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ABSTRACT

A complete sequence of a chromosome centromere
is necessary for fully understanding centromere
function. We reported the sequence structures of
the first complete rice chromosome centromere
through sequencing a large insert bacterial artificial
chromosome clone-based contig, which covered
the rice chromosome 4 centromere. Complete
sequencing of the 124-kb rice chromosome 4 cen-
tromere revealed that it consisted of 18 tracts of 379
tandemly arrayed repeats known as CentO and a
total of 19 centromeric retroelements (CRs) but no
unique sequences were detected. Four tracts, com-
posed of 65 CentO repeats, were located in the
opposite orientation, and 18 CentO tracts were
flanked by 19 retroelements. The CRs were classi-
fied into four types, and the type | retroelements
appeared to be more specific to rice centromeres.
The preferential insert of the CRs among CentO
repeats indicated that the centromere-specific retro-
elements may contribute to centromere expansion
during evolution. The presence of three intact retro-
transposons in the centromere suggests that they
may be responsible for functional centromere initi-
ation through a transcription-mediated mechanism.

INTRODUCTION

The centromere is essential for correct segregation of
chromosomes in both mitotic and meiotic cells. Although
centromere function is conserved in eukaryotes, centromeric
sequences appear to be variable (1,2). It is believed that a
complete sequence of a chromosome centromere is necessary
for fully understanding centromere function. Centromere
functions can be recapitulated by artificial chromosome
constructs (3,4) or chromosome fragments (5,6), revealing
the important role of specific centromere sequences.

Except for the centromere of the budding yeast
Saccharomyces cerevisiae, which consists of only ~125 bp

unique sequence (7,8), most eukaryotic species are composed
of long highly repetitive DNA sequences. The currently
available eukaryotic genome sequencing projects have pro-
vided the virtually complete physical maps and sequences of
many species, including Caenorhabditis elegans (9),
Arabidopsis thaliana (10), Homo sapiens (11,12) and Oryza
sativa (13,14) in the last few years. However, as a highly
heterochromatic part of the chromosome, the centromere is
still left to be a big ‘gap’ to be sequenced. The highly
repetitive DNA is more difficult to map, clone, sequence and
assemble than the low copy number DNA. Though some
detailed sequences about centromere regions have been
analyzed, for example the satellite arrays of human centro-
meres (15) and the pericentromeric regions on Arabidopsis
chromosomes (16), the sequences are not completely available
yet and the genome sequencing project has left the big
challenge of determining the primary sequence of a functional
higher eukaryotic centromere. The full length of natural
centromeres in most eukaryotes is at the megabase level
generally. Such a long repeat DNA region is the most difficult
barrier to cloning and sequencing it. The ordinary approach is
to use different methods that isolate specific centromere
regions from the rest of the genome. A successful example is
the use of pulse field gel electrophoresis (PFGE) for isolation
of the y/230 minichromosome derivative as a template for
cloning and sequencing a significant proportion of the
functional Drosophila centromere (17). Bacterial artificial
chromosome (BAC) clones and similar clones with large
insert size are also a good choice for isolation of centromere
sequences from other genomic regions. However, this
approach still has limitations for manipulation of a full
centromere region such as those in human and Arabidopsis.
Rice is an exception in the important model species because of
its different centromere size, and the size of the satellite repeat
is quantitatively variable among the 12 rice centromeres
detected by the fluorescence intensities of the fluorescence
in situ hybridization signals (18). Though some chromosomes
have a similar centromere size to those in other species
(>1 Mb), the centromeres of several chromosomes are
surprisingly small and can be fully covered by BAC contigs
constructed using the normal available technical approach.
Thus, rice provides an opportunity to obtain the full
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centromere sequence and the truly complete understanding of
centromere sequence composition and organization.

Some DNA components of rice centromeres have been
reported. The centers of rice centromeres are occupied by two
kinds of repetitive elements: the 155-bp satellite repeat CentO
and the centromere-specific retrotransposons (18). CentO
satellites were found to be located exclusively in rice
centromeres and were regarded as a key component of
functional rice centromeres. The retroelements found in the
rice centromere, such as RCS1 (19), RCB11 (20,21), RIRE7
(22,23), are mostly derived from gypsy-like retrotransposon
family. With the rapid progress of the rice genome sequen-
cing, complete sequence composition and structure of rice
centromere become available now.

