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ABSTRACT We used 22 fragments corresponding to the
reverse transcriptase domain of copia-like retrotransposons
as representatives to study the organization and distribution
of these elements in the rice genome. The loci detected by these
22 fragments were assigned to 47 locations in the molecular-
linkage map involving all 12 chromosomes. The distributional
features of copia-like retrotransposons found in the rice
genome indicated that (i) the loci detected were located mainly
in one arm of each chromosome; (ii) one fragment usually
detected several loci that were mapped to similar locations of
different chromosomes; (iii) retrotransposons sharing high
identity in nucleotide sequences were usually assigned to
similar locations of the chromosomes; and (iv) concurrences
of multiple loci, detected by different fragments, in similar
locations or stretches of different chromosomes were common
in the rice genome. We also determined that the copy number
of copia-like retrotransposons in rice genome may be as low as
~100 per haploid genome. The restricted distribution, along
with low copy number, suggested that copia-like retrotrans-
posons in rice were relatively inactive during evolution com-
pared with those in other plants. The distributional features
of the copia-like retrotransposons suggested the existence of
possible lineages among the rice chromosomes, which in turn
suggested that chromosome duplication and diversification
may be a mechanism for the origin and evolution of the rice
chromosomes. The information provided by fine mapping of
the retroelements in the genetic linkage map may also be
useful for gene tagging and molecular cloning.

Retrotransposons are ancient components that are ubiquitous
in the genomes of higher plants (1-3). Three major retroele-
ment groups have been characterized, including copia-like
retrotransposons, gypsy-like retrotransposons, and non-long-
terminal-repeat (LTR) retrotransposons. These retroelement
groups can be distinguished by their structure, their organi-
zation, and the amino acid sequences of the encoded enzymes,
especially in the coding region of the reverse transcriptase (4,
5). It is also known that copia-like retrotransposons comprise
the major group of the retrotransposons in higher plants.
Results from recent studies indicate that retrotransposons
flanking plant genes may be involved in gene duplication as
well as in regulation of gene expression (6). It has also been
shown that transposition of retrotransposons can be induced by
stress conditions, such as pathogen infection, cell culture, and
wounding (7-10). The stress-induced retrotransposon ampli-
fications frequently cause gene mutations; thus, they may be an
important contributor to genetic diversity (11, 12). Such
transpositions may also be used as a tool for gene tagging and
isolation. In addition, DNA polymorphisms caused by the
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activity of retrotransposons may be used as molecular markers
for genotype identification and linkage analysis (13-15).

Other studies have shown that the copy numbers of retro-
transposons vary greatly in different plant species (16). Plants
such as sugar beets, maize, barley, fava beans, and also a wild
rice (Oryza australiensis Domin, E genome) contain extremely
large numbers of retrotransposons that are distributed
throughout the chromosomes (17-22). However, information
is scarce concerning the genomic distribution of retroelements
in plants containing relatively small numbers of the elements.
Even less is known regarding the precise locations of special
groups of retroelements or the distribution of particular
retrotransposons in the plant genome. This lack of knowledge
has limited understanding of the role of retrotransposons in
genome evolution and has also made it difficult to use retro-
transposons in molecular genetic studies.

Recent studies of comparative mapping indicated that chro-
mosomes and/or chromosomal segments in distantly related
organisms often share colinearity. The arrangements of genes
or DNA fragments in the chromosomal segments are remark-
ably similar among different organisms, indicating that these
chromosomes or chromosomal segments may have a common
origin. For example, Moore et al. (23) found that the genomes
of the grass family can be divided into 20 chromosomal
segments whose syntenic relationships can be identified in all
the major grass species. The researchers further hypothesized
a consensus grass genome that may reflect the genome of the
ancestral grass.

All the genomes of higher organisms contain multiple
chromosomes. Although it can be imagined that the multiple
chromosomes of a genome may be the derivatives of one or a
few ancestral chromosomes, there is little knowledge of pos-
sible relationships among the chromosomes in the same ge-
nome, other than observations of duplications of certain
chromosomal segments in some genomes (e.g., see ref. 24).
Thus, little is known regarding the origin and evolution of the
various chromosomes in the same genome.

