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Abstract Rice (Oryza sativa ssp. japonica cv. Nippon-
bare) harbors a ribosomal RNA gene (rDNA) cluster
in the nucleolar-organizing region at the telomeric end
of the short arm of chromosome 9. We isolated and
sequenced two genomic clones carrying rice rDNA
fragments from this region. The rice rDNA repeat
units could be classiWed into three types based on
length, which ranged from 7,928 to 8,934 bp. This vari-
ation was due to polymorphism in the number of 254-
bp subrepeats in the intergenic spacer (IGS). Polymer-
ase chain reaction (PCR) analysis suggested that the
rDNA units in rice vary widely in length and that the
copy number of the subrepeats in the IGS ranges from
1 to 12 in the rice genome. PCR and Southern blot
analyses showed that most rDNA units have three
intact and one truncated copies of the subrepeats in the
IGS, and distal (telomere-side) rDNA units have more
subrepeats than do proximal (centromere-side) ones.
Both genomic clones we studied contained rDNA-

Xanking DNA sequences of either telomeric repeats
(5�-TTTAGGG-3�) or a chromosome-speciWc region,
suggesting that they were derived from the distal or
proximal end, respectively, of the rDNA cluster. A
similarity search indicated that retrotransposons
appeared more frequently in a 500-kb portion of the
proximal rDNA-Xanking region than in other subtelo-
meric regions or sequenced regions of the genome.
This study reveals the repetitive nature of the telo-
meric end of the short arm of chromosome 9, which
consists of telomeric repeats, an rDNA array, and a
retrotransposon-rich chromosomal region.

Introduction

Ribosomal RNAs are well known as structural compo-
nents of the ribosome complex, which translates
mRNA into protein in both prokaryotes and eukary-
otes. In many eukaryotes, including higher plants,
nuclear 16(¡18)S, 5.8S, and 25(¡28)S rRNA genes
(rDNAs) typically are present in this order, with two
internal transcribed spacers (ITSs) in the transcrip-
tional unit (35S rDNA). An rDNA repeat unit, com-
posed of a transcriptional unit and a nontranscribed
intergenic spacer (IGS), is highly repetitive and clus-
tered in tandem array in these genomes. In addition,
rDNA units are highly homogeneous as a result of con-
certed evolution through unequal crossover and
genetic exchange (Arnheim et al. 1980; Coen et al.
1982; Flavell 1986; Liao 1999). Sequence comparison of
rDNAs from various plant species and subspecies
could lead to a better understanding of the evolution-
ary relationships among them (Zimmer et al. 1988;
Cordesse et al. 1993; Hemleben and Zentgraf 1994).
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The chromosomal location of rDNA has been analyzed
cytologically in cultivated and wild rice species and
subspecies (Ohmido et al. 2000; Shishido et al. 2000).
One cultivated rice subspecies, Oryza sativa ssp. japon-
ica, has a nucleolar-organizing region (NOR) at the
telomeric end of the short arm of chromosome 9
(Chung et al. 1993; Ohmido et al. 2000; Kato et al.
2003). The rice O. sativa ssp. japonica has approxi-
mately 850 copies of 8-kb rDNA repeat unit per dip-
loid genome (Oono and Sugiura 1980). For several
cultivated and wild rice species and subspecies, the
nucleotide sequences of rDNAs and their spacers have
been registered in public databases. In addition, in rice,
as well as in the other organisms, heterogeneity of the
rDNA units due to polymorphism of subrepeats in
intergenic regions has been identiWed (Oono and Sugi-
ura 1980). However, it remains unclear how rice rDNA
unit variants are ordered on the chromosome. More-
over, characterization of the DNA sequences of the
regions Xanking rDNA clusters in rice also remains
insuYcient. We isolated rice genomic clones carrying
rDNA sequences to compare the structures of the dis-
tal and proximal rDNA arrays and to analyze the
sequences of their Xanking regions. Here we describe
the characteristics of the rice rDNA arrays in relation
to their chromosomal position, sequence structure of
the boundary region between the rDNA array and
telomeric repeats, and sequence composition of the
500 kb Xanking the proximal rDNA region.

