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The functional centromeres of rice (Oryza sativa, AA genome)
chromosomes contain two key DNA components: the CRR centro-
meric retrotransposons and a 155-bp satellite repeat, CentO. How-
ever, several wild Oryza species lack the CentO repeat. We devel-
oped a chromatin immunoprecipitation-based technique to clone
DNA fragments derived from chromatin containing the centro-
meric histone H3 variant CenH3. Chromatin immunoprecipitation
cloning was carried out in the CentO-less species Oryza rhizomatis
(CCgenome) and Oryza brachyantha (FF genome). Three previously
uncharacterized genome-specific satellite repeats, CentO-C1,
CentO-C2, and CentO-F, were discovered in the centromeres of
these two species. An 80-bp DNA region was found to be conserved
in CentO-C1, CentO, and centromeric satellite repeats from maize
and pearl millet, species which diverged from rice many millions of
years ago. In contrast, the CentO-F repeat shows no sequence
similarity to other centromeric repeats but has almost completely
replaced other centromeric sequences in O. brachyantha, including
the CRR-related sequences that normally constitute a significant
fraction of the centromeric DNA in grass species.

centromere | centromeric histone H3 | rice | satellite repeat

hromosomes in most eukaryotic species contain a single cen-

tromere that serves as the site for kinetochore formation and
sister chromatid cohesion. Several proteins associated with the
centromere/kinetochore complex are highly conserved (1, 2). In
particular, a centromere-specific histone H3 variant, referred to as
CenH3, appears to be a universal marker for centromeric chroma-
tin, with homologues having been characterized in species, includ-
ing yeast (Cse4p), insects (CID), vertebrates (CENP-A), and plants
(CenH3) (3). Despite the conservation of the centromere function
and several centromeric proteins in distantly related species, the
DNA sequences associated with the centromeres show little or no
conservation, which has been the most interesting enigma in
centromere biology.

Human centromeres are the most intensively studied centro-
meres among multicellular eukaryotes. The main DNA component
in human centromeres is the ~171-bp « satellite repeat (4).
Subfamilies of « satellite repeats have diverged significantly not
only among the primates but also between chromosomes within the
same species (4). Some subfamilies contain a 17-bp motif, called the
CENP-B box, which is recognized by CENP-B, a highly conserved
centromeric protein in humans and mice (5, 6). Mutations in the
CENP-B box within « satellite repeats have been found to alter
their capacity to organize a functional centromere (7, 8). Motifs
similar to the CENP-B box were reported in the centromeric
repeats of various eukaryotes, including insects (9, 10), rodents (11),
birds (12), and plants (13, 14). These results suggest that evolution
of centromeric satellite repeats may be linked with centromere
function/evolution.

Recently, it has been found that some centromeric proteins
contain regions that are undergoing rapid adaptive evolution
(15-18). It has been proposed that these proteins serve as adaptors
that match highly variable centromeric DNA to the well conserved
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centromeric protein machinery (17), and that their evolution is
driven by selection to minimize the consequences of centromeric
satellite changes, which may be inherently destabilizing for the
genome (19). An intriguing question is whether centromeric satel-
lites are amplified and eliminated solely by the same mechanisms
for all tandemly repeated sequences (20, 21) or the evolution of the
centromeric satellite is constrained by their interaction with cen-
tromeric proteins, as suggested by the presence of the CENP-B
box-similar motifs in distantly related species.

Rice and its wild relatives are potentially ideal models to study the
coevolution of centromeric DNA and proteins. The centromeres of
rice have been well characterized (22-24), and their functional
components have been identified as arrays of the CentO satellite
and dispersed copies of CRR retrotransposons, members of a well
conserved family found in the centromeres of many grass species
(25). The CentO satellite repeat shares sequence similarity with the
centromeric satellite repeat CentC of maize (23). Some Oryza
species have been reported to be missing CentO (26), indicating
major changes in centromeric DNA composition. To study the
evolution of centromeric DNA in Oryza species, we developed a
chromatin immunoprecipitation (ChIP)-based method to recover
DNA from functional centromeres of divergent Oryza species.
Several previously uncharacterized centromeric satellite repeats
were identified, and their distributions were surveyed. Our results
reveal rapid evolutionary patterns of centromeric DNA among a
group of closely related higher eukaryotic species.

