol_12 - stable 408 2 99.5
CTol_33 - stable 318 0 100

pears symmetrical, we wondered if the ch3 short arm
was duplicated around the center, despite the lack of a
primary constriction typical of isochromosomes. In a
second assay, we hybridized the chromosomes with a
FISH probe for CentA. CentA is a family of retrotrans-
posons that are closely related to the centromeric CRM
elements, and generally localize in the centromere/peri-
centromere regions of grasses, including oat, but also
speckle chromosome arms in maize (fig. 3c). The speck-
led, unsymmetrical CentA signal obtained from stable
neocentromere lines confirms its origin as a simple trun-
cation of maize chromosome 3 (fig. 3d). Upon its detec-
tion, the putative unstable chromosome of CTol_3 was
seen as 2 tiny symmetrical arms flanking a primary con-
striction (fig. 3e). Using OPIE signals of interphase cells,
we calculated somatic transmission rates of nearly 100%
in stable lines CTol_12 and CTol_33, as opposed to 3%
in CTol_3 (Table 1). Apparently a secondary breakage
event occurred in CTol_3 that further truncated the
chromosome and either destabilized the original neo-
centromere or formed a new and unstable centromere.
The dramatic increase in stability of the neocentromere
from the T, (original Muehlbauer line) to the T, genera-
tion, combined with the rapid loss of stability in CTol_3,
raise the possibility that some neocentromere events may
be initially unstable and subject to a period of flux, dur-
ing which time they may be lost.

Position of the Neocentromere

To investigate the functional aspects of neocentro-
meres, we developed polyclonal antibodies against a
poorly conserved region of the oat CENH3 protein (here
designated Avena sativa CENH3, or oat CENH3; fig. 4a).
Oat CENH3 antibodies stain oat, but not maize cells
(tig. 4b). Oat CENH3 antibodies also show the constitu-
tive localization pattern that is typical for CENH3 [Tal-
bert et al., 2002; Zhong et al., 2002b], clearly labeling the
primary constrictions of all chromosomes (fig. 4c, d).

Topp/Okagaki/Melo/Kynast/Phillips/
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maize, and oat forms of CENH3 proteins.
b The underlined sequence was used to
generate a peptide antibody that detects
oat but not maize CENH3 in mixed cell
immunolocalization-FISH experiments.
Oat cells are larger and stain for CENH3
(red), whereas maize cells are smaller and
stain for CentC (green) but notoat CENH3.
c Oat pachytene and d metaphase I immu-
nolocalizations using the oat CENH3 an-
tibody (red or green), stain oat centro-
meres.

Fig. 5. The maize neocentromere formed
submetacentrically. a, b, c CENH3 immu-
nolocalization on meiocytes of stable lines
reveal that the neocentromere is located at
a submetacentric position on the chromo-
some arm. CENH3 is shown in red and tu-
bulin is shown in green. d No CENH3 was
detected on the unstable CTol_3 neocen-
tromere from a pachytene cell, despite
clear staining on corresponding oat chro-
mosomes (signal intensity of the maize
chromosome has been enhanced for view-
ing - inset).

In Drosophila and barley the neocentromere formed
close to the site of the original centromere. Based on our
SSR work, we assumed the oat CENH3 signal would be
on one end of the maize fragment. However, our cyto-
logical analysis of stable lines CTol_12, CTol_33, and
CTol_40, revealed a submetacentric location for oat
CENH3 (fig. 5a—c). Thus the maize neocentromere ap-
pears to have formed de novo at a site unlinked to the
original (lost) centromere.

We found only one example of the highly unstable
CTol_3 isochromosome in a meiotic preparation. De-
spite strong staining of the oat kinetochores, oat CENH3
staining of the isochromosome was below the detectable
limit (fig. 5d). Although plant spindles are capable of ex-
erting polar forces on acentric fragments [Khodjakov et
al., 1996], it is doubtful whether such a mechanism is ca-
pable of sustained transmission. We think it more likely

Maize Neocentromere in an Oat-Maize
Addition Line

that the unstable kinetochore has been reduced to a bare-
ly functional size.

Kinetochore Size within Stable Neocentromere

Lines Varies

Classical plant cytogenetic research recognized a pos-
itive correlation between centromere size and somatic
stability, but could only speculate as to why [Rhoades,
1940; Steinitz-Sears, 1966]. A potential mechanism for
small centromere instability is suggested by later work
that supports a minimum size requirement for kineto-
chore and CENH3 domains of stable chromosomes
[Cherry et al., 1989; McEwen et al., 1998; Okamoto et al.,
2007]. We could not analyze the kinetochore size of the
original unstable neocentromere, but reasoned that ana-
lyzing the kinetochores of stable progeny would help us
understand post-formation events.