Here, the physical structure of the rice chromosome 4
centromere was determined directly by sequencing a large
insert clone-based contig, which covered the centromere. The
unique structures of the rice chromosome 4 centromere were
identified. Some of the structures appear to be specific to the
rice centromeres.

MATERIALS AND METHODS
Materials and physical map construction

Construction of a clone-based physical map of the rice
chromosome 4 was described previously (24). The rice Oryza
sativa ssp. japonica cv. Nipponbare clones used for construct-
ing the physical map of the centromere contig were from four
genomic libraries: two BAC libraries of OSJINBa and OSINBb
provided by Clemson University Genomics Institute (CUGI);
one PAC library provided by Rice Genome Research Program
(RGP); and some of BACs were provided by the Monsanto.

DNA sequencing and assembly

OSJNBb0062N22 and other clones were purified by caesium
chloride-gradient. For a shotgun approach, sheared BAC DNA
(2-3 kb) was ligated into a pBluescript vector and transformed
into Escherichia coli DH5a. The shotgun subclones were
sequenced from both ends by the dideoxy chain termination
method using either BigDye Terminator Cycle sequencing
V2.0 Ready Reaction (Applied Biosystems) or DYEnamic ET
Dye Terminator Kit (MegaBACE; Amersham Pharmacia
Biotech, Inc.). Most of the reactions were analyzed on
ABI3730 sequencers and Megabace 1000 capillary sequen-
cing machines. The shotgun sequences were assembled using
the PHRED and PHRAP programs first (25) and primary
assembly results were refined by careful manual checking to
overcome the misalignments caused by repeats. Manual
editing corrected many mis-assemblies caused by automatic
assembly software such as excessive coverage in some regions
and the separation of two ends sequence pairs from one
subclone. The empirical result of PFGE and several restriction
enzymes profiling were used to validate the length and the
accuracy of the assembly. Sequence gaps were closed by using
various dye-labeled terminator chemistries or by a combin-
ation approach of primer walking and PCR with oligonucleo-
tides. Sequence regions of poor quality were re-sequenced
from cloned plasmids. The nucleotide sequence of BAC
OSJNBb0062N22 has been deposited in GenBank under the
accession number BX890594.

Sequence analysis

DNA sequences similar to the BAC sequences were searched
in the GenBank database and the TIGR Repeat Database
(ftp://ftp.tigr.org/pub/data/TIGR_Plant_Repeats/) using the
BLASTN homology search software. Sequence alignments
between different CentO monomers were performed and
refined manually using GeneDoc (http://www.psc.edu/
biomed/genedoc). The ages of full-length retroelements were
measured by comparing their 5" and 3’ long terminal repeat
(LTR) sequences (26). Kimura-2 parameter distances between
the two LTRs of individual elements were calculated using
MEGA program (http://www.megasoftware.net/). The re-
ported substitution rate of 6.5 X 10~° per synonymous site
per year for grasses (27) was used to estimate the ages of the
elements.

RESULTS

Physical mapping of the chromosome 4 centromeric
region

As part of an international effort to completely sequence the
rice genome, we constructed a comprehensive clone-based
physical map of chromosome 4 of O.sativa ssp. japonica
Nipponbare, consisting of four contiguous BAC clones
(contigs), through an integrated approach. Two large insert
BAC libraries (OSINBa and OSINBb) and high-quality of
DNA fingerprinting data allowed us to construct big contigs
covering nearly all regions of the rice O.sativa ssp japonica
Nipponbare genome, including regions of high repetitive
DNA sequences (28). Contig3 (Fig. 1), the second largest
contig of 12.9 Mb, fully covered the genetic region from 19.6
to 19.9 cM, where the centromere had been located by the
genetic mapping (29,30). Using the key centromere
component CentO satellite as a probe, we screened the
BAC:s in Contig3 tiling path for sequencing, and found that
only OSJNBb0062N22 and the overlap region between
OSJNBb0062N22 and OSJNBa0032B23 contained the
CentO satellites. The BAC clone OSINBb0062N22 located
at the position ~0.4 Mb in Contig3 and the gap between
Contig?2 and Contig3 was identified as a chloroplast genome
insertion (our unpublished data). Thus, the chromosome 4
centromere core region was fully covered by the clone
OSJINBbO062N22 in Contig3 (Fig. 1).