Materials and methods

Isolation and mapping of genomic clones each carrying 
an rDNA array and its Xanking region

A bacterial artiWcial chromosome (BAC) genomic
library (coded by OSJNBb; Chen et al. 2002) and a
fosmid genomic library (coded by OSJNOa; Ammiraju
et al. 2005) from O. sativa ssp. japonica (cv. Nippon-
bare) provided by the Clemson University Genomics
Institute (CUGI) and the Arizona Genomics Institute
(AGI), respectively, were used. A BAC clone that car-
ried both a proximal rDNA array and its Xanking
region was selected on the basis of BAC contigs (http://
www.genome.arizona.edu/fpc/WebAGCoL/rice/Web-
FPC/) generated by using Wngerprinting and sequence-
tagged connectors (Chen et al. 2002). In contrast, the
fosmid library was screened by overgo hybridization
(Chen et al. 2002) using high-density fosmid Wlters. A
telomere-speciWc overgo probe (54 bp long) was
labeled with 32P-dATP and -dCTP by using a pair of
32-mer oligonucleotides (5�-AGGGTTAGGGTTTA

GGGTTAGGGTTTAAGGGG-3� and 5�-ACCCTA
AACCCTAAACCCTAAACCCCTTAAAC-3�) con-
taining complementary 10-bp overlaps at each 3� end.
DNA labeling and hybridization conditions were the
same as described previously (Mizuno et al. 2006).

DNA sequencing and assembly

The nucleotide sequences of the isolated genomic
clones were determined by using shotgun sequencing
with tenfold overlap, as described (Sasaki et al. 2002).
The sequence data were assembled, edited, and veriWed
for accuracy using the PHRED, PHRAP, and CON-
SED computer programs (Ewing et al. 1998; Ewing and
Green 1998; Gordon et al. 1998). For correct assembly
of repeat sequences, the entire sequences of some shot-
gun clones were determined independently using the
GPS-1 Genome Priming System (New England Biol-
abs, Ipswich, MA, USA) and integrated with the whole
assembly of genomic clones. The resulting assembly was
conWrmed by restriction digestion and subjected to
pulsed-Weld agarose gel electrophoresis (CHEF DR-III,
Bio-Rad, Hercules, CA, USA). All determined nucleo-
tide sequences have been warranted as highly accurate
(PHRAP quality score ¸ 30, or by manual conWrmation
or both), according to International Rice Genome
Sequencing Project standards (International Rice
Genome Sequencing Project 2005).

Database searches and sequence analysis

Database searches of nucleotide sequences were per-
formed using the BLASTN program (Altschul et al.
1997). We used the sequences of our genomic clones as
queries to search the nonredundant (nr) nucleotide data-
bases (http://www.ncbi.nlm.nih.gov/BLAST/). Repeat
sequences were detected using RepeatMasker (http://
ftp.genome.washington.edu/RM/RepeatMasker.html)
in combination with the TIGR rice repeat sequence
database (http://www.tigr.org/tdb/e2k1/osa1/). Sequence
analysis, alignment, and comparison were performed
using SEQUENCHER 4.1 software (Gene Codes, MI,
USA), the CLUSTALW program (Thompson et al.
1994), and the EMBOSS program (Rice et al. 2000;
http://www.hgmp.mrc.ac.uk/Software/EMBOSS/).

Southern blot hybridization

A 1.6 kb-DNA fragment of the 18S rDNA was ampli-
Wed by polymerase chain reaction (PCR) in a 50-�l
reaction mixture containing 250 ng of rice total DNA,
250 �M of each dNTP, 2.5 mM MgCl2, 0.5 �M of each
primer (5�-CGAACTGTGAAACTGCGAATGGC-3�
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and 5�-TAGGAGCGACGGGCGGTGTG-3�), 1£
ExTaq buVer, and 1 U ExTaq DNA polymerase
(Takara Bio, Otsu, Japan). The ampliWcation condi-
tions were: 94°C for 1 min; 25 cycles of 98°C for 20 s
and 68°C for 5 min: and 72°C for 10 min (GeneAmp
PCR System 9700, Applied Biosystems, Foster City,
CA, USA). DNA blotting and hybridization proce-
dures were as previously described (Kurata et al. 1994;
Nagamura et al. 1995).

