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ABSTRACT

A new and unusual family of LTR elements, Dasheng, has been discovered in the genome of Onyza sativa
following database searches of ~100 Mb of rice genomic sequence and 78 Mb of BAC-end sequence
information. With all of the cis-elements but none of the coding domains normally associated with retro-
transposons (e.g., gag, pol), Dashengis a novel nonautonomous LTR element with high copy number. Over
half of the ~1000 Dasheng elements in the rice genome are full length (5.6-8.6 kb), and 60% are estimated
to have amplified in the past 500,000 years. Using a modified AFLP technique called transposon display,
215 elements were mapped to all 12 rice chromosomes. Interestingly, more than half of the mapped
elements are clustered in the heterochromatic regions around centromeres. The distribution pattern was
further confirmed by FISH analysis. Despite clustering in heterochromatin, Dasheng elements are not
nested, suggesting their potential value as molecular markers for these marker-poor regions. Taken
together, Dasheng is one of the highest-copy-number LTR elements and one of the most recent elements

to amplify in the rice genome.

RANSPOSABLE elements (TEs) have been di-

vided into two classes, class 1 or RNA elements and
class 2 or DNA elements. An RNA intermediate and a
replicative mechanism of transposition are involved in
the transposition of class 1 elements (LEwIN 1997). RNA
elements can be further divided into several groups,
including long terminal repeat (LTR) retrotransposons,
long interspersed nuclear elements (LINEs) and short
interspersed nuclear elements (SINEs). RNA elements
are capable of attaining very high copy numbers because
the element-encoded mRNA, not the element itself,
forms the transposition intermediate.

LTR retrotransposons make up the largest fraction
of most plant genomes (KumAR and BENNETZEN 1999).
The L'TRs usually contain the initiation and termination
sites of a transcript that encodes at least two genes, gag
and pol. The products of these genes are involved in the
different steps of retrotransposition, including reverse
transcription and integration (LEwIN 1997; Figure 1).
Immediately internal to the LTR is the primer binding
site (PBS) and the polypurine tract (PPT). Both are
important cis-elements that are necessary for the initia-
tion of the synthesis of element DNA from the RNA
intermediate. LTR elements are classified into two types
on the basis of the order of their encoded genes: TyI/
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copia and Ty3/gypsy elements (X10NG and EickBuUsH
1990). Both are prevalent in plant genomes (VOYTAS et
al. 1992; SUONIEMI et al. 1998).

Differential amplification of LTR retrotransposons
has been shown to be largely responsible for the C-value
paradox in members of the grass clade (CHEN et al.
1997; SANMIGUEL and BENNETZEN 1998; DUBCOVSKY et
al. 2001). The C-value paradox refers to the lack of
correlation between the genome size and the biological
complexity of an organism (THOMAS 1971). For exam-
ple, rice (Oryza sativa) and barley (Hordeum vulgare) have
roughly the same number of genes and a largely con-
served gene order (MOORE et al. 1995; DUBCOVSKY et
al. 2001). The 11-fold difference in the size of their
genomes (430 vs. 4800 Mb) is due, in part, to the fact
that retrotransposons comprise more than half of the
barley genome and only 14% of the rice genome (VICIENT
et al. 1999; TARCHINI et al. 2000). With the International
Rice Genome Sequencing Program scheduled for com-
pletion in less than a year (MyERrs 2001), new insights
about the identity and frequency of different TE families
will emerge.

Despite its small genome, rice is still a model organism
for the study of transposable elements. The genome of
O. sativa contains all of the major types of elements
found in the larger grass genomes, including retro-
transposons, miniature inverted repeat transposable ele-
ments (MITEs), and other DNA elements (BUREAU e/
al. 1996; Mao et al. 2000; TARCHINTI et al. 2000; TURCOTTE
et al. 2001). Furthermore, the availability of several well-
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characterized wild relatives provides the material neces-
sary to analyze the impact of TEs on genome evolution
and speciation. O. sativa is composed of two cultivated
subspecies (indica and japonica) with thousands of di-
verse cultivars distributed worldwide. The genus Oryza
has >20 species whose evolutionary relationships have
been the subject of several phylogenetic analyses (Uozo
et al. 1997; GE et al. 1999; SHARMA et al. 2000).