Sequencing and assembly of the centromere BAC clone

The centromeric BAC clone, OSINBb0O062N22, was se-
quenced by a random shotgun approach on both strands of
subclones of ~2-3 kb and achieved a 10-fold coverage. The
sequences were assembled by PHRED and PHARP first, and
primary assembly result was refined with careful manual
checking to overcome the misalignments caused by repeats.
The assembled size of the BAC clone agreed with the size
determined by PFGE. The validity of sequence assembly was
further verified by in silico and empirical profiling with
several restriction enzymes. The adjacent clones
OSJNBb0026112 and OSJINBa0032B23 were assembled sep-
arately and the large overlap regions showed identical
sequence composition and organization. All of these evi-
dences suggested that the quality and assembly of the
sequence were of high accuracy and were reliable. The total
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Figure 1. Map of the centromere region of rice chromosome 4. Four contigs, which covered the entire chromosome 4, are indicated in orange and as
described. A part of tiling path of BAC clones of Contig3, which covered the whole centromeric region (yellow) was shown. It was also indicated that the
genetic distance between markers S11182 (19.9 cM) and E21001S (19.9 ¢cM) corresponds to the physical distance of 1200-1300 kb (24,29). The restriction
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following: B = BbvClI, F = Fsel, N = Notl, H = Hpal. The CentO region was centralized on the BAC clone OSINBb0062N22 from 19 781 to 174 142 bp,
indicated by two red vertical arrows. The detailed distribution of CentO satellite repeats was shown in a square box. Each dot represented one satellite

monomer.

length of BAC OSINBb0062N22 was 181 586 bp and fully
covered the CentO repeats ranging from 49 781 to 174 142 bp,
thus defining the core region of the centromere.

Sequence contents of the centromere core region and
CentO satellite repeats

Overall, the 124 kb centromere core region consisted of two
kinds of repetitive elements: the 155/165 bp CentO satellite
repeats and retroelements (Fig. 2). The centromeric retro-
elements (CRs), positioned among the tandem CentO mono-
mer arrays, divided the CentO arrays into 18 tracts. CentO
tracts were separated by the retroelements on both sides.

Eighteen CentO tracts (designated CentO-4A to CentO-4R)
were found to be dispersed in the centromere core region
(Fig. 2). The length of CentO tracts ranged widely from 477 to
8571 bp (Table 1). The total length of all CentO repeats was 58
865 bp, representing 47% of the centromere core region.
Unexpectedly, the directions of the 18 tracts were not the same
and four tracts, which located in the internal part of the core
region (CentO-4H, I, J and N) were found in the opposite
orientation, and tracts CentO-4H, I and J were highly
homologous to CentO-4E and F but in the opposite orienta-
tion. The orientations of CentO monomers in each tract were
the same.

The chromosome 4 centromere had 379 copies of CentO
satellite repeat in the 18 tracts. According to their lengths and
structures, these CentO monomers could be classified into
three subgroups: 155 bp CentO (154 copies), 165 bp CentO
(161 copies) and incomplete CentO (64 copies). The 165-bp
CentO had a 10-nt duplication (TATTGGCATA, see Fig. 3),
compared with the 155-bp monomer. These two types of

CentO repeats were found in all 18 tracts and it seemed that
165 bp CentO monomers were inclined to appear towards the
short arm telomere and 155 bp ones were biased towards the
other end. A lot of incomplete CentO monomers were also
found in the array. They existed as internal deletions,
fragments lacking the 5 or 3’ ends and short internal
fragments. The deletion usually happened in a different
position in different monomers but some incomplete mono-
mers shared the same deletion patterns. Figure 3 showed a
monomer named as CentO-4A23, with the internal 47 bp
deletion repeated nine times. About half of incomplete
monomers existed at the edge of the tracts. Some of these
truncated monomers at ends of adjacent tracts could be
merged into one complete monomer by removing the inserted
retroelement, indicating that the CentO arrays were usually
disrupted by CRs. Interestingly, the retroelements seemed
preferentially inserted into two target sites of 85 bp and 125-
128 bp of the 155 bp CentO repeat through monitoring nine
insertion events (Fig. 3).