Cytogenet Genome Res 2009;124:228-238 233



Fig. 6. CENH3 staining of maize neocen-
tromeres is more variable than staining of
established oat centromeres. Cell spreads
were immunostained with oat CENH3
(red), tubulin (green, c-f only), and coun-
terstained with DAPI (blue). The fluores-
cence intensity was measured to estimate
kinetochore size. Numbers indicate the
relative intensity of the CENH3 of neocen-
tromeres (arrowheads) relative to the mean
intensity of oat kinetochores. a, b Two
spreads from the same slide illustrating
variation in CENH3 intensity. ¢,d and e, f
Two similarly staged cells from the same
neocentromere line illustrating a correla-
tion between kinetochore size and attach-
ment to the spindle. The smaller neocen-
tromere (60% of mean oat; ¢, d) appears to
be detached from the spindle, whereas a
proportionally much larger neocentro-
mere (90% of mean oat; e, f) is attached to
a kinetochore fiber.._

Table 2. Relative neocentromere intensities

Cell Percent of mean Number of standard
oat intensity deviations from mean oat
1 75.2 3.1
2 59.6 3.2
3 87.0 2.0
4 32.5 2.8
5 54.3 6.8
6 79.4 3.4
7 80.7 2.3
8 90.3 1.1

The number of standard deviations (o) of each neocentromere
kinetochore from the mean oat intensity was calculated from the
following formula: x = (mean oat intensity — neocentromere
intensity)/Cyy.

234 Cytogenet Genome Res 2009;124:228-238

The fluorescence intensity of immunodetected
CENH3 is a good estimate of kinetochore size because
CENH3 chromatin is the structural basis of kineto-
chores. The primary function of kinetochores is to bind
microtubules, and microtubule binding capacity is de-
pendent in large part on the structural densities of ki-
netochores [McEwen et al., 1998; Mitchison and Kirsch-
ner, 1985]. We compared CENH3 intensities of neocen-
tromeres from stable lines and their oat counterparts to
approximate their functional sizes (see Materials and
Methods). The CENH3 staining intensity of most neo-
centromeres was 2 or more standard deviations smaller
than the corresponding mean oat centromere value from
the same cells, but some neocentromeres were much
smaller than others (expressed as % of mean oat; table 2;
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fig. 6). The apparent size variation among neocentro-
meres is striking (table 2; fig. 6), considering that previ-
ously measured human neocentromeres were much less
variable [Irvine et al., 2004]. We used an F-test to com-
pare the CENH3 staining of neocentromeres to the mean
staining of oat centromeres, with a null hypothesis that
these values were equal. The variation of maize neocen-
tromere size is greater than that of native oat centro-
meres at a 95% significance level (see Materials and
Methods). Considering the apparent size plasticity of
neocentromeres, we speculate that a sub-minimal kinet-
ochore caused instability of the maize chromosome in
the T, generation, and that an increase in kinetochore
size is responsible for its stability in the T; and T, gen-
erations.

In anther tissue the neocentromere chromosome is of-
ten marginalized from the main nuclear body as the spin-
dle forms in early prophase. We noticed that neocentro-
meres attached to the spindle were larger than neocentro-
meres isolated from the spindle (fig. 6). Though it seems
likely that larger neocentromeres are simply better at
binding microtubules, there is the additional possibility
that microtubule attachments somehow enhance kineto-
chore size. Regardless, this observation supports the sug-
gestion that neocentromere stability depends on its abil-
ity to interact with the spindle.

Discussion

The stability of centromeres provides the foundation
for chromosomal, and hence genetic, inheritance. Yet be-
cause centromeres have an epigenetic basis, they are ca-
pable of rapid adaptation to genomic instabilities such as
species hybridization and chromosome breakage. While
neocentromere adaptation may be detrimental in some
cases, cancers for example, they may also allow centro-
meres to affect evolutionary change. The current para-
digm of centromere formation involves 1) establishing a
critical mass of CENH3 chromatin sufficient to form a
functional centromere/kinetochore, and 2) reinforce-
ment of the centromere position over evolutionary time-
scales by the accumulation of specific repeats within the
centromere and the expansion of flanking heterochro-
matin domains by genomic rearrangements and trans-
posons [Nagaki et al., 2004; Topp and Dawe, 2006; Mar-
shall et al., 2008]. It has been shown that the establish-
ment phase may be accomplished by overwhelming a
locus with CENH3 proteins [Heun et al., 2006]. Our re-
sults suggest that CENH3 accumulates over time and

Maize Neocentromere in an Oat-Maize
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that the process is very dynamic, at least in the first two
generations.