Materials and Methods

Materials. A total of 17 different Oryza species containing different
genomes were used in the study (Table 1). Two species,
O. rhizomatis (P1 105440) and O. brachyantha (P1 105171), were
used in immunoassaying and ChIP cloning. Four species were used
in fluorescence in situ hybridization (FISH) analysis, including
O. rhizomatis (105659), O. brachyantha (w1057), O. punctata
(W1564), and O. latifolia (w0019). Plasmid pRCS2 (22) was used as
a FISH probe to detect the CentO satellite repeat. Six different
plasmids derived from different parts of CRR elements (22) were
mixed and used as a FISH probe to detect CRR elements.

ChIP Cloning. Nuclei were prepared from young leaf tissue according
to published protocols in ref. 27 without cross-linking treatment.
ChIP experiments by using the rice anti-CenH3 antibody were
conducted as described in ref. 24. Immunoprecipitated DNA was
extracted with phenol/chloroform and precipitated with ethanol in
the presence of Pellet Paint coprecipitant (Novagen). The extracted
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Table 1. Oryza species used in molecular and cytological
analyses of centromeric DNA

Chromosome Accession
Species no. Genomes no. Source
1  O. sativa spp. 24 AA Nipponbare —
Jjaponica
2 O. sativa spp. 24 AA Teging USDA
indica
3 0. glaberrima 24 AA Pl 596842 USDA
4 0. rufipogon 24 AA P1 590417 USDA
5 0. nivara 24 AA Pl 590404 USDA
6  O. meridinalis 24 AA ACC 103317 USDA
7  O. minuta 48 BBCC ACC 101386 IRRI
8 0. punctata 48 BBCC w1564* China
9 0. officinalis 24 CcC ACC 105088 IRRI
10  O. eichingeri 24 CcC ACC 105163 IRRI
11 O. rhizomatis 24 CcC Pl 105440 USDA
105659* China
12 0. alta 48 CCDD ACC 105143 IRRI
13 O. grandiglumis 48 CCDD ACC 101405 IRRI
14 O. latifolia 48 CCDD Pl 269727 USDA
wO0019* China
15  O. australiensis 24 EE P1 101410 USDA
16 O. brachyantha 24 FF P1 105171 USDA
w1057* China
17 0. granulata 24 GG ACC 102118 IRRI
18  O. meyeriana 24 GG ACC 106474 IRRI

IRRI, International Rice Research Institute; USDA, U.S. Department of
Agriculture.
*These accessions were used for FISH analysis.

DNA was resuspended in 10 mM Tris/1 mM EDTA, pH 8.0,
supplemented with 10 ug/ml RNase A. Precipitated DNA was
purified by using the QIAquick PCR purification kit (Qiagen,
Valencia, CA) and treated with T4 DNA polymerase at 12°C for 20
min. A-overhangs were added by incubation with TagDNA poly-
merase at 72°C for 20 min. Modified DNA was cloned into the pCR
2.1-TOPO vector (Invitrogen). Recombinant clones were trans-
ferred to 384-well microtiter plates (Nalge Nunc, Rochester, NY)
containing 30 ul of LB freezing buffer. Filter preparation and
hybridization were according to published protocols in ref. 28.
Immunoprecipitated DNAs were labeled with 32P and purified by
using Sepadex G50 columns. Hybridization was carried out at 42°C
in ULTRAhyb hybridization buffer (Ambion, Austin, TX). Se-
quencing was performed by the DNA sequencing facility of the
Biotechnology Center at the University of Wisconsin-Madison.

