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Abstract The genes encoding for 18S-5.8S-28S ribo-
somal RNA (rDNA) are both conserved and diversified. We
used rDNA as probe in the fluorescent in situ hybridization
(rDNA-FISH) to localized rDNAs on chromosomes of 15
accessions representing ten Oryza species. These included
cultivated and wild species of rice, and four of them are tet-
raploids. Our results reveal polymorphism in the number of
rDNA loci, in the number of rDNA repeats, and in their
chromosomal positions among Oryza species. The numbers
of rDNA loci varies from one to eight among Oryza spe-
cies. The rDNA locus located at the end of the short arm of
chromosome 9 is conserved among the genus Oryza. The
rDNA locus at the end of the short arm of chromosome 10
was lost in some of the accessions. In this study, we report
two genome specific rDNA loci in the genus Oryza. One is
specific to the BB genome, which was localized at the end
of the short arm of chromosome 4. Another may be specific
to the CC genome, which was localized in the proximal
region of the short arm of chromosome 5. A particular
rDNA locus was detected as stretched chromatin with
bright signals at the proximal region of the short arm of
chromosome 4 in O. grandiglumis by rDNA-FISH. We
suggest that chromosomal inversion and the amplification
and transposition of rDNA might occur during Oryza spe-
cies evolution. The possible mechanisms of cyto-evolution
in tetraploid Oryza species are discussed.
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Introduction

The genes encoding for 18S5-5.8S-28S ribosomal RNA
(rDNA) occur as tandem arrays at one or several specific
regions on chromosomes. In higher eukaryotes, each rDNA
repetitive unit contains a transcriptional unit, including the
genes for 18S—5.8S-28S and two internal transcribed spac-
ers (ITSs), and an intervening intergenic spacer (IGS)
region. These genes are highly conserved among various
organisms although the spacer regions are less conserved
than the genes themselves (Weider et al. 2005). The chro-
mosomal segment harboring these genes is known as a
nucleolar organizing region (NOR), which is often associ-
ated with a nucleolus. The rDNAs could change rapidly
both in copy number and chromosomal location in plant
genomes (Schubert and Wobus 1985; Raina and Mukai
1999). The number and location of NORs are varied among
related genomes; therefore, NOR chromosome could be
used as a chromosomal landmark to provide valuable evi-
dence regarding genome evolution at chromosomal and
molecular levels. The fluorescent in situ hybridization
method with rDNA probe (rDNA-FISH) is more advanta-
geous than the classical silver-staining analysis because it
can detect rDNASs irrespective of their transcriptional activ-
ity (Linde-Laursen et al. 1992; Chung et al. 1993). Besides,
the mass and intensity of the resulting fluorescent signal
could reflect the copy number of genes arrayed at that site
(Cerbah et al. 1998). The polymorphism of rDNAS in copy
number of repeats and the chromosomal position are visible
and comparable in the same experiment and have been
investigated in several plant genomes (Leitch and Heslop-
Harrison 1992; Linde-Laursen etal. 1992; Raina and
Mukai 1999; Li and Zhang 2002). Those results have pro-
vided valuable information of genomic organizations at the
chromosomal level.
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Cultivated rice (Oryza sativa, L) is one of the most
important staple food crops in the world. The genus Oryza
comprises about 24 species, including two cultivated spe-
cies, O. sativa and O. glaberrima, and wild species. The
Oryza species, including diploids (2n = 24) and tetraploids
(2n = 48), are classified genetically into ten genome types,
i.e. AA, BB, CC, BBCC, CCDD, EE, FF, GG, JJHH and
JJKK genomes (Vaughan et al. 2003). The phylogenetic
relationships in the genus Oryza have been studied broadly
through various molecular markers (Ge et al. 1999). Fur-
thermore, in silico analysis through the effective physical
mapping of DNA markers will allow for detailed compara-
tive genome analyses of these species. In those studies,
chromosomal duplications and rearrangements have been
reported (Wang etal. 2005; Yu etal. 2005). However,
rDNA-FISH can provide an alternative and efficient solu-
tion to investigate cyto-evolution at the chromosome level
among Oryza species.