The idea of a flux period might have been expected
given what is known about CENH3 incorporation into
chromatin. The CENH3 nucleosome density of centro-
meres is diluted during chromosome replication because
CENH3 deposition is not coupled to the replication ma-
chinery like canonical histones [Shelby et al., 2000; Sul-
livan and Karpen, 2001; Lermontova et al., 2007]. Various
scenarios are proposed for centromere replenishment
[Sullivan et al., 2001; Smith, 2002; Mellone and Allshire,
2003], but the weight of evidence points to a mechanism
in which general chromatin factors deposit CENH3 his-
tones at accessible locations [Henikoff and Ahmad, 2005;
Furuyama et al., 2006]. Established centromeres are a
highly favorable environment for new CENH3 incorpo-
ration, reinforcing centromere position. Cells have robust
mechanisms for removing CENH3 nucleosomes as well,
as evidenced by the rapid inactivation of entire centro-
meres in plants and animals [Amor et al., 2004; Higgins
et al.,, 2005; Han et al., 2006], and CENH3 proteolytic
degradation in yeast and flies [Collins et al., 2004; More-
no-Moreno et al., 2006].

One interpretation of the stability of established cen-
tromeres is that they are protected from CENH3 remov-
al by some inherent property. A newly formed centro-
mere would therefore be especially susceptible to loss
until it gained enough centromere ‘identity’ to resist re-
moval forces. An obvious feature of established centro-
meres is flanking heterochromatin, and several lines of
evidence have led researchers to suggest that heterochro-
matin is integral to both centromere stability and de
novo formation [Henikoff et al., 2000; Maggert and
Karpen, 2000; Nakashima et al., 2005; Okada et al., 2007;
Ishii et al., 2008; Nakano et al., 2008]. While general het-
erochromatin is unlikely to be a centromere identity fac-
tor per se, it may help to protect fledgling neocentro-
meres from removal.

The interplay between centromere identity factors
and CENH3 removal forces may help explain the mosaic
inheritance patterns reported for some human neocen-
tromeres [Amor and Choo, 2002], as well as the rapid
stabilization and variance in CENH3 domain size of the
maize neocentromere reported here. For example, neo-
centromeres that were apparently cis-templated from
nearby centromeres are stable, perhaps due to their for-
mation near pericentric heterochromatin [Maggert and
Karpen, 2001; Nasuda et al., 2005]. We might expect de
novo neocentromeres to have less centromere identity
and less protection from CENH3 removal. Perhaps the
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Fig. 7. A speculative model of neocentromere establishment. The conditions under which a centromere
forms may contribute to its stability. Upon formation, a neocentromere (blue oval) is subject to removal
by endogenous forces that normally suppress ectopic centromeres (green arrows). Under certain condi-
tions, reinforcement factors (red and yellow arrows) counteract CENH3 removal and stabilize the neo-
centromere. If the reinforcement factors are relatively strong (size reflects its relative strength; right
panel), establishment is favored and the centromere stabilizes rapidly. If reinforcement factors are weak
to begin with (left panel), the centromere may be unstable and fall below the minimal threshold (dotted
line). Alternatively, the reinforcement factors may gain strength over time, eventually resulting in a

stable centromere.

initial instability of the maize neocentromere resulted
from its local susceptibility to CENH3 removal, which
would reduce the kinetochore to a sub-minimal size.
Based on our observations and the current under-
standing of CENH3 dynamics, we speculate on the pro-
cesses that may occur during new centromere establish-
ment (fig. 7). New centromeres undergo an intermediate
period of CENH3 fluctuation, where reinforcement fac-
tors such as CENH3 from the last cell cycle and flanking
heterochromatin counteract CENH3 removal. The peri-
od and outcome of the establishment process depends on
the relative strengths of these forces and the size of the
minimal CENH3 domain. If the neocentromere formed
in a favorable environment, the initial reinforcement fac-
tors are strong and will rapidly push CENH3 density past
the threshold. If the neocentromere formed in a less than
favorable environment, the initial reinforcement factors
are weak and the neocentromere will be unstable and
may be lost. Alternatively, an unstable neocentromere

236 Cytogenet Genome Res 2009;124:228-238

may gain enough centromere identity through repeated
cell divisions to reinforce itself [Mellone and Allshire,
2003]. Under this view, the location and initial events of
neocentromere formation are critical to its ultimate sta-
bility.
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