Sequence Analyses. Tandemly repeated elements were identified by
using DOTTER (29), other elements were identified by BLAST search
against GenBank and the TIGR repeat database (www.tigr.org/
tdb/e2k1/osal/pseudomolecules/info.shtml). Specific searches
were made by using DOTTER and BLAST against data sets of rice
LTR retrotransposons (30) and CRR elements (31), and with
PATTERNHUNTER (32) against rice chromosome assemblies, the
PLANTSAT database (http://w3lamc.umbr.cas.cz/PlantSat) and
GenBank entries whose description identified them as potential
centromeric satellites (based on presence of text terms such as
“centromer™,” “heterochromat®,” and “tandem”). The seed model
for PATTERNHUNTER was 11100000001110000000111. Satellite re-
peat sequences were aligned by MUSCLE (33) and refined manually,
with consensus sequences viewed by using the WEBLOGO program
(34). All clusters of four or more CentO monomers were extracted
from the current TIGR rice pseudomolecule assemblies and
aligned with CentC. A total of 811 monomers were then used to
generate a consensus for the conserved 80-bp region; 10 of these
monomers were chosen as representative of the intraspecific diver-
gence based on a preliminary neighbor-joining analysis for use in
tree reconstruction. GenBank accession nos. U63974-U63992 and
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X86001 were used to represent the CentO sequences from the
CCDD genome species O. alta and O. grandiglumis. Pennisetum
satellite sequences were obtained from the PLANTSAT database.
CentC and CentO-C1 consensus were generated from the subsets
of GenBank entries and ChIP-cloned plasmid sequences, respec-
tively, which span the region of similarity. A consensus was also
generated for GenBank entries of CentC-similar sequences from
Tripsacum dactyloides. The phylogeny of aligned sequences was
analyzed by the neighbor-joining method with the Jukes—Cantor
model as implemented by MEGA3 (35). Similar trees were also
reconstructed by using maximum likelihood methods as imple-
mented by PHYLIP (http://evolution.genetics.washington.edu/
phylip.html) and MRBAYES (http://mrbayes.net) (data not shown).

Southern Blot and Slot Blot Hybridization. Approximately 5 ug of
genomic DNA from different Oryza species were digested with
selected restriction endonucleases, separated by running on 1%
agarose gels, and blotted onto Hybond N+ membranes. DNA
fragments corresponding to the LTRs, UTR, and gag regions of
three CRR subfamilies, CRR1, CRR2, and noaCRR1 (31), were
amplified and mixed as a single probe. In estimation of the copy
numbers of the satellite repeats, dilutions of rice genomic DNA
(5 X 10% to 10° copies of the haploid genome) and dilutions of
cloned repeats as a control (10° to 10'° copies) were quantitatively
slot-blotted on Hybond N+ membranes. The amount of blotted
DNAs were calculated based on genome or insert sizes.

FISH and Chromosomal Immunoassay. FISH and immunoassays on
chromosomes were performed according to published protocols
(36, 37).

Results

The CentO Satellite Is Not Present in Diploid Wild Rice Species with CC,
FF, or GG Genomes. We previously demonstrated that the centro-
meres of rice chromosomes contain two major components, a
155-bp centromere-specific satellite repeat CentO (22, 23) and
CRR retroelements from the widely distributed grass centromeric
retrotransposon family (23, 31). Both CentO and CRR sequences
are highly enriched in chromatin associated with the rice centro-
meric histone H3 variant CenH3 (24).

The rice genus, Oryza, comprises 23 species (38). These species
contain AA, BB, CC, BBCC, CCDD, EE, FF, GG, and HHJJ
genomes, respectively (39). A recent PCR-based survey indicated
that the CentO repeat is not present in several wild rice species (26).
We used Southern blot hybridization to survey CentO distribution
in 17 different Oryza species (Table 1). Strong hybridization signals
were observed in species with AA, BBCC, and CCDD genomes
(Fig. 14). Weak signals were observed in the EE-genome species
O. australiensis and one of the CCDD-genome species, O. latifolia.
Hybridization signals were not detected in six different species with
CC, FF, or GG genomes (Fig. 14), suggesting that in these species
the CentO repeats have either diverged significantly or been
replaced by unrelated sequences. We conducted immunoassays on
the somatic metaphase chromosomes of O. rhizomatis (CC) and
O. brachyantha (FF) by using a rice anti-CenH3 antibody (24).
Strong signals were observed on the sister kinetochores of all
chromosomes in both species (Fig. 1 B and C), suggesting that
the CenH3 proteins in O. rhizomatis, O. brachyantha, and culti-
vated rice are well conserved despite the lack of similarity in
centromeric DNA.