In this study, database searches of ~100 Mb of rice
genomic sequence and 78 Mb of bacterial artificial chro-
mosome (BAC) end sequence led to the identification
of a new and unusual family of LTR elements called
Dasheng. Dasheng is a very recently amplified family of
800-1300 nonautonomous elements, making it one of
the most recently amplified and highest-copy-number
families in rice. The family also includes ~16% solo
LTRs. Like many other high-copy-number LTR elements,
Dasheng elements are concentrated in the gene-poor
pericentromeric regions of the chromosomes, which
might be the reason for Dasheng’s success in the small
genome of rice. The availability of large amounts of
genomic sequence and an almost completely assembled
chromosome 1 has allowed us to address questions re-
garding the distribution and timing of insertion events
and to test models that explain the formation of solo
LTRs.

MATERIALS AND METHODS

Plant material and DNA extraction: A doubled haploid (DH)
mapping population (GUIDERDONI et al. 1992; HUANG and
KocHERT 1994) was used in conjunction with an existing SSR
mapping data set (TEMNYKH et al. 2001) to map Dasheng ele-
ments. This population consisted of a subset of 96 doubled
haploid lines derived via anther culture from the inter-subspe-
cific cross between IR64 (O. sativa ssp. indica) and Azucena
(tropical japonica). Other rice cultivars and wild species were
obtained from the McCouch lab (Cornell University) and Gary
Kochert (University of Georgia). Plant DNA was extracted as
described (McCoucH et al. 1988).

Genetic mapping: Transposon display was performed as de-
scribed in Casa et al. (2000) to generate segregation patterns
in the DH population with the following modifications. The
element-specific primers were derived from the LTR sequence
of Dasheng and the reaction was performed with rice DNAs.
The final annealing temperature for selective amplification
was 58° with ¥P-labeled Dasheng primer. Sequences of primers
are available upon request. DNA fragments from transposon
display were excised and cloned as described (Casa et al.
2000). DNA templates were sequenced by the Molecular Ge-
netics Instrumentation Facility (University of Georgia).

The gel images of transposon display with DNAs from the
DH mapping population were scored manually for presence/
absence of polymorphic bands corresponding to Dasheng ele-
ments. The Dasheng markers were integrated into the SSR
framework map using the Kosambi mapping function and
MapMaker 3.0 software (LANDER et al. 1987). Markers with a
ripple of LOD > 2.0 were integrated into the framework maps
and those mapping with LOD < 2.0 were assigned to the most
likely intervals.

Fluorescence in situ hybridization analysis: Fluorescence in
situ hybridization (FISH) analysis was performed as previously

described (JIANG et al. 1995) using Nipponbare and indica cul-
tivar Zhongxian 3037. The Dasheng probe (Figure 1) was labeled
with biotin-16-UTP and detected using a fluorescein-b-isothio-
cyanate (FITC)-conjugated antibiotin antibody (Vector Labo-
ratories, Burlingame, CA). Propidium iodide in an antifade
solution was used to counterstain the chromosomes. Chromo-
some and FISH signal images were captured using a SenSys
charge-coupled device camera (Photometrics, Tucson, AZ)
and analyzed using IPLab Spectrum software (Signal Analytics,
Vienna, VA).

DNA sequence analysis: DNA sequence analyses (pairwise
comparisons, multiple sequence alignments, sequence assem-
bling, and formatting) were performed with programs in the
University of Wisconsin Genetics Computer Group program
suite (version 10.1) accessed through Research Computing
Resources, University of Georgia.

Identification of repetitive sequences from BAC ends: All sequences
in the rice BAC end database (O. sativa cv. Nipponbare) were
downloaded from the website of Clemson University Genome
Institute (http:/www.genome.clemson.edu) for the initial
analysis (August 1999). An all vs. all comparison was per-
formed with the sequences using WUBLASTN (http:/blast.
wustl.edu) with parameters M = 5, N = —11, Q= 22, R =
11, —kap E = 0.001, —hspmax 5000). Groups with highest
intragroup similarities (>95%) were further characterized
with BLAST search in the National Center for Biotechnology
Information (NCBI) server (http:/www.ncbi.nlm.nih.gov).