Oryza sativa ssp. japonica has a NOR at the end of the
short arm of chromosome 9 (Kurata and Omura 1978;
Fukui and Iijima 1991; Chung et al. 1993) and O. sativa
ssp. indica has one more NOR at the end of the short arm of
chromosome 10 (Chung and Wu 1987; Chung et al. 1993).
To date, the chromosomal locations of rDNAs in several
cultivars and the wild species of rice have been analyzed
using the FISH technique (Ohmido and Fukui 1995; Shish-
ido et al. 2000). In this study, we investigated the chromo-
somal locations of the rDNA loci in 15 accessions
including cultivated rice and the wild species of rice by
FISH. Our results show that rDNA genes are polymorphic
in the number of loci, in the copy number of the repeat
units, and in chromosomal positions among the Oryza spe-
cies. Based on these results the possible mechanisms of
cyto-evolution in Oryza species are discussed.

Materials and methods
Plant material

The rice species and cultivars used in this study are listed in
Table 1. The original seeds of the wild species of rice were
kindly provided by the late Professor H. I. Oka, National
Institute of Genetics, Japan (http://www.pgcdna.co.jp/cgi-
bin/wrdb/content.cgi). In addition to those wild species of
rice, the following four cultivars were used in this study.
Nipponbare (O. sativa ssp. japonica), a well-known culti-
var, was used as the representative genome in the whole
genome sequencing project (International Rice Genome
Sequencing Project 2005). TNG 67 is one the most popular
Jjaponica type cultivars in Taiwan for its high yield
potential and environmental adaptation and tolerance to
blast (http://www.tari.gov.tw). IR36 is one of well-known
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Table 1 Accession of Oryza species utilized for (DNA-FISH

Genome  Species (accession number) Chromosome(s)
bearing -DNA
AA O. sativa ssp. japonica cv, 9,10
TNG 67
AA O. sativa ssp. japonica cv, 9
Nipponbare
AA O. sativa ssp. indica cv, IR36 9,10
AA O. sativa ssp. indica cv, Dular 9, 10
AA 0. glaberrima (W0025) 9
AA O. rufipogon (W1623)* 9,10
AA O. rufipogon (W0107)* 9,10
BB O. punctata (W1577) 4,9,10
BB O. punctata (W1593) 4,9, 10
BBCC O. punctata (W1564) 4,5,9@2, 10@2
BBCC O. minuta (W0045) 4,9@2, 10@2
CC 0. officinalis (W0567) 5,9,10
CCDD 0. gradiglumis (W0613) 4@2,5@2,9@2, 10@2
CCDD O. latifolia (W0019, W0542, 9@2
W1174)
EE O. australiensis (W0008) 9

2 0. rufipogon (W1623) may be collected in Taiwan, while O. rufipo-
gon (W0107) was collected in India. Both can be easily identified by
morphological characters of plants and seeds

Two homologous pairs of this/these chromosomes bearing rDNAs
were labeled by () @2

cultivars (O. sativa ssp. indica) released by the Internal
Rice Research Institute (IRRI) with high yield and photo-
insensitive characters. Dular is a medium-grain cultivar
from India.

DNA probe preparation

Plasmid pTA71 which contains approximately 9 kb of the
185-5.85-26S rRNA repeat units of Triticum aestivum
(Gerlach and Bedbrook 1979) was used in this study. Plas-
mid pRCS?2 that contains rice centromere specific CentO
repeats (Dong et al. 1998) was used to indicate the centro-
mere position on the rice chromosomes. Purified plasmid
DNA was labeled with biotin-14-dATP or digoxigenin-11-
dUTP by nick-translation (Roche Diagnostics GmbH,
Penzberg, Germany) and then used as FISH probes.