ChIP Cloning of Centromeric Sequences in CC- and FF-Genome Species.
To investigate the evolution of centromeric DNA in wild rice
species we developed a technique to clone sequences from immu-
noprecipitated DNA (see Materials and Methods for details).
Briefly, ChIP with the rice anti-CenH3 antibody is carried out by
using nuclei isolated from leaf tissue of the target species. DNA
fragments associated with the immunoprecipitated complexes are
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Fig. 1. Presence of the CentO repeat and CenH3 protein in different Oryza
species. (A) Southern blot hybridization of the CentO repeat to Taql-digested
genomic DNA from lanes: 1, O. sativa (spp. japonica); 2, O. sativa (spp. indica); 3,
O. glaberrima; 4, O. rufipogon; 5, O. nivara; 6, O. meridinalis; 7, O. minuta; 8, O.
officinalis; 9, O. eichingeri; 10, O. rhizomatis; 11, O. alta; 12, O. grandiglumis; 13,
O. latifolia; 14, O. australiensis; 15, O. brachyantha; 16, O. granulata; 17, O.
meyeriana. The genome assignment of each species is indicated at the top of each
lane. Lane M is a 100-bp DNA ladder. Note that no hybridization signals were
detected in CC-, FF- and GG-genome species. Weak hybridization was observed in
lane 13 after a longer exposure of the film. (B) Immunoassaying on somatic
metaphase chromosomes of O. rhizomatis by using a rice anti-CenH3 antibody.
(©) Immunoassaying on somatic metaphase chromosomes of O. brachyantha by
using a rice anti-CenH3 antibody. (Scale bars: 5 um.)

extracted and cloned to create a plasmid library, which is then
screened for centromeric repeats. We developed ChIP cloning
libraries from O. rhizomatis (CC) and O. brachyantha (FF), which
do not contain the CentO repeat (Fig. 14). The libraries consisted
of 1,152 clones for O. rhizomatis and 1,536 clones for O. brachyantha.
We randomly selected 16 plasmid clones from each library for insert
size estimations. The O. rhizomatis clones average 303 bp, ranging
from 20 to 1,200 bp. The O. brachyantha clones average 269 bp,
ranging from 50 to 800 bp.

Satellite Repeats Are the Main Centromeric DNA Elements in both
0. rhizomatis and 0. brachyantha. We screened the plasmid libraries
by using immunoprecipitated DNA from the same species as
probes. This screening method should identify high-copy centro-
meric sequences because these sequences are significantly enriched
in the probes. Approximately 18% of the O. rhizomatis clones, and
33% of the O. brachyantha clones showed medium to strong
hybridization signals. We then randomly picked 96 clones with
medium to strong hybridizations from each species for sequencing.

Analysis of all 192 sequences indicated that satellite repeats
are the most common elements in the data sets for both species
(Tables 2 and 3, which are published as supporting information
on the PNAS web site). Two classes of tandem repeats were
found in the data set of O. rhizomatis. The first, CentO-C1, has
a monomeric unit size of 126 bp and accounts for 37% of the
sequences in the data set. The second, CentO-C2, has a unit size
of 366 bp and accounts for 22% of the sequences (Fig. 2). A
single class of tandem repeat, CentO-F, with a 154-bp monomer
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Unknown (6%) rDNA (49%)
CRR (13%) CentO-C1 (37%)

N

LTR retrotransposon (3%)
Unknown (6%) rDNA (1)

LTR retrotransposon (18%)  CentO-C2 (22%) CentO-F (90%)

Oryza rhizomatis Oryza brachyantha

Fig. 2. The proportions of centromeric DNA elements isolated by ChIP
cloning in O. rhizomatis and O. brachyantha. Note that the ChIP cloning
libraries may contain various type of DNA sequences, and only the preselected
high-copy elements are included in the diagrams.