Although all CentO monomers were well conserved in
length, identical repeats among the CentO arrays appeared to
be rare. Except some conserved nucleotide, the polymorph-
isms were dispersed along the whole 155 bp consensus
satellite sequence. Most polymorphism sites were only
variations in one monomer while some have variations in
many monomers. The identities between different monomers
were mostly from 90 to 98%, but the divergences of the
monomers in the CentO tracts near the edge of the centromere
core region were more apparent than others. Some of them
were only <85% identical to the consensus sequence. In maize
and Arabidopsis, chromatin immunoprecipitation studies have
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Table 1. Detaile

re marked by four different colors, individually.

d information of the 18 CentO tracts of rice chromosome 4 centromere

Tract Position Length Orientation Copy number 155 bp CentO 165 bp CentO Incomplete CentO Identity
CentO-4A 1-8571 8571 + 55 14 35 6 84-97%
CentO-4B 936610 486 1121 + 8 3 3 2 93-95%
CentO-4C 14 778-19 078 4301 + 28 9 16 3 92-98%
CentO-4D 20 753-24 877 4125 + 26 11 13 2 92-100%
CentO-4E 32 620-36 620 4001 + 26 8 15 3 92-98%
CentO-4F 37 411-38 948 1538 + 11 4 5 2 93-98%
CentO-4G 45 20049 506 4307 + 28 7 17 4 86-96%
CentO-4H 54 200-57 022 2823 - 19 7 9 3 90-98%
CentO-41 57 815-59 712 1898 - 13 4 6 3 93-97%
CentO-4] 60 507-63 570 3064 - 20 4 12 4 92-98%
CentO-4K 70 771-71 247 477 + 4 1 1 2 98%
CentO-4L 72 077-73 739 1663 + 11 3 6 2 92-96%
CentO-4M 79 992-81 005 1014 + 7 3 3 1 93-94%
CentO-4N 81 749-83 514 1766 - 13 6 2 5 90-95%
CentO-40 835 34-87 515 3982 + 26 21 3 2 88-96%
CentO-4P 100 834-106 044 5211 + 31 22 4 5 84-94%
CentO-4Q 111 043-113 628 2586 + 18 9 5 4 82-96%
CentO-4R 117 925-124 341 6417 + 35 18 6 11 78-95%
Total 1-124 341 58 865 379 154 161 64

shown that o

involved in the centromeric function (31,32). It is still unclear

nly a portion of the centromeric satellites are

whether this is related to the variable divergence found
between different satellites.
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preferential insertion sites of CR were indicated by the vertical arrows.

Rice CRs

Nineteen retroelements, within the 18 CentO tracts, were
divided into four types depending on their structure and
sequence homology (Fig. 4).

Type I retroelements belonged to a novel rice retro-
transposon family. Eight retroelements of this type, including
five solo LTRs, two intact retrotransposons and one incom-
plete copy, were found in the centromere core region. In this
124 kb core region, we detected only solo LTRs that belong to
this type. Solo LTRs are thought to arise from an intra-element
recombination between paired LTRs and there would be few
solo LTRs in the regions where recombination rates are low. It
is interesting to note that there were still some solo LTRs
within the centromere since recombination in centromeric
regions is known to be highly suppressed. The solo LTRs in
centromere suggested that there was no significant correlation
between the frequency of solo LTR formation and regional
recombination rates, and that different types of solo LTRs may
be formed by several different processes. Except the solo
LTRs, CR4-2 and CR4-16 were two intact elements with the
coding capacity of a gag protein. Despite having structural
features of LTR retrotransposons, CR4-19 near the edge of the
core region diverged extensively and lacked the full ORF that
codes for the polyprotein, suggesting that this element was
likely non-autonomous.