Identifying transposable elements in genomic sequence: The se-
quences of rice BACs and PACs were downloaded from the
web sites of different rice genome projects including groups
in the United States (http:/www.usricegenome.org/), Japan
(http:/rgp.dna.affrc.go.jp/), Korea (http:/bioserve.myongji.
ac.kr/ricemac.html), People’s Republic of China (http:/www.
ncgr.ac.cn/Ls/index.html), and Taiwan (http:/ genome.sinica.
edu.tw/). Completely sequenced PACs or BACs and those
in annotation and finishing (phase 2) were used as query
sequences to search for transposable elements with Repeat-
Masker (A. Smit and P. Green, http:/ftp.genome.washing-
ton.edu/RM/webrepeatmaskerhelp.html) as described (Jianc
and WESSLER 2001).

Copy-number determination: The copy number of Dasheng
was estimated in three ways:

1. By blasting BAC ends using LTR sequence as a query. Using
this method, copy number = matches in BAC ends X 430
Mb (rice genome size) + the size of the BAC ends database
(in megabases).

2. By probing a rice BAC library [derived from Nipponbare
(Mao et al. 2000) ] with a 500-bp fragment located between
the third tract of direct repeats and the PPT (see Figure 1).
Using this method, copy number of Dasheng elements =
(number positive clones + number of BACs screened) X
430 Mb =+ average size of BACs (in megabases). The raw
value, estimated to be 700 elements per haploid genome,
was corrected for the number of solo LTRs (16%), BACs
and PACs containing two or more elements (12% of the
positive clones), and truncated elements (30%). The cor-
rected copy number was 900-1300 (depending on the per-
centage of truncated elements detected).

3. By screening the genomic sequence with RepeatMasker
followed by manual examination. The copy number =
number of elements in genomic sequences X 430 Mb +
total size of the genomic sequence screened.

The copy number of other rice LTR elements (elements
reported previously and those identified in this study) was
estimated by blasting the BAC end database and GenBank
(NCBI BLAST server) with LTR sequences. Low score matches
(¢ > 107") from GenBank were checked manually to deter-
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mine whether the matches represented the element. The copy
number for each element = matches for this element X 430
Mb =+ total size of the rice genomic sequence in GenBank.

Phylogenetic analysis and aging of elements: LTR nucleo-
tide sequences homologous to Dasheng and RIRE2 were
aligned using GCG (see above). Tree production and boot-
strap analyses were performed using PAUP version 4.0. Se-
quence similarities and standard error were calculated with
MEGA program (KuMARr et al. 2001). Full-length elements
were aged (as in SANMIGUEL et al. 1998) by comparing their
5" and 3’ LTR sequences. Kimura-2 parameter distances (K)
between 5" and 3’ LTRs of individual elements were calculated
using MEGA. An average substitution rate (r) of 6.5 X 107°
substitutions per synonymous site per year for grasses (GAUT
et al. 1996) was used to calibrate the ages of the elements.
The time (7)) since element insertion was estimated using
the following formula: 7" = K + 2r. Fifty-percent consensus
sequences were determined from group-specific alignments
using the EMBL consensus sequence server (http:/www.bork.
embl-heidelberg.de/Alignment/consensus.html).

The distribution of Dasheng elements in genomic sequences:
The distribution of Dasheng on chromosome 1 of Nipponbare
was constructed according to the positions of PACs and BACs
that contained Dasheng elements (http:/rgp.dna.affrc.go.jp/).
Estimates of physical:genetic distance and insertion frequency
were based on the data provided by the Rice Genome Research
Program (http:/rgp.dna.affrc.go.jp/) at the time of analysis.
DNA density for chromosomal arms and pericentromeric re-
gions was calculated from the total DNA of three contigs
(20.2-34.5 cM and 40-50 cM in arms, 60-70 cM in pericen-
tromeric regions) on chromosome 1. The borders of pericen-

tromeric regions were defined as 15 cM from the center of
the centromere on each arm. The position of the centromere
was according to HARUSHIMA et al. (1998) and CHENG et al.
(2001a). The remainder of the chromosome was defined as
arms. Physical:genetic distance equals the physical length of
DNA in base pairs divided by the map units covered. Insertion
frequency equals the number of elements found in a certain
region divided by the physical length of DNA in that region.
The total amount of DNA was the size of all the clones minus
overlap.