Cultivated rice (Oryza sativa L., A genome) has become a
model system of genome research for cereal plants. Previously,
we examined 23 PCR fragment clones from rice, correspond-
ing to the reverse transcriptase domain of copia-like retro-
transposons; our examination identified high heterogeneity of
amino acid sequences among the retrotransposons (15). This
earlier study also provided evidence of distributional polymor-
phism for given elements in different rice varieties, indicating
that retrotransposons may be a contributory factor of genetic
diversity in rice.

The present study was undertaken (i) to assess the distri-
bution patterns of the copia-like retrotransposons in the rice
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genome by examining their locations in the molecular-linkage
map, (ii) to examine the relationship between the distribu-
tional patterns and sequence similarity among the retroele-
ments, and (ii7) to infer, based on the information provided by
distributional patterns of the retrotransposons in the rice
genome, possible mechanisms for the origin and evolution of
the 12 chromosomes of the genome.

MATERIALS AND METHODS

Experimental Materials. We used 22 reverse transcriptase
clones of copia-like retrotransposons of rice (15) as represen-
tatives to study the distribution of this retroelement in the rice
genome. The 22 clones were divided into six subgroups ac-
cording to the similarity of their deduced amino acid sequences
(group I: Rrtl, Rrt3, Rrt5, Rrt8, Rrt15, and Rrt16; group II:
Rrt22; group III: Rrt7, Rrtl12, Rrt19, and Rrt23; group IV:
Rrt4, Rrt9, Rrt10, Rrtl7, and Rrtl8; group V: Rrtl3 and
Rrtl4; group VI: Rrt2, Rrtl1, Rrt20, and Rrt21).

The mapping population consisted of 235 F; individuals
derived from a three-way cross: [Balilla (O. sativa spp. ja-
ponica) X Dular (O. sativa spp. indica)] X Nanjing 11 (O. sativa
spp. indica). Data had already been collected for 154 restric-
tion fragment length polymorphism loci (25), giving good
coverage of all 12 chromosomes by using clones from maps
from both Cornell University and the Japanese Rice Genome
Research Program (24, 26). A bacterial artificial chromosome
(BAC) library constructed from an indica variety, Minghui 63,
with a size of nine-genome equivalent (27) was used to assess
the copy number of the copia-like retrotransposons.

DNA Hybridization. Parental polymorphisms were surveyed
by using each of the 22 clones as the probe in combination with
six restriction enzymes (BamHI, Bglll, Dral, EcoR1, EcoRV,
and HindIII). The probe/enzyme combinations that detected
polymorphisms between Balilla and Dular were used to assay
the individuals of the mapping population. Hybridization was
conducted essentially as described (28), except that the post-
hybridization washing was in 0.5X SSC and 0.1% SDS once for
5 min at room temperature and twice for 15 min at 65°C. The
same hybridization and washing conditions were used in BAC
library screening.

Data Analysis. The data were scored by using the scheme of
a back-cross population for map construction. The chromo-
somal locations of the 22 retrotransposon clones on the
molecular-linkage map were determined by using MAPMAKER/
EXP 3.0 with a logarithm of odds threshold of 3.0 (29).

RESULTS

Distribution of Retrotransposons on the Chromosomes. All
the 22 reverse transcriptase clones of rice copia-like retro-
transposons detected polymorphisms with at least one of the
six restriction enzymes among the three parents of the mapping
population, resulting in a total of 70 polymorphic bands. Of
these, 60 were assigned to 47 locations in the 12 chromosomes
of the molecular-linkage map by MAPMAKER analysis. The 10
remaining bands could not be assigned to any linkage group.
The distributions of the retrotransposon elements represented
by the polymorphic bands are illustrated in Fig. 1, from which
a number of features emerged, as follows.

Most of the Retroelements Existed in Multiple Loci That
Were Scattered on Different Chromosomes. The majority of
the clones detected multiple loci; also, loci detected by the
same clone were often scattered on different chromosomes.
For example, clones Rrt5, Rrt10, Rrt11, Rrt14, and Rrt22 each
detected two loci that were located on two different chromo-
somes. Similarly, each of three clones, Rrt4, Rrt16, and Rrt17,
detected loci located on three different chromosomes. More-
over, fragments homologous to each of the three clones, Rrtl,
Rrt13, and Rrtl5, were detected on four different chromo-
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somes. Finally, the loci detected by clones Rrt7, Rrt8, Rrt19,
and Rrt20 showed the widest distribution; each of these four
clones detected loci on five different chromosomes.