Type II and type III retroelements were typical Ty3-gypsy
class retrotransposons with a relatively large 5 UTR and a
polyprotein reading frame that overlapped the downstream
LTR; furthermore, type III represented the gypsy-type retro-
transposon RIRE7 identified previously with the character of
preferential insertion into the tandem repeat sequence (CentO)

in rice centromere regions (22). These two types were closely
related because their coding sequences shared ~80% similarity
despite different LTRs and 5" UTR regions. They were mostly
fragmented and truncated retroelements except for a single
intact type II retrotransposon, CR4-4.

The type IV element was actually a kind of repetitive
sequence with no homology to any known repeats in rice
collected by the TIGR Repeat Database, but it was found to be
dispersed along the whole chromosome 4. The only copy of
type IV repeat in chromosome 4 centromere region was
divided into two parts (CR4-15 and CR4-17) by an intact type
I retrotransposon (CR4-16).

The types I, II and III retroelements were all typical LTR-
retrotransposons and had similar primer binding sites (PBS)
complementary to the 3" end of initiator methionyl tRNA and
polypurine tracts (PPT). Through sequence homology
searches with the genetically anchored publicly available
rice genome sequence, we found that these retroelements were
primarily located in the centromeric or pericentromeric
heterochromatin regions. However, additional copies of
these elements could be found elsewhere across all rice
chromosomes. The retroelements were not as unique to the
centromere as CentO, the other centromere component.

Based on sequence divergence between 5’/3" LTRs (Kimura
parameter distances) and an estimate of the nucleotide
substitution rate for grasses (6.5 X 107 substitutions per
synonymous site per year) (27), we measured the insertion
time of the three retrotransposons (CR4-2, CR4-16 and CR4-
4) to be 0.88, 0.19 and 1.63 million years, respectively. The
ages of other retroelements were difficult to measure because
of the significant sequence degeneracy and the loss of the
pair of complete LTRs. These data suggested that type I
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retroelements transposed more recently than type II retro-
elements. Homology searches also showed that the type I
retroelements only exist in rice, whereas types II and III
retroelements have homologs in other cereals. This suggested
that type I retroelements have transposed into the centromere
more recently than other elements and may be more specific to
rice centromeres.

We identified three intact centromeric retrotransposons
(CR4-2, CR4-4 and CR4-16) in the chromosome 4 centromere
(Fig. 4), while no intact retrotransposon in the centromere had
been found in rice in the previous research (21). These intact
retrotransposons, which included the L'TRs, PBSs and PPTs
immediately internal to the LTR and the retrotransposon
reading frames, belonged to types I and II retroelements
separately, indicating that they had the possibilities to be
actively transcribed. The presence of the full intact retro-
transposons provided evidence that the CR elements flanking
the satellite DNA were capable of initiating transcription,
which is thought to be relative to the functional centromere
initiation by a transcription-mediated mechanism (33).

Comparison with the rice chromosome 8 centromere-
related sequences

Rice chromosome 8 has also been identified to be with limited
amount of CentO repeats (18). We searched a rice chromo-
some 8 centromere-related sequence of B1052H09
(AP006480) that was completely sequenced and assembled
from GenBank. Comparative analysis revealed that the CentO
spanned region of chromosome 8 centromere was 78 kb and
the length of CentO repeats were 68 kb. Chromosome 4 has
the most heterochromatic region in the rice genome. About
one-third of the chromosome including the entire short arm

and the pericentric region of the long arm is highly
heterochromatinized (34). Though chromosomes 4 and 8
have similar sizes of CentO repeats (59 and 68 kb), more
retroelements inserted into the CentO repeats of chromosome
4 centromere core region. In addition, though the CR elements
of rice chromosome 8 centromere were much less than that of
chromosome 4, an intact RIRE7 retrotransposon (type III
retroelement) was found in the chromosome 8 centromeric
region.