Chromosome preparation and fluorescent
in situ hybridization

Chromosome preparation and the FISH procedure followed
the previously described protocols (Kao et al. 2006). Young
and healthy root tips were harvested, pretreated in 2 mM 8-
hydroxyquinoline at 25°C for 2 h to achieve prometaphase
accumulation, and fixed in freshly prepared Farmer’s fluid
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(95% ethanol:glacial acetic acid =3:1). Root tips were
macerated with 6% cellulose (Onoauka R-10, Yakukt Hon-
sha, Japan) and 6% pectinase (Sigma Chemical Co., St.
Louis, MO.) in 75 mM KCl, pH 4.0 at 37°C for 75 min then
squashed on a slide with the same fixative. Slides were air-
dried and stored at —80°C until required.

Slides were dehydrated through an ethanol series (70,
95, and 100%, 2 min each) prior to be used in fluores-
cence in situ hybridization. After baking on 60°C hotplate
for 30 min, the chromosome preparations were pretreated
with pepsin (1-2 mg/mL, in 10 mM HCI) at 37°C for
15 min. The chromosomes were denatured in 70% deion-
ized formamide (in 2x SSC) at 80°C for 90 s, and immedi-
ately immersed into ice-cold 70, 95 and 100% ethanol
sequentially and air-dried. The hybridization mixture con-
tained 50% deionized formamide, 2x SSC, sheared salmon
sperm DNA (1 pg/pL), 10% dextran sulfate, and probe
DNA (10-100 ng in 20 pL, per slide). Hybridization was
carried out in a moisture box at 37°C for overnight. After
hybridization, slides were washed in 2x SSC at room tem-
perature for 5 min, at 42°C for 10 min, and then for another
5 min at room temperature. Hybridization sites of biotin- or
digoxigenin-labeled probes were immunologically detected
using fluorescein isothiocyanate (FITC)-conjugated avidin
(Vector Laboratories, CA, USA) or a rhodamine-conju-
gated anti-digoxigenin antibody (Roche Diagnostics
GmbH, Penzberg, Germany), respectively. Chromosomes
were counterstained with DAPI in an antifade solution
(Vector Laboratories, CA, USA). Digital images were
captured by a CCD camera (Cool Snapfx, Photometrics,
Tucson, AZ, USA) driven by Image-Pro Plus software
(version 4.5.1, Media Cybernetics, Yorktown, VA, USA)
through an epifluorescent microscope (Axioplan, Carl Zeiss
AG, Germany). Final image was edited with Adobe Photo-
shop 6.0 (Adobe Systems Incorporated, San Jose, CA, USA).

Results
Chromosome identification and karyotyping

Each rice chromosome can be identified based on length and
morphology at somatic prometaphase and meiotic pachytene
stage. Twelve pairs of rice chromosomes are numbered
according to their length in descending order. The chromo-
some complements (Fig. la) and a standard karyotype
(Fig. 1b) of rice, O. sativa ssp. indica cv. IR36, at somatic
prometaphase are shown in Fig. 1. By conventional Giemsa
staining, each pair of rice chromosome presents distinguish-
able features, such as relative length, centromere position
(arm ratio), and heterochromatin distribution pattern. Both
chromosomes 9 and 10 usually attached with nucleolus
are nucleolar chromosomes. In this study, chromosome

b{i B 12 i@ )l Vi
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Fig.1 Chromosome complements (a) and karyotype (b) of O. sativa
ssp. indica cv. Twelve homologous pair of chromosomes were ar-
ranged according to their morphology and numbered according to their
length in descending order. Nu nucleolus. Scale bar 10 pm

identification is based on this established karyotype of IR36
and previously reported (Chen and Wu 1982). To simplify,
the numbers of rDNA loci per respective haploid genome are
mentioned in the following sections.

Genomes with only one rDNA locus

Oryza sativa ssp. japonica cv. Nipponbare (AA), O. glab-
errima (AA), and O. australiensis (EE) have only one
rDNA locus at the end of the short arm of chromosome 9 in
respective genome (Fig. 2a—c). The fluorescent signals of
rDNA-FISH revealed that the NOR appeared as two exten-
sions from condensed sister chromatids at prometaphase.