However, there were also cases in which a single given clone
detected different loci on the same chromosome. Examples are
Rrt13, which detected two loci on chromosome 4, and Rrtl,
which detected two loci on chromosome 12.

The Retroelements Were Distributed in One Arm of the
Chromosome. A very interesting feature (shown in Fig. 1) is
that the retroelements usually were distributed in only one arm
of each chromosome, according to the approximate locations
of centromeric regions determined by Singh er al. (30). The
retroelements were located on the long arms of chromosomes
1, 3,5,6,8,9, and 11 and on the short arms of chromosomes
4,7, and 12. The only exceptions were chromosomes 2 and 10,
in which two or three retrotransposon loci, respectively, were
found in both arms. The locations of the retrotransposons
within the arms ranged from the centromeric regions on
chromosomes 7, 9, and 11, to pericentromeric regions (within
10 centimorgans from the centromeric regions) on chromo-
somes 1, 3, 4, 5, 6, and 12 and to the ends of the chromosomes
(chromosomes 4, 7, and 10).

The Locations for Most of the Retroelements Were Consis-
tent Across Chromosomes. Another interesting feature is that
the locations of the loci detected by each clone on different
chromosomes were usually consistent. For example, Rrt20
detected five loci distributed on chromosomes 2, 3, 5, 6, and 7.
All of these five loci were mapped to the terminal or near
terminal regions of these chromosomes, and four of the five
loci detected by Rrt19 were located in the centromeric or
pericentromeric regions. Additionally, the loci detected by the
rest of the clones that identified multiple loci were also mapped
to similar locations of different chromosomes.

Distribution Patterns of Loci Detected by Clones of Differ-
ent Groups. There was clearly a tendency for loci detected by
clones whose DNA sequences were more similar to each other
to map to similar locations of the chromosomes. For example,
the large number of loci detected by the six clones of subgroup
I were located on seven different chromosomes (1, 2, 7, 8, 9,
11, and 12); many of these loci appeared in clusters or
cosegregated with each other. The only clone in subgroup II,
Rrt22, detected certain loci that were distributed in the
centromeric regions of chromosomes 4 and 7. The loci detected
by clones of subgroup III were all located in the centromeric
or pericentromeric regions (chromosomes 1, 3, 4, 5, 6, and 9),
except that one locus detected by Rrt7 mapped to the tip of
chromosome 10. The loci detected by the five clones of
subgroup I'V were dispersed on eight chromosomes (4, 5, 6, 7,
8, 10, 11, and 12); of these loci, those resolved by Rrt9, Rrt17,
and Rrt18 were all located in centromeric or pericentromeric
regions. The loci detected by the two clones of subgroup V,
Rrt13 and Rrt14, were widely dispersed on five chromosomes
(4,5,9, 11, and 12). Loci resolved by clones of subgroup VI,
Rrt2, Rrt11, Rrt20, and Rrt21, showed the widest distribution
range on nine chromosomes (2, 3, 5, 6, 7, 8, 9, 10, and 11); all
these loci, except one detected by Rrtll on chromosome 9,
appeared at or near the terminal regions of the chromosomes.

Concurrence of the Loci Resolved by Different Retroele-
ments. A striking feature was the simultaneous occurrence of
the loci detected by different clones across different chromo-
somes, including clones belonging to different groups. For
example, loci detected by clones Rrtl and Rrt8 occurred
simultaneously on chromosomes 1, 7, 8, and 12, either coseg-
regating or tightly linked. Similar concurrence also was ob-
served between loci detected by Rrt8 and Rrt15 on chromo-
somes 1, 8, 11, and 12, as well as loci detected by Rrt13 and
Rrt17 on chromosomes 4, 5, and 12 and loci detected by Rrt7
and Rrt19 on chromosomes 3, 4, 5, and 6.