DISCUSSION

The centromere is the most essential element of chromosomes
for the faithful segregation and inheritance of genetic infor-
mation in higher eukaryotic species. However, centromeric
sequences in different species appear to be variable, although
their function is highly conserved (1,2). There seems no doubt
that achieving a complete sequence of a chromosome
centromere will contribute to establishing the sequences
required for the function and a better understanding of the
function of the centromere. Unfortunately, so far, the
sequences of natural centromeres are not completely available
yet, although some detailed sequences about centromere
regions have been studied (15,16). The sequence structure of
the centromere of rice chromosome 4 reported here is, to our
knowledge, the first complete centromere sequence, at least in
rice.

DNA sequences associated with centromeric regions have
been reported in numerous species including some plant
species. The centromeres of higher eukaryotic species are
mainly composed of satellite repeats and other repetitive
elements. In rice chromosome 4, tandemly arrayed repeats



CentO and 19 CRs constituted the centromere core region. The
155 bp CentO repeats had the similar monomer length with the
centromeric satellite repeats in other species, such as alpha
satellite in human (15), pAL1 in Arabidopsis (16) and CentC
in maize (35). The conservative repeat lengths found for most
centromeric satellites are thought to be corresponding to the
nucleosomal unit lengths (1). Retroelements have been
reported to be conserved components of cereal centromeres
whereas the retrotransposon family shows no such clear
localization in Arabidopsis genome (21). Previous researches
have identified a highly conserved Ty3/gypsy-like retro-
transposon family in the centromeres of maize (35), sorghum
(36), barley (37), rice (18,22,23) and many other cereals (21).

Several centromeric repetitive DNA elements have been
identified to play important roles in interactions with the
centromeric-specific histone H3 variant (31,32). And the
complete composition of centromeric repeats will provide a
platform for identification of centromere function and minimal
sequences that provide centromere function. The preferential
insertion of the CR elements among CentO repeats indicates
that the centromere-specific retroelements have contributed to
centromere expansion during evolution. Among the CentO
tracts, four tracts of 65 CentO repeats were located in an
opposite orientation. Our study also reveals that type I
retroelements have transposed into the centromere more
recently than other elements and may be more specific to
rice centromeres.

The structure of the complete rice chromosome 4
centromere suggests that a certain number of tandemly
arrayed repeats and at least one intact retrotransposon element
might be necessary for maintaining the full centromere
function in higher plants through a transcription-mediated
mechanism. Recent studies in fission yeast suggest that either,
or both, tandem repeats and LTR retrotransposons may play a
role in the heterochromatinization of centromeric DNA
through an RNA interference (RNAi) related mechanism
(38-40). The heterochromatin that coats centromeric repeats is
required for the assembly of an active centromere. As in
fission yeast, the centromeric heterochromatins of most
eukaryotes are frequently made up of tandem arrays of simple
satellites interspersed with other repetitive elements (e.g.
retrotransposons). Those tandem repeats and repetitive elem-
ents would be subject to triggering chromatin modification by
the same mechanism as long as one strand is transcribed and
the components of the RNAi machinery are recruited.

Rice provides an almost perfect model to obtain the full
centromere sequence, for several rice chromosomes contain a
limited amount of the satellite repeats. Beside the centromere
of chromosome 4, the centromere of chromosome 8 is also
small enough to be covered by constructed BAC contigs and
be sequenced. We compared the only two available centro-
mere sequences in rice till now, the complete sequence in
chromosome 4 and the centromere-related sequence in
chromosome 8 obtained from GenBank, to detect the differ-
entiation of centromere sequence between chromosomes in
the same species. The two centromeres comprised almost the
same amount of CentO repeats, whereas the number of
retroelements varied, which indicated that the similarity
between the centromere sequences might be associated with
their function.

Nucleic Acids Research, 2004, Vol. 32, No.6 2029

Since there are no centromeric regions that have been
completely sequenced in higher plants, the full structural
information of the centromere of rice chromosome 4 may shed
some light on the functional dissection of a centromere and
identification of minimal sequences that provide the centro-
mere function.
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