PCR analysis

The IGS subrepeat array of the rDNA unit was ampli-
Wed by PCR in a 50-�l reaction mixture containing 50 ng
of rice total DNA, 250 �M of each dNTP, 0.5 �M of each
primer (IGS-F: 5�-CTCGCCCCAGCTCCCGAG-3�

and IGS-R: 5�-GGCTACGTGCCCGAACAC-3�), 2£
GC buVer I, and 2.5 U LATaq DNA polymerase
(Takara Bio). The ampliWcation conditions were: 94°C
for 1 min, followed by 30 cycles of 94°C for 30 s and
68°C for 10 min (GeneAmp PCR System 9700,
Applied Biosystems). PCR products were electropho-
resed in a 0.8% agarose gel in 0.5£ TBE buVer.

Results

Sequence analysis of genomic clones carrying rice 
rDNA arrays

To study the relationship between polymorphism of
rice rDNA units and chromosomal location, we
selected genomic clones derived from the boundaries
between the rDNA cluster and chromosome-speciWc
segments. In the case of the distal boundary region, a
genomic clone carrying a distal rDNA array also was
expected to carry telomeric repeats, as shown in previ-
ous cytologic studies (Ohmido et al. 2000; Shishido
et al. 2000). Furthermore, the rDNA cluster is located
at the distal end of the short arm of chromosome 9, sug-
gesting that it is close to the telomeric region. We there-
fore Wrst screened the fosmid library using a telomere-
repeat-speciWc probe to isolate the boundary clone
from the distal rDNA array. We found that a genomic
clone, OSJNOa063K24, which was one of the fosmid
clones isolated with an overgo probe for telomeric
repeats, carried both the rDNA array as well as telo-
meric repeats, according to analysis of end-sequences.
Therefore this clone was conWrmed to represent the
boundary between the distal rDNA array and a chro-
mosome-speciWc segment close to the telomere.

For the proximal boundary, we selected BAC clone
OSJNBb0013K10 from a contig (contig no. 60) located

at 0 cM of rice chromosome 9 (Chen et al. 2002). This
clone was found to carry an rDNA array as well as a
chromosome-speciWc segment that overlapped with a
previously sequenced chromosomal region, in light of
analysis of the BAC end-sequences provided by AGI
(Chen et al. 2002). Therefore OSJNBb0013K10 was
conWrmed to represent the boundary between the
proximal rDNA array and a chromosome-speciWc seg-
ment.

The nucleotide sequences of the two genomic clones
were determined by shotgun sequencing and carefully
assembled and edited by manual conWrmation of
restriction proWles. In addition, several shotgun clones
were fully sequenced independently and the data
applied to the assembly of the whole genomic clones.
The resulting assemblies of OSJNOa063K24 and
OSJNBb0013K10 showed that the sizes of the cloned
DNA fragments were 30,177 and 129,118 bp, respec-
tively. These assemblies were consistent with the diag-
nostic restriction digestion proWles of these clones
(data not shown).

Sequence comparison of rice rDNA units

To determine the nucleotide sequences of the rDNA
units in the two clones, we compared them with known
sequences of rice rDNA and spacer regions (accession
nos. M11585, M16845, X00755, and X54194; Takaiwa
et al. 1984, 1985a, b, 1990) using BLASTN. The results
showed that OSJNOa063K24 and OSJNBb0013K10
carried two and four copies of the complete rDNA
unit, respectively, each of which consisted of 18S, 5.8S,
and 25S rDNAs, two internal transcribed spacers
(ITS1, ITS2), and a nontranscribed IGS between the
25S and 18S rDNAs (Fig. 1a, c). These six copies of
rDNA units could be classiWed into three types accord-
ing to size (Fig. 1b). The type 1 and type 2 units were
8,934 and 8,426 bp, respectively, with one copy each in
OSJNOa063K24 (Fig. 1c), whereas the type three unit
was 7,928 bp, with four copies in OSJNBb0013K10
(Fig. 1c).