size was found in O. brachyantha. This repeat accounts for 90%
of the sequences in the data set. We confirmed that each of the
repeats is present at a high copy number in their genome of origin
by using slot blot hybridizations (data not shown). Assuming that
O. rhizomatis has the same genome size as O. officinalis (CC),
which is 1,100 Mb (40), O. rhizomatis contains ~10* and 10°
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Fig.3. Distribution of the centromericsatellite repeats CentO-C1, CentO-C2,
and CentO-F in different Oryza species. (A) Haelll-digested genomic DNAs
were probed with the CentO-C1 repeat. (B) Taql-digested genomic DNAs were
probed with the CentO-C2 repeat. (C) Tru9-digested genomic DNAs were
probed with the CentO-F repeat. Lanes: 1, O. sativa (spp. japonica); 2, O. sativa
(spp. indica); 3, O. glaberrima; 4, O. rufipogon; 5, O. nivara; 6, O. meridinalis;
7, 0. minuta; 8, O. officinalis; 9, O. eichingeri; 10, O. rhizomatis; 11, O. alta; 12,
O. grandiglumis; 13, O. latifolia; 14, O. australiensis; 15, O. brachyantha; 16,
O. granulata; 17, O. meyeriana. The genome assignment of each species is
indicated at the top of each lane.
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copies (per haploid genome) of the CentO-C1 and CentO-C2
repeats, respectively. Similarly, the copy number of CentO-F in
O. brachyantha was estimated to be 2 X 10* per haploid genome.
For comparison, detailed FISH measurements of CentO tracts
in O. sativa indicate that it has a copy number of 4 to 5 X 10* (23).

Southern blot hybridization was used to survey the distribution of
the three centromeric repeats in a wide range of Oryza species (Fig.
3). The CentO-Cl1 repeat was detected in all species containing CC
genomes, including BBCC and CCDD tetraploids (Fig. 34). The
CentO-C2 repeat was detected only in diploid species with CC
genomes but not in BBCC or CCDD species (Fig. 3B). The
CentO-F repeat was detected only in the FF genome species
O. brachyantha (Fig. 3C).

FISH analysis showed that the CentO-C1 repeat is exclusively
located at the centromeres of O. rhizomatis chromosomes (Fig. 4
A-C), and was present in 9 of the 12 chromosomes. The sizes and
intensities of the FISH signals varied greatly between chromo-
somes, suggesting that their centromeres contain different amount
of the CentO-C1 repeat. Surprisingly, the CentO-C2 repeat was
detected in both centromeric and telomeric regions of several
O. rhizomatis chromosomes (Fig. 4 D-F). Some of the FISH signals
were very weak, and the number of detectable FISH signals varied
in different metaphase spreads. We counted up to 15 FISH sites at
the telomeric regions and 9 sites at the centromeric regions. We also
conducted FISH of CentO-C1 on somatic metaphase chromosomes
of O. punctata (BBCC) and O. latifolia (CCDD). CentO-C1 hy-
bridization was observed at the centromeres of less than half of the
chromosomes in both species. A CentO probe hybridized to more
centromeres than the CentO-C1 probe in both species (Fig. 4 G
and H).

FISH analysis showed that the CentO-F repeat is exclusively
located at the centromeres of O. brachyantha chromosomes (Fig.
4I). The CentO-F repeat was detected in the centromeres of all 12
O. brachyantha chromosomes with significantly varied size and
intensities of the FISH signals, a pattern which is highly similar to
that of CentO when hybridized to O. sativa chromosomes (23).