The concurrence of multiple loci over long chromosomal
stretches across different chromosomes was even more strik-
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Distribution of copia-like retrotransposon loci (Rrt) on the molecular-linkage map of rice. The retroelement loci appearing in the

same color belong to the same subgroup. A lower case letter following a retrotransposon locus indicates that multiple copies were detected
by the same clone. All of the loci were assigned by using a logarithm of odds score of 3.0, except those marked with asterisks (*), which were

assigned by using a logarithm of odds score of 2.0. The map distances are presented in centimorgans to the left of the chromosomes. The solid
black bars represent the relative locations of the centromeres according to the results of Singh et al. (30) with reference to the information

from three published molecular-linkage maps (24, 26, 34). The orientation of the chromosomes was presented according to Singh et al. (30)

with the short arm placed on top.
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ing. The four loci detected by Rrt7, Rrt17, Rrt13, and Rrt19
provided an example of such concurrence. These four loci were
clustered in the centromeric region of chromosome 4 and were
also present in a tightly linked block in the centromeric region
of chromosome 5. A more remarkable example is a chromo-
somal block, formed of three loci detected by Rrt7, Rrt19, and
Rrt20, that occurred on chromosomes 3, 5, and 6. In this block,
the loci detected by Rrt7 and Rrt19 were located in the
centromeric or pericentromeric regions, and loci detected by
Rrt20 appeared in terminal or subterminal regions, a structure
that was well conserved across the chromosomes.

Copy Number of the copia-Like Retrotransposons. Copy
number of the copia-like retrotransposons in the rice genome
was estimated by examining the presence of the elements in a
rice (BAC) library with coverage equivalent to nine genomes.
When Rrt21, sharing 74-96% nucleotide identity to other
clones of the same group (Rrt2, Rrtll, and Rrt20), was used
as the probe, 140 positive BAC clones were detected in the
library. We subsequently selected one clone from each of the
six groups (Rrt3, Rrt22, Rrt19, Rrt4, Rrt13, and Rrt21, sharing
74-97% nucleotide identity to other clones within the respec-
tive groups). Equal amounts of DNA from these clones were
mixed to provide a probe for screening the library, resulting in
~800 positive BAC clones. Of these, 38 were chosen at
random, digested with HindlIII, and subjected to Southern blot
analysis by using the same mixture as the probe. No hybrid-
ization signal was detected in 3 of the 38 clones; one positive
fragment was detected in 25 clones; and two positive fragments
were observed in the remaining 10 clones with the size of the
positive fragments ranging from 1.5 kb to 10 kb. These results
suggest that the majority of the positive BAC clones contained
only one copy of the retroelement. Assuming the genome is
randomly represented in the BAC library, the copy number of
the copia-like retrotransposons is ~100 per haploid genome in
rice.

DISCUSSION

The results of this study identify several distinct features of
copia-like retrotransposons in rice. The main feature is the highly
restricted distribution of the retroelements in the rice genome, in
which the copia-like retrotransposons, although found on all the
12 chromosomes, appeared mainly in one arm of each chromo-
some. Such localized distribution is clearly distinct from all other
plant species studied thus far, including sugar beet, maize, barley,
fava bean, and a wild rice (O. australiensis Domin), in which
retroelements were detected throughout the chromosomes, ex-
cept certain segments such as centromeric, telomeric, or nucle-
olus organizer regions (17-22).

The copy number of the copia-like retrotransposon in rice,
~100 per haploid genome, represents another feature of the
rice genome that is also distinct from other plant species. This
number of copia-like retrotransposons is much smaller than
those in the genomes of other plant species. For example, it was
estimated that LTR-retrotransposons make up at least 50% of
the maize genome (20). The genome of the sugar beet contains
2-5% copia-like retroelements and long interspersed nuclear
elements (18). There are at least 3 X 10* copies of a copia-like
retrotransposon, BARE-1, in barley (21). The copy number of
copia-like retroelements in fava bean is ~10° (19). In a wild
rice (O. australiensis Domin), with genome size ~2.1 times that
of the cultivated rice, there are about 8 X 10* copies of a
copia-like element, RIRE1 (22).

By screening a genomic DNA library with an oligonucleo-
tide probe complimentary to the primer binding site of LTR-
retrotransposons, Hirochika et al. (31) estimated that there
were ~1,000 copies of retroelements in cultivated rice. The
discrepancy between their estimate and ours probably resulted
from the fact that both copia-like and gypsy-like retrotrans-
posons contain the primer binding site and the latter is also
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known to exist in the rice genome (3). Moreover, the oligo-
nucleotide probe used by this group was highly homologous to
plant initiator methionine tRNA genes (32). Thus, the actual
copy number of the copia-like retroelements should certainly
be much less than 1,000.