The sequences were aligned to reveal polymorphism
among them. The three types of rDNA units had the
same sequence length with >99.9% identity in the tran-
scribed region from the 18S to the 25S rDNA (data not
shown). However, sequence alignment gaps in the
IGSs appeared at 254-bp intervals, consistent with the
length of the subrepeat array (Fig. 2a). The results also
showed that the diVerences were due to the polymor-
phism in copy number of subrepeats among the three
types of unit: type 1 units carried 7 subrepeats in the
IGS, type 2 units had 5, and type 3 units had 3 (Fig. 2b).
The number of putative transcription initiation sites
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(5�-TATAGTAGGGG-3�, Takaiwa et al. 1990) in the
IGS subrepeats also varied according to changes in the
copy number of subrepeats (Fig. 2a). Therefore the
subrepeating element may function as transcription
enhancer as in other systems (Schiebel et al. 1989; Pil-
ler et al. 1990). Interestingly, the subrepeats commonly
present in the IGSs had identical sequences among
units (Fig. 2a), although variation in size (254 bp,
244 bp, and truncated at 62 bp) occurred among subre-
peats. In addition, both upstream and downstream
regions of the subrepeat arrays as well as the tran-
scribed regions were highly conserved, with >99.9%
sequence identity. As far as possible, we also catego-
rized partial rDNA units in the two clones according to
subrepeat types (Fig. 1c).

Size variation among rice rDNA units

To survey variation of rDNA units in rice, Southern
blot hybridization was done using the 18S rDNA
sequence described in Fig. 1a as a probe. Conse-
quently, a single 7.9-kb band after EcoRI or EcoRV
digestion, and two bands at 4.2 and 3.8 kb after BamHI
digestion (Fig. 3a), were detected. The sizes of these
bands were equivalent with those of the DNA

fragments expected from the sequence of the type 3
unit (Fig. 3a). Therefore, most of the rDNA units in
rice are represented by the type 3 unit. In contrast,
Southern analysis failed to reveal bands characteristic
of type 1 and type 2 units. In addition, a weak band at
7.9 kb appeared after BamHI digestion, implying the
presence of a minor class of rDNA units in rice that
was not sequenced in this study. However, this minor
rDNA unit was considered to be a variant of type 3 in
light of the size similarity between the units. There is
another possibility that this minor band might arose
because of the partial interference of restriction diges-
tion due to DNA methylation (Torres-Ruiz and Hem-
leben 1994).

For a more detailed survey of the variation in rice
rDNA units, we performed PCR analysis of the rice
genome by using a pair of primers that ampliWed the IGS
subrepeat array (Fig. 2a). A laddered collection of ampli-
Wcation products resulted (Fig. 3b). Part of the ladder
occurred at intervals of about 250 bp, reXecting the copy
number of the subrepeats. An approximately 860-bp frag-
ment was ampliWed predominantly (Fig. 3b), and the size
of this PCR product was consistent with that expected
from the type 3 unit sequence—that is, 3 254-bp subre-
peats and a single 62-bp truncated subrepeat in the IGS

Fig. 1 Structure of rDNA units of rice. Open boxes in a and b
indicate the positions of rRNA genes. a Structure of a typical
rDNA unit of rice. A 1.6-kb DNA fragment of the 18S rDNA was
used as a probe for Southern blot analysis. b Comparison of the

rDNA units identiWed. The 5� end of the 18S rDNA is indicated
as 1, and the positions of restriction sites for BamHI (B), EcoRI
(EI), and EcoRV (EV) are indicated accordingly. c Composition
of the rDNA units in the two genomic clones
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(Fig. 2a). This result supports the idea that the type 3 unit
represents the majority of rDNA units in the rice genome.
In addition, several other fragments were ampliWed
weakly, suggesting the existence in rice of low-copy minor
rDNA units that vary according to the number of IGS
subrepeats present (Fig. 3b). The smallest PCR product
was estimated to 350 bp, consistent with a fragment carry-
ing a single 254-bp subrepeat and one 62-bp truncated
subrepeat. The largest product was approximately 3.1 kb,
consistent with a fragment carrying 12 full-length (254-bp)
subrepeats and a single 62-bp truncated subrepeat as well
as the two oligonucleotide primers. These results suggests
that rice rDNA units range from 7.4 to 10.2 kb.