The CentO-C1 Repeat Share Sequence Similarities with CentO and

CentC Repeats. CentO was previously reported to share sequence
similarity with the 156-bp satellite CentC (23), which is found within
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Fig.4. FISH mapping of centromeric repeats. (A) FISH signals
derived from satellite repeat CentO-C1. Arrows point to nine
unambiguous hybridization sites. (B) FISH signals derived from
therice CRR probe (23). (C) The FISH signals from CentO-C1 and
CRR are merged with the pachytene chromosomes of O. rhi-
zomatis. (D) FISH signals derived from satellite repeat CentO-
C2. Arrowheads point to hybridization sites at the centro-
meres. (E) The FISH signals from CentO-C2 are merged with the
somatic metaphase chromosomes of O. rhizomatis. (F) FISH
mapping of CentO-C2 to the pachytene chromosomes of
O. rhizomatis. Arrows point to unambiguous centromeric
signals. (G) FISH mapping of CentO-C1 (red signals) and CentO
(green signals) to the somatic metaphase chromosomes of
O. punctata (BBCC). (H) FISH mapping of CentO-C1 (red sig-
nals) and CentO (green signals) to the somatic metaphase
chromosomes of O. latifolia (CCDD). (/) FISH mapping of the
CentO-F satellite repeat to the pachytene chromosomes of O.
brachyantha. Chromosomes were counterstained with DAPI
in all images and pseudocolored in either blue or red. (Scale
bars:5 umin Gand H; 10 umin C, E, F, and I.)

the functional centromeres of maize chromosomes (37, 41-43).
Comparison with this CentO/CentC alignment revealed no
matches for CentO-C2 or CentO-F, but significant similarities were
found to CentO-C1 elements over a 80-bp region (Fig. 54 and B).
This region contains a number of short adenine tracts spaced at
regular intervals of ~10 bp, an arrangement that occurs frequently
in satellite DNA and may confer advantageous structural properties
(44). These tracts are particularly well conserved within each family,
as illustrated by the logo for CentO-Cl1 (Fig. 54) and were found
to underlie the predicted sites of maximum curvature for monomers
of each family, as calculated by the BEND.IT server (45). The
similarity of the repeat families may therefore reflect a common
structure.

Surprisingly, phylogenetic analyses by using a variety of align-
ments and models consistently place CentO-C1 on a lineage
predicted to have diverged from CentO and CentC at around the
time that these two last shared a common ancestor (Fig. 5C). A
possible explanation for this result is that strong selection has driven
the assembly of similar sequences from independent elements
(convergent evolution), giving the spurious appearance of a com-
mon origin for CentO-C1 and CentO/CentC. If this selection were
a general feature of plant centromeres or heterochromatin, other
sequences with similar structural potential might be expected to
be found in relevant databases. We used the sensitive
PATTERNHUNTER software (32) to search collections of centromeric
and satellite database entries (Materials and Methods). Ten-base
pair-spaced seed models were used to detect sequences with similar
structural potential. From >10,000 entries, a single family of
sequences was found that had significant similarity to the 80-bp
CentO/CentO-C1/CentO alignment. This family was the ~150-bp
centromeric satellites from pearl millet (Pennisetum glaucum) (46,
47), a species related to rice and maize (Fig. 5B). Given this
relationship, it appears most likely that the Pennisetum satellites and
CentO-Cl1 are indeed derived from a common ancestor of CentO
and CentC, and that the CentO-C1/CentO divergence predates the
rice/maize split. The common size of each subfamily suggests that
their ancestor was also ~150-bp long. The sequences outside of the
80-bp conserved region are highly variable both between and within

Lee et al.
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subfamilies, more consistent with a relative lack of selective con-
straint than the acquisition of species-specific functions/structures.

Cent0-C1 Sequences Are Found in the Cultivated Rice Genome. Al-
though CentO-Cl is currently present at a high copy number only
in species with a CC genome, the phylogenetic analysis suggests that
it was present in the original Oryza ancestor. Searches of the
cultivated rice (AA) chromosome assemblies identified a small
number of CentO-Cl-like sequences. Two are found in tandem on
chromosome 2 within 160 bp of a CentO-like sequence at 6381552—
6381755 bp (TIGR 3 release, http://www.tigr.org/tdb/e2kl/osal/
pseudomolecules/info.shtml). The three monomers are found at
equivalent positions in japonica and indica genomes but are only
~93% identical (excluding deletions), suggesting a relatively an-
cient origin (=5 million years based on the revised intergenic
mutation rate, ref. 48). Another tandem CentO-Cl1 repeat is found
adjacent to a CentO cluster near the centromere of japonica
chromosome 5 at 12337759-12338069 bp, and a partial tandem is
found at an equivalent position on both japonica and indica
chromosome 1 (29859493-29859584 bp in japonica). Analyses
unambiguously group these sequences with CentO-C1 and not with
CentO, although they appear to represent a separate lineage within
CentO-C1 (data not shown). Given that they are dispersed on a
number of chromosomes, they may represent relics of ancestral
arrays rather than subsequent introgressions.