Genomes with two rDNA loci

In addition to the rDNAs on chromosome 9, the second site
was found at the end of the short arm of chromosome 10 in
several species with AA genome, including O. sativa ssp.
Jjaponica cv. TNG 67, indica cv. IR36 and Dular, and O.
rufipogon (W0107, W1623) (Fig. 2d-h). In TNG 67 and IR36,
bright fluorescent signals of rDNA-FISH presented as
extensions from the ends of the short arms of chromosome
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Fig. 2 One or two pairs of
rDNA loci (red) were mapped
by FISH on somatic prometa-
phase chromosomes (blue) of

a O. sativa ssp. japonica cv.
Nipponbare (AA), b O. glaberr-
ima (AA), and ¢ O. australiensis
(EE), d O. sativa ssp. japonica
cv. TNG 67, e O. sativa ssp.
indica cv. IR36 and f Dular,

g O. rufipogon (W0107), and

h O. rufipogon (W1623). Note:
the signals on chromosome 10
(arrows) were apparently less
than those on chromosome 9
(arrowheads) in d and e. Centro-
meres are indicated by biotin-la-
beled pRCS2 (green) in a—c and
h. Chromosomes were counter-
stained with DAPI (blue) and
identified based on their
morphology and length.

Scale bar 10 um

c

d
4
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4

9 (Fig. 2d, e). The fluorescent signals of rDNA-FISH could
reflect the relative length of rDNA arrays at that position,
therefore, the rDNA repeats at the end of the short arm of
the chromosome 10 are less than those at chromosome 9 in
IR36 and TNG 67; however, the length of rDNA arrays on
both sites were similar in the other accessions (Fig. 2f-h).

Genomes with three rDNA loci

Oryza punctata (W1593 and W1577) with BB genome
and O. officinalis with CC genome have three rDNA loci,

@ Springer

respectively. In addition to those two loci on chromosomes 9
and 10, the third locus was detected at the end of the short arm
of chromosome 4 in O. punctata (BB; Fig. 3a-b), which was
first reported in BB genome. Among rice chromosome com-
plements, chromosome 4 can be easily identified by its relative
short and heterochromatic short arm (Fig 1b). In O. officinalis
(CC), the third locus was detected in the proximal region at the
short arm of chromosome 5 (Fig. 3c), which is the newly iden-
tified rDNA locus in rice genomes. Chromosome 5 can be
identified as a submetacentric chromosome (Kao et al. 2006),
which is a little shorter than chromosome 4 (Fig. 1b).
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Fig. 3 FISH localization of
rDNA (red) loci on somatic pro-
metaphase chromosomes (blue)
of a O. punctata (BB, W1593),
b O. punctata (BB, W1577),

¢ O. officinalis (CC),d O. puntata
(BBCC), and e O. minuta
(BBCC). For each accession,
chromosome complements with
rDNA-FISH signals were shown
at left and respective karyotypes
were arranged and shown at
right. Scale bar 10 pm

rDNA loci in tetraploid rice species

Tetraploid O. punctata with BBCC genome had six rDNA
loci in its haploid genome (Fig. 3d). The 45S rDNAs were
detected at the ends of the short arm of two pairs of chro-
mosome 9 (9B and 9C) and chromosome 10 (10B and

10C), one pair of chromosome 4 (4B), and the sixth site at
the proximal region of the short arm of one pair of chromo-
some 5 (5C). However, another tetraploid, O. minuta with
BBCC genome had four to five rDNA loci in its haploid
genome (Fig. 3e). Four rDNA loci were consistently detected
at the end of the short arm of two pairs of chromosome 9 (9B
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and 9C) and chromosome 10 (10B and 10C), respectively.
The fifth rDNA locus was observed at the end of the short
arm of one pair of chromosome 4 in some nuclei.