Sequence analysis of the boundary between the
distal rDNA array and telomeric repeats on rice 
chromosome 9

Sequence analysis of OSJNOa063K24 showed that, in
addition to the distal rDNA array, this clone carried the
telomeric repeat sequence (5�-TTTAGGG-3�) arrayed
in tandem (Fig. 4a). A DNA fragment corresponding to

bases 1 through 1,065 in OSJNOa063K24 consisted of
135 copies of the telomeric repeat interspersed with its
variants (5�-TTAGGG-3� or 5�-TTTTAGGG-3�)
(Fig. 4a). Therefore, we concluded that this clone origi-
nated from the boundary between the distal rDNA
array and the telomeric region on the short arm of chro-
mosome 9. We also detected a 53-bp DNA fragment
between the rDNA sequence and the telomeric repeats
(bases 1,066 through 1,118 of OSJNOa063K24). This
fragment contained six inverted telomeric repeats of
(5�-CCCTAAA-3�) (Fig. 4a).

Sequence analysis of the boundary between the proxi-
mal rDNA array and a chromosome-speciWc segment

Sequence analysis of OSJNBb0013K10 showed that
this clone included the boundary between the proximal
rDNA array and a chromosome-speciWc segment
already mapped and sequenced (Wu et al. 2003; Inter-
national Rice Genome Sequencing Project 2005). In
contrast to the distal boundary and its association with
telomeric repeats, the proximal boundary showed no
speciWc sequence characteristics upstream of the
rDNA array.

Further, to characterize the chromosome-speciWc seg-
ment Xanking the proximal rDNA array, we extended
the sequence analysis of the region to 500 kb adjacent to
the rDNA array (Fig. 4b). The G+C content of the 500-
kb region was 46%, lower than that of the rDNA units
(62–63%). A total of 121 genes were identiWed from the
manual annotation of the genomic clones covering this
region (http://www.rgp.dna.aVrc.go.jp/cgi-bin/statusdb/).
Among them, 66 were potential protein-coding genes,
and the remainder were pseudogenes, noncoding tran-
scripts, or single-program predicted genes. Moreover,
the prediction of seven of the protein-coding genes was
supported by the full-length cDNA sequences (Kikuchi
et al. 2003) from this 500-kb region (Fig. 4b). Most of the
remaining 59 predicted protein-coding genes showed
similarity to transposable elements, suggesting that this
500-kb region is not gene-dense.

Detection of rice repeat sequences by using Repeat-
Masker showed that 49.6% of the 500-kb region was
occupied by several classes of the repeat sequences
(Table 1). Moreover, 79.7% of the repeat sequences in

Fig. 2 Comparison of the IGS sequences in the three types of
rDNA units of rice. a Sequence alignment of a 5� region of the
IGS. Hyphens indicate sequence gaps. The numbers in the right
column indicate the position of the rightmost base in each line.
Subrepeats (254 or 244 bp) or truncated subrepeats (62 bp) are en-
closed by lines or broken lines, respectively. Putative transcrip-

tional initiation sites for RNA polymerase I are indicated by bold
underlines. The positions of the primers for PCR analysis (IGS-F
and IGS-R) are indicated by arrows below the sequence align-
ment. b Composition of subrepeats of the IGSs in three types of
rDNA units. Sizes of the full-length (solid lines) or truncated (bro-
ken lines) subrepeats are shown by the numbers above the arrows 

Fig. 3 Variation in rDNA units of rice. a Genomic Southern blot
analysis of rice rDNA. Genomic DNA of rice was digested with
BamHI, EcoRI, or EcoRV. The position of probed 18S rDNA is
shown in Fig. 1. b PCR analysis of the IGS subrepeats of rice rD-
NA. The primer pair (IGS-F and IGS-R) indicated in Fig. 2a was
used for PCR ampliWcation. Arrows indicate the sizes of ampliWed
DNA fragments detected
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this region (corresponding to 39.6% of the 500-kb
region) were classiWed as retrotransposons, especially
Ty3/gypsy-class retrotransposons (corresponding to
74.6% of the total number of retrotransposon sequences
and 29.5% of the 500-kb region). The distribution of the
repeat sequences showed that a 150-kb region next to
the proximal rDNA-Xanking region was particularly
enriched in Ty3/gypsy-class retrotransposons (Fig. 4b).