Retroelements in the Centromeres of O. rhizomatis and O. brachyan-
tha Chromosomes. Besides the three previously uncharacterized
centromeric satellite repeats, retroelements are the most dominant
sequences in the rest of the data sets in both species. In
O. rhizomatis, the CentO-C1 and CentO-C2 satellite repeats ac-
count for 59% of the sequences in the data set (Fig. 2). The
remaining sequences include 13% CRR-related DNA fragments
and 18% other types of LTR retrotransposons that show homology
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CentO (CCDD)

b DT kol

Fig. 5. Evolution of the CentO-C1 and its related
centromeric satellite repeats. (A) Consensus sequences
of CentO-C1 repeat of O. rhizomatis displayed as a
sequence logo. The line indicates the location of the
80-bp region that is conserved among the CentO-C1,
CentO, and CentC repeats. (B) Alignment of the 80-bp
region from the consensus sequences of the CentO-C1,
CentO (from O. sativa with AA genomes and O. alta
with CCDD genomes), CentC (from Z. mays and
T. Tripsacum genomes), and the centromeric repeat
from P. glaucum. (C) Neighbor-joining tree of the
80-bp region from representative monomers of
CentO-C1, CentO, CentC, and the Pennisetum subfam-
ilies. The tree was constructed by using meca3 (Jukes—
Cantor model, y parameter of 2 for rate variation
between sites, gaps included in the calculation). Num-
bers at branch points represent bootstrap values for
500 replications, and the scale bar represents esti-
mated substitutions per site.

CentO (AA)

to the Osr25, Osr30, Osr34, and Osr40 families (30), all of which
belong to the Ty3/gypsy class (Table 2). In O. brachyantha, the
CentO-F repeat accounts for 90% of the sequences. The remaining
sequences include 3% LTR retrotransposon-related DNA frag-
ments (Fig. 2 and Table 3). Surprisingly, no CRR-related sequences
were detected from the data set. FISH analysis by using the CRR
probe from rice (23) did not reveal discrete signals in the centro-
meric region of O. brachyantha pachytene chromosomes (data not
shown). Southern blot hybridizations confirmed that O. brachyan-
tha has few CRR elements, if any. Nine DNA fragments corre-
sponding to LTR, UTR, and gag-coding regions from the CRR1,
CRR2, and noaCRR1 subfamilies were amplified and mixed as a
single probe. Genomic DNA from O. brachyantha showed the
weakest hybridization to this mixed probe of 16 Oryza species tested
(data not shown).

Discussion

Although satellite repeats are the most dominant DNA compo-
nents in the centromeres of most higher eukaryotic species (49,
50), some plant species do not appear to contain major satellite
repeats in the centromeres (51, 52). Here, we have demonstrated
that satellite repeats make up the bulk of CenH3-associated
nucleosomes in Oryza species that lack CentO sequences. The
percentages of the CentO-C1, CentO-C2, and CentO-F satellite
repeats in the ChIP cloning data sets (Fig. 2) and the FISH
hybridization patterns (Fig. 4) show that these repeats are the
most dominant centromeric DNA components in the diploid
Oryza species containing the CC and FF genomes.