Oryza latifolia, which is a tetraploid with CCDD
genome had four rDNA loci on the end of the short arm of
two homologous pairs of chromosome 9 (Fig. 4a—b). How-
ever, another tetraploid O. grandiglumis with CCDD
genome had eight rDNA loci in its haploid genome. These
loci were localized at the end of the short arm of two
homologous pairs of chromosomes 9 and 10, and in the
proximal region at the short arms of two homologous pairs
of chromosomes 4 and 5, respectively (Fig. 5c). The rDNA
locus next to the centromere of chromosome 4 is the most
particular among all the rDNA sites detected by rDNA-
FISH in rice species. The stretched rDNA arrays on one of
the homologous chromosome 4 were labeled with bright
fluorescent signals of rDNA-FISH. The rDNA arrays at the
other chromosome 4 seemed shorter than that at the former.

Various transcriptional activities among rDNA loci

In all accessions, the rDNAs arrayed at the ends of the short
arm of chromosome 9 were detected as two extensions

Fig. 4 FISH localization of
rDNA (red) loci on somatic pro-
metaphase chromosomes (blue)
of tetraploid Oryza species with
the CCDD genome. Two pairs of
rDNAs were mapped on chro-
mosome 9 of O. latifolia with
different accession numbers, a
WO0019 and b W0542, respec-
tively. ¢ Eight pairs of rDNAs
were mapped on the chromo-
somes of O. gradiglumis includ-
ing two homologous pairs of
chromosomes 4, 5, 9, and 10.
The intercalary rDNA sites on
chromosome 4 were labeled
with strong and bright fluores-
cent signals (arrows). For each
accession, chromosome comple-
ments with rDNA-FISH signals
were shown at left and respec-
tive karyotypes were arranged
and shown at right. Scale bar

10 pm
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from relatively condensed prometaphase chromosomes.
In some accessions, such as O. rufipogon (Fig. 2g-h), and
O. officinalis (Fig 3c), IDNA arrays at the end of the short
arm of chromosome 10 also appeared as stretched chromatin
feature as that on the chromosome 9. The rDNA-FISH
signals at chromosome 4, except one in O. grandiglumis
(Fig 5c), or at chromosome 5 usually appeared as dots or
bands, never as stretched chromatin. These results suggest
that rDNA loci may vary in length of rDNA arrays.
Besides, we observed numerous small nucleular-like glob-
ules attached with pachytene chromosomes (Fig. 5a, b). We
suggest that these may be the products of those “minor”
rDNA loci with relative short rDNA arrays, which may be
beyond the limitation of FISH resolution in rice genomes.

Discussion

Owing to the improvements in resolution and sensitivity of
FISH techniques, more and more new rDNA loci have been
identified in several cases. In this study, we used an rDNA
repetitive unit cloned from wheat (Gerlach and Bedbrook
1979) as probe in FISH experiments. As mentioned above,
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Fig. 5 Numerous minor nucleo- a
lus-like globules were observed

by acto-carmine stained at mei-

otic pachytene stage of a O. min-

uta (BBCC) and b O. punctata

(BBCC). Scale bar 10 um

this repetitive unit contains a highly conserved transcription
region of the 18S-5.85-26S rRNA gene including the
internal transcribed spacer (ITS), but excluding the inter-
genic spacer (IGS), which has considerable divergence
from the ancestral sequence. However, comparison of the
IGS of rDNAs, revealed several highly conserved regions
among cereals including rice, maize, wheat, and rye (Cor-
desse et al. 1993). Furthermore, the length polymorphism is
responsible for the variations of IGS regions among Oryza
species (Sano and Sano 1990). Although sequences in ITSs
may be less conserved, the highly conserved transcriptional
regions made this clone as a useful probe for - DNA-FISH
in several species including Sorghum species (Sang and
Liang 2000), rice (Cheng et al. 2001b), and Arabidopsis
thaliana (Murata et al. 2006).

Here we report two genome specific IDNA loci in the
genus Oryza and reveal polymorphism of rDNA loci in
Oryza species including diploids and tetraploids through
rDNA-FISH technique. Our rDNA-FISH results and minor
nucleoli observed at pachytene stage (Fig 5a, b) led us to
suggest that, in addition to the major rDNAs at the short
arm end of chromosomes 9 and 10, there are numerous
minor rDNA loci in common progenitor genome of Oryza
species, some of these minor rDNA loci might accumulate
more tDNAs via unequal crossing over or retrotransposi-
tion and finally became genome specific and rDNA-FISH
detectable chromosome landmarks. Similarly, rDNA sites
might be lost during evolution.