Discussion

Variation in the length of rice rDNA units is related to 
chromosomal location

Through sequence analysis of two genomic clones,
OSJNOa063K24 and OSJNBb0013K10, which origi-

nated from the distal and proximal regions, respec-
tively, of the short arm of chromosome 9, this study
revealed that the size variation of rDNA units in O.
sativa ssp. japonica (cv. Nipponbare) is related to their
chromosomal location. OSJNOa063K24 is a fosmid
clone that was generated from a randomly sheared
DNA (Ammiraju et al. 2005), thus enabling cloning of
a DNA fragment of the telomeric region. The two
rDNA arrays that we sequenced are located in the
rDNA cluster, as summarized in Fig. 5. In the case of
the sequenced rDNA units, the rDNA units at the dis-
tal end are larger (because of the presence of more
copies of subrepeats) than are those at the proximal
end (Fig. 5). The only known example similar to this
Wnding for rice is that of Arabidopsis thaliana NOR4,
where rDNA units were divided into at least three clas-
ses according to the length (long, intermediate, or

Fig. 4 Sequence of DNA fragments Xanking the rDNA array. a
Nucleotide sequence of the telomere region and adjacent region
to the rDNA array in OSJNOa063K24. A complementary strand
of the registered sequence of the clone is described here. Tandem
telomere repeats are as with (TTTAGGG)n, where n is copy
number. A 1,065-bp of the telomeric region is enclosed by solid
lines. A 53-bp section of the region adjacent to the rDNA array is
enclosed by broken lines. Inverted telomere repeats are shown as
(CCCTAAA)n, where n is copy number. Base positions are indi-

cated by numbers below the vertical lines. b Structure of a 500-kb
section of the region Xanking the proximal rDNA array at the
short arm (0 cM) of chromosome 9. The physical map with the
clone contig is shown in the upper Wgure. Positions of predicted
genes supported by the full-length cDNA sequences of rice are
indicated by arrows. Distribution of repeat sequences is shown in
the lower Wgure. Repeat length was calculated for every 10-kb
window with 1-kb sliding
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short) of the spacer region, and each class appeared in
this order (from telomere to centromere) in the NOR
(Copenhaver and Pikaard 1996b). These researchers
also suggested that the intermediate spacer-length class
may have originated by recombination between short-
and long-spacer variants in A. thaliana NOR4.

However, unlike A. thaliana NOR4, in which each of
the three classes is clustered in a region spanning sev-
eral hundred kilobases to t1.7 Mb , the rice NOR was
occupied predominantly by type 3 rDNA units, each of
which has three 254-bp subrepeats and one 62-bp trun-
cated subrepeat in the IGS. Results of PCR analysis
indicated the existence of other rDNA units in which
the number of subrepeats varied, but Southern blot
analysis failed to detect them. These observations sup-
port our conclusion that the majority of rice rDNA
units are of type 3. Although this result is apparently
inconsistent with those of the study by Oono and Sugi-
ura (1980), in which they detected two kinds of rDNA
units in regard to size (7.6 and 7.9 kb), we consider that
the inconsistency might arise because of the use of
diVerent rice cultivars in the two studies. In fact, the
nucleotide sequences of the rDNA units showed dis-
crepancies between the two studies (data not shown).
Therefore, we conclude that type 3 rDNA units

represent the majority of rDNA units in O. sativa ssp.
japonica cv. Nipponbare. We believe that it is impor-
tant to characterize the rDNA unit sequences of the
Nipponbare in detail because it is considered to be a
standard rice cultivar for molecular biology and genet-
ics. Regardless, rice rDNA units are more homoge-
neous than those of A. thaliana, as established through
this and previous (Oono and Sugiura 1980) studies.