It has been suggested that the sizes of eukaryotic genomes
are determined, to a large extent, by the amounts of repetitive
DNA sequences (22, 33). It is also known that retroelements
constitute a major class of repetitive DNA sequences in plants
(20, 22). Inrice (O. sativa L.), there are, in addition to the small
number of copia-like retrotransposons as we estimated, also a
small number of non-LTR retroelements, long interspersed
nuclear elements (S.W., unpublished data). The small number
of retroelements is clearly one of the determinants for the
small genome size of rice.

Copia-like retrotransposons of plants are usually inactive.
However, they can be activated under certain environmental
conditions (14), and each activation of a retroelement in-
creases the number of the element by one copy. Thus, as
ancient elements, copy numbers of copia-like retrotransposons
in various plant species may serve as indicators for the relative
activity of the elements in different genomes during evolution.
The restricted distribution along with the relatively small copy
numbers of the copia-like elements in rice suggest that these
elements became inactivated in the early stage of the genome
evolution and have remained to be highly inactive in the
process of evolution.

The distribution patterns of the copia-like retrotransposons
in the rice genome have a number of important implications in
the evolution of the rice genome. Our results suggest the
existence of two major groups of chromosomes, according to
the distribution of loci detected by various retrotransposon
clones used in this study. The first group includes chromo-
somes 1, 7, 8, 11, and 12 and is characterized by the clusters of
loci that were detected by Rrtl, Rrt5, Rrt8, Rrt15, and Rrtl6
and that are located in the pericentromeric regions of all these
chromosomes, except chromosome 11. The other group, rep-
resented by chromosomes 3, 5, and 6, is characterized by the
concurrence of the three loci that were detected by Rrt7,
Rrt19, and Rrt20 over long stretches of the chromosomes. Such
distributional similarity of the retroelements on different
chromosomes suggests certain syntenic relations or lineages
among the chromosomes (or segments of the chromosomes).
Thus, chromosomes 1, 7, 8, 11, and 12 may be in one lineage,
and chromosomes 3, 5 and 6 may be in a different lineage.

Many hypotheses based on the distributional similarity of the
retroelements on different chromosomes can be formulated
regarding the evolution of the rice genome, especially the
origin and evolution of the chromosomes. One obvious hy-
pothesis is that the 12 rice chromosomes may have originated
from one or a few ancient chromosomes. The chromosomes in
the same lineage may have a common origin, created most
likely by duplication of the entire chromosome followed by
diversification. Most parts of the chromatin were diversified
into various genes, whereas the retrotransposons that were
inactivated remained to serve as the relics of the evolutionary
events. If this speculation is correct, such duplication—
diversification processes might have been completed long
before the branching of the grass family into various genera.
The distributional similarity of the retroelements also indicates
that the spreading of these elements in the genome occurred
largely by vertical transmission through the process of chro-
mosome duplication, whereas the occasional occurrence of the
same element on different locations of the same chromosome
or different chromosomes may be an indication of horizontal
transmission of the element, possibly by transposition.

It should be noted that all of our data were obtained on the
basis of the bands that were polymorphic between the parents
of the mapping population. Consequently, many of the retro-
transposon loci may not have been detected because of the lack
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of polymorphisms between the parents. It should also be
pointed out that some of the Rrt bands that were detected by
different clones but mapped to the same location may actually
represent the same element, because the sequences are highly
homologous among some of the Rrt probes.

The retroelements may provide a useful tool for gene
tagging and isolation. It is known that plant genes are fre-
quently flanked by retroelements (6, 20); thus, retrotrans-
posons may be useful molecular markers for gene isolation.
Transposition of retroelements under various conditions,
which have been found in both the original genome from which
the element was isolated and in heterologous species into
which the element was introduced by transformation (8, 11),
may be used as a means for gene tagging (6, 13). In particular,
the relatively small number of copia-like retrotransposons in
the rice genome may provide an excellent opportunity for
using retroelements for tagging particular genes.
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