Chromosomal rearrangements, such as translocation or
inversion, involving the segments bearing the rDNAs
would shift the NORs location as reported in Psathyrosta-
chys (Orgaard and Heslop-Harrison 1994) and in Allium
fistulosum (Ricroch et al. 1992). However, previous studies
have shown high karyotypic similarity in Oryza species
(Chen and Wu 1982), which suggested that chromosomal
rearrangements on a large scale are not frequent in the
genus Oryza. The variation of rDNAs in the Oryza species
may be a result of transposon mobility and amplification of

cryptic minor tDNA sites by unequal crossing over rather
than from chromosomal rearrangements. For example,
deletion must have occurred in rDNA arrays at the end
of the short arm of chromosome 10 in some Oryza species.
O. rufipogon which is considered to be the wild progenitor
of Asian rice O. sativa has two rDNA sites (Fig. 2h, Fukui
et al. 1994). The different number of rDNA locus between
Japonica rice and indica rice means japonica rice lost the
rDNA site on chromosome 10 after the differentiation
between japonica rice and indica rice. Nevertheless, TNG
67 which is a japonica type cultivar (Fig. 2d) possibly
gained the second rDNA array at the short arm end of chro-
mosome 10 from its indica type rice ancestral parent by
unequal crossing over; while indica type cultivar IR36
(Fig. 2e) lost a part of DNAs array on this site by the same
mechanism during the breeding process. African cultivated
rice O. glaberrima and O. rufipogon were grouped into two
separate clusters based on the earlier observations (Aggar-
wal et al. 1999), as well as based on the rDNA-FISH results
presented in a previous report (Fukui et al. 1994; Ohmido
and Fukui 1995) and in this study (Fig. 2b, g, h). Although
O. latifoia had been detected to have five rDNA loci by
Fukui etal. (1994), we suggest that O. latifolia (CCDD,
Fig. 4a, b) is similar to O. australiensis (W0008, EE,
Fig. 2c) in rDNA distribution. These results might provide
one more piece of evidence for supporting the proposition
that the EE genome species is closely related to the DD
genome progenitor that gave rise to the CCDD genome
(Ge et al. 1999). O. brachyantha (FF genome) which is dis-
tantly related to the species containing AA, BB and CC
genomes and to the EE genome species (Ge et al. 1999) has
only one rDNA locus at the end of the short arm of chromo-
some 9 (Shishido et al. 2000). These results suggested that
the rDNA locus at the end of the short arm of chromosome
10 might appear after the clade containing AA, BB, and CC
genomes was separated from other clades.

The rDNA site at the end of the short arm of chromosome
4 was first reported in CC genome species, O. officinalis
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and O. eichingeri by Shishido et al (2000). However, we
detected this rDNA site in species with BB genome, includ-
ing O. punctata (BB, Fig.3a, b), O. punctata (BBCC,
Fig. 3d ) and O. minuta (BBCC, Fig. 3e) using the FISH
technique. We suggest that rDNAs at the end of the short
arm of chromosome 4 may be specific to the Oryza species
with the BB genome.

In this study, we report the newest rDNA locus in the
proximal region at the short arm of chromosome 5. This
intercalary rDNA site seems specific to the Oryza species
with the CC genome, including O. officinalis (CC, Fig. 3c),
O. punctata (BBCC, Fig. 3d), and O. grandiglumis (CCDD,
Fig. 5c¢). However, no detectable intercalary rDNAs were
found in O. minuta (BBCC, Fig.3e) and O. latifolia
(CCDD, Fig. 4a, b), although both have CC genomes. It
suggests that genomic modification had occurred during the
formation of these allotetraploids.