Structural features of the regions Xanking rice rDNA 
arrays

In this study we also revealed various features of
regions Xanking the distal and proximal rDNA arrays.
A typical plant telomeric repeat (5�-TTTAGGG-3�)
and its variants were repeated in the distal rDNA-
Xanking region. As in the ends of other rice chromo-
somes (Yang et al. 2005; Mizuno et al. 2006), the telo-
meric repeat arrays in the distal region were oriented
as 5�-TTTAGGG-3� in the direction of centromere to
telomere. The telomeric region of rice has been esti-
mated to be 3.5 kb long on average (Yang et al. 2005),
suggesting that the telomeric region of chromosome 9
most likely extends beyond the 1,069 bp of telomeric
repeats we sequenced. In addition, we identiWed a 53-bp

Table 1 Repeat sequences in the proximal Xanking region of the rice rDNA array

a ClassiWcations of repeat sequences provided by the TIGR_Oryza_Repeats v 2.1 database were used
b ClassiWcations of codes of repeat sequences provided by the TIGR_Oryza_Repeats v2.1 database were used
c Repeat classes other than retrotransposons, transposons, and MITE were included

Classa Codeb No. of sites Total 
length 
(bp)

Repeat sequence
length/500
kb (%)

Class repeat sequence 
length/total repe
at length (%)

Retrotransposon TERT 94 197,726 39.5 79.7 
Transposon TETN 43 36,698 7.3 14.8 
MITE TEMT 41 8,495 1.7 3.4 
Othersc Not applicable 39 5,070 1.0 2.0 
Total 217 247,989 49.6 100 

Fig. 5 Schematic illustration of the structure of the distal end of the short arm of chromosome 9. Each rDNA unit is represented by a
horizontal arrow 
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DNA fragment that intervened between the telomeric
region and the rDNA array. This fragment carries six
copies of inverted telomeric repeats. However, this
sequence may not have functional or other importance
for chromosome maintenance, because this structure is
not common to all the telomere-adjacent regions of
rice chromosomes sequenced thus far (Yang et al.
2005). Unlike in rice, in A. thaliana a 13-bp sequence
has been duplicated directly in rDNA–telomere junc-
tions, likely because of incomplete recombination,
(Copenhaver and Pikaard 1996a).

In contrast to the case with the distal array, we found
that almost half of the 500-kb region Xanking the proxi-
mal rDNA array was occupied with repeat sequences,
especially Ty3/gypsy-class retrotransposons. The pro-
portion of retrotransposons in this region is twice as
high as the average for the entire rice genome (Interna-
tional Rice Genome Sequencing Project 2005). Further,
the gene density in this region is 7.6 kb/gene (66 genes
per 500 kb), which appears higher than the average
gene density for the entire rice genome. However,
many of the predicted genes presumably are derived
from transposable elements, and only seven of the 66
genes predicted are supported by full-length rice cDNA
sequences in this region. Therefore, we conclude that
the actual gene density of this region is lower than the
average for the entire rice genome.

The structural features of an increased proportion of
Ty3/gypsy-class retrotransposons and low gene density
are rather similar to the structural features of centro-
meric regions (Presting et al. 1998; Nagaki et al. 2004;
Wu et al. 2004) than to those in telomeric and subtelo-
meric regions (Mizuno et al. 2006). A kind of Ty3/
gypsy-class retrotransposon is found speciWcally in the
centromere or pericentromeric regions of maize and
rice (Zhong et al. 2002; Nagaki et al. 2004; Nagaki and
Murata 2005) and may bind centromere-speciWc histone
H3 protein, suggesting that the retrotransposon
sequence plays a role in the maintenance of chromatin
structure, chromosome pairing, or chromosome segre-
gation. Regardless, the retrotransposons in the 500-kb
region that we analyzed diVer from centromere-speciWc
retrotransposons (CRRs), and we cannot presently sug-
gest a rational hypothesis regarding the functional
meaning of the Ty3/gypsy-class retrotransposons
amassed in the Xanking region of the proximal rDNA
array. Apart from any functional meaning, the presence
of abundant retrotransposon sequences and the rDNA
cluster suggests that much of the short arm of rice chro-
mosome 9 is potentially heterochromatic in nature.
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