Our results extend our earlier report that the centromeric repeats
of rice and maize share sequence similarity (23). The origin of the
CentO/CentC family clearly precedes the divergence of the various
Oryza genomes, and closely related sequences are still present at
high copy numbers in both O. sativa and O. australiensis (EE), a
species relatively divergent from rice (39) (Fig. 14). However, in
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both the distantly related FF genome and the more recently
diverged CC genome, canonical CentO sequences appear to have
disappeared. In the FF genome, a single repeat family has replaced
both CentO and the bulk of CRR sequences. In the CC genome
species, the CentO repeat is replaced by an ancient sister lineage,
CentO-Cl1, as well as another repeat, CentO-C2.

It is striking that CentO homologies can be readily detected
among distantly related grass species, and that the best conserved
nucleotides are also those predicted to play the most important role
in determining the element’s structure. Models of this structure
(MODEL.T server, http://hydra.icgeb.trieste.it/ ~kristian/dna/
modeLit.html) suggest that the DNA backbone forms a relatively
compact solenoid when consensus sequences are used; single
nucleotide changes in some A-tracts of the 80-bp region are
sufficient to relax the predicted structure, whereas changes outside
this region have little effect. Conserved features are also similar to
a pattern found to be common in a range of satellites (44), where
two 50-60-bp “bending elements” are separated by a 20- to 30-bp
region of low curvature. In CentO and relatives, the variable
sequences between 80-bp regions typically contain a short GC-rich
motif which does not bend in models. CentO and CentO-C1
therefore appear to represent highly evolved satellites that can
tolerate only limited sequence change before key structural deter-
minants are lost.

If this model is correct, why and how would the well adapted
CentO family be replaced in functional centromeres? One possi-
bility is that replacement satellites initially evolve in regions outside
of the functional centromeres and then invade centromeric domains
when they have become coadapted with the necessary chromatin
components (49). This hypothesis may explain the hybridization of
CentO-C2 to subtelomeric and centromeric domains (Fig. 4F).
Based on the FISH patterns, it appears that there are more copies
of the CentO-C2 repeat in the telomeric regions compared with the
centromeric regions. Thus, the CentO-C2 repeat likely originated in
the subtelomeric regions and was later recruited into the centro-
meres. It is tempting to speculate that relics of CentO-Cl1, because
they appear to have survived in the O. sativa genome, have been
revived and reamplified in the CC-genome species, as proposed in
the “library” hypothesis (53). In this case, then, any adaptive
interaction between centromeric DNA and proteins does not
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appear to have been driven by the host’s need to restrain an
“aggressive” satellite.

In contrast, CentO-F may fit the pattern of an element respon-
sible for “centromere drive” (19). It has almost completely replaced
the CentO/CentO-C1 family and its amplification in O. brachyantha
also coincides with the elimination of CRR-related sequences. The
CRR elements appear to maintain their presence in the centro-
meric DNA of a wide range of grass species by using targeted
retrotransposition (54), and they are likely to be sensitive to
increased rates of satellite array homogenization that eliminate old
elements faster than they may be replaced by retrotransposition.
CentO-F might therefore be predicted either to have some property
that increases its propensity for recombination and, hence, turn-
over, or to be strongly favored at meiosis so that newly amplified
arrays are rapidly fixed in the population.

Both CentO and CentO-C1 are present in tetraploid species
O. punctata (BBCC) and O. latifolia (CCDD). These two repeats
are separated in different centromeres (Fig. 4 G and H). Interest-
ingly, almost half of the chromosomes in both species contain few
or no copies of either of these two centromeric repeats. This result
indicates that the centromeric DNA may have undergone rapid and
dynamic changes after the formation of the tetraploids. It would be
interesting to know whether new centromeric satellite repeats have
emerged in these tetraploid species. When the maize chromosome
carrying the CenH3 gene is transferred into the genetic background
of an oat, the maize CenH3 gene is silenced and the maize
centromeres adapt the oat CenH3 (37). It will be interesting to
know whether only one or both CenH3 genes from the two parental
genomes are expressed in the tetraploid rice species and whether
inactivation of a CenH3 gene has impacted on the elimination of a
centromeric satellite from the same parental genome. Such studies
will shed more light on adaptive evolution between DNA and
proteins in the centromeres.
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