Two parental genomes in an allopolyploid may possibly
undergo genomic alterations, such as recombination and
transposon reactivation, to achieve genomic stability (for
review see: Comai 2000; Comai et al. 2003). Our results
suggested that a few alterations including deletion, amplifi-
cation, and chromosomal rearrangements have occurred in
allotetraploid rice genomes. It also implies that those two
BBCC genomes, O. punctata and O. minuta, may have had
different origins. Apart from the ancestral origin of the DD
genome, which is still a mystery, rDNAs on chromosome 5
and chromosome 10 inherited from the CC genome were
lost in O. latifolia (CCDD).

The number and distribution of the rDNA loci in
O. grandiglumis (CCDD) genome demonstrate that a series
of genome modification events had occurred during its for-
mation. Its ancestral parents, especially the presumed dip-
loid descendant with the DD genome, were not available, as
possible genomic alterations are hard to trace. Based on our
results of rDNA-FISH, we suggest, homologous pairing
and consequent recombination and rDNAs transposition
may have happened prior to the hybrid genome doubling to
become an allotetraploid and genomic stability being
achieved. For example, the rDNA sites at the short arm end
of chromosomes 5 and 10 from C genome were transferred
to chromosome 5 from D genome via homologous pairing
and unequal crossing over. The intercalary rDNA site on
chromosome 4 in O. grandiglumis (CCDD genome, Fig 4c)
implied that at least two events have occurred during the
evolution of the genus Oryza. First, genes may have been
amplified in the rDNA arrays at this site, which might have
been inherited from its ancestral progenitor with minor
rDNAs at this site. The gene amplification might have
resulted from the formation of allotetraploid. Second, chro-
mosomal inversion occurred in the segment involving the
short arm of chromosome 4 with rDNAs. This shifted the
rDNAs from the end of the short arm to the region next to
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the centromere of chromosome 4. Morphologically, the
short arm of rice chromosome 4 appears as a highly con-
densed heterochromatin at metaphase, implying that this
region is composed of highly repetitive sequence. As
shown in previous studies (Feng et al. 2002), chromosome
4 of O. sativa contained abundant and various types of
repetitive sequences, accounting for 18.2% of decoded
chromosome 4, and these repetitive sequences are mainly
distributed in heterochromatic regions including the centro-
mere. It was noticed that a few rDNA related repetitive
sequences were found in this chromosome.

In addition to the cytological polymorphism revealed in
this study, it is important to characterize the molecular
organization of rDNAs in rice genomes. Since the nucleo-
tide sequences of rDNAs and their spacers of several culti-
vated and wild species of rice have been registered in
public databases, it is possible to survey more details of the
variations in rice tDNA units. There were approximately
850 copies of 8-kb rDNA repeat unit per diploid genome of
O. sativa ssp. japonica (Oono and Sugiura 1980). A
detailed sequence analysis revealed that the telomeric
region of the short arm of rice chromosome 9, the NOR site
of japonica cv Nipponbare, consists of telomeric repeats,
an rDNA array, and a retrotransposon-rich chromosomal
region. Furthermore, more retrotransposons were found in
the proximal rDNA-flanking region than in other subtelo-
meric regions or sequenced regions of the genome (Fujis-
awa et al. 2006). The ongoing wild species of rice genomic
sequencing project (Oryza Map Alignment Project, OMAP,
Wing et al. 2005) may soon provide enough information to
resolve the mystery of the CCDD genome and the origins
of rDNA polymorphism.

Rice chromosomes are small in size and lack accessible
landmarks for identification of individual chromosome. A
set of BAC clones has been evaluated to facilitate rice chro-
mosome identification (Cheng et al. 2001a), however, those
markers show less utility in labeling chromosomes of rice
other than Nipponbare (O. sativa ssp. Japonica, personal
experience). As mentioned above, high similarity in karyo-
types were found among Oryza species (Chen and Wu
1982), we use the karyotype of IR36 (O. sativa ssp. indica)
as a standard to identify individual chromosome of Oryza
species in this study. However, the polymorphism in rDNA
is insufficient for identifying chromosome complement of
rice genomes. Except rDNAs, more molecular analyses
together with cytological methods are needed to further
understand the cyto-evolution in rice genomes.
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