RESULTS AND DISCUSSION

A nonautonomous LTR element with very high copy
number: To identify repeat sequences that might be novel
transposable elements, we performed an all vs. all com-
parison with BAC end sequences of rice (O. sativa ssp.
japonica cv. Nipponbare; see MATERIALS AND METHODS
for details). Several groups of BAC ends were distin-
guished by their high within-group sequence similarity
(~95%). The sequence of each group was then used as
a query to perform further searches in GenBank. Sig-
nificant matches for all groups were found in an 8.6-
kb segment of a PAC clone from rice chromosome 6
(GenBank accession no. AB023482). This region has the
structural features of an LTR retroelement including
a long terminal repeat (441 bp with 99.5% sequence

TABLE 1

Polymorphism detected in the IR64 X Azucena mapping population

No. of amplified fragments

Adapter primer/enzyme %
combination Monomorphic Polymorphic Total polymorphic
Dasheng-Bfal + A 8 43 51 84.3
Dasheng-Bfal + C 14 45 59 76.3
Dasheng-Bfal + G 9 47 56 83.9
Dasheng-Msel + A 18 58 76 76.3
Dasheng-Msel + G 9 36 45 80.0
Dasheng-Msel + T 15 53 68 77.9
Total 73 282 355 79.4
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F1GURE 2.—Autoradiograph of Dasheng display with DNAs
from O. sativa and other Oryza species. For all reactions, the
transposon-specific primer was Pr2. (A) Dasheng display with
DNAs from the IR64 X Azucena doubled haploid mapping
population using adapter primer Msel + T; (B) Dashengdisplay
with DNAs from Azucena and Nipponbare, two japonica culti-
vars, using adapter primer Bfal + C; (C) Dasheng display with
DNAs from Bs125 and PI1439404, two indica cultivars, using
adapter primer Msel + A; (D) Dasheng display with DNAs from
eight other Oryza species using adapter primer Mse + TG.

similarity), an adjacent putative PBS and PPT, and a
5-bp target site duplication flanking the LTR (Figure
1). The 441-bp LTR is related (65-70% sequence simi-
larity) to the LTR of RIREZ2, a previously described 7y3/
gypsy type LTR element in rice (OHTSUBO et al. 1999).
In addition, the two elements also have similar PBSs
and PPTs that differ only at 1 or 2 out of 15 nucleotides.

Despite having structural features of LTR retrotrans-
posons, the 7.8-kb region between the LTR contains

only very short open reading frames with no similarity
to known proteins. Instead, ~4 kb of this region is com-
posed of tandem repeats of an 89- to 90-bp unit (Figure
1). The other part of the internal region includes a
hypervariable domain (of 0-1.2 kb) located between
the PBS and the first tract of tandem repeats (Figure
1). The lack of coding capacity suggests that this element
is most likely nonautonomous.

The copy number of this element family (named Das-
heng) was estimated in three ways (see below and MATE-
RIALS AND METHODS for details). On the basis of the
prevalence of the LTR sequence in BAC ends [150 hits
in 78 Mb of HindIII- and EcoRI-digested sequences (¢ =
107%)], we estimate that ~800 copies of Dasheng are in
the genome of cv. Nipponbare. To test whether the
prevalence of Dasheng in BAC ends is representative
of the rest of the genome, a BAC library of the cv.
Nipponbare genome was screened with a Dashengprobe.
This experiment led to a copy number estimate of 900-
1300. In contrast, a search of ~100 Mb of publicly avail-
able assembled genomic sequence led to a copy number
determination of 470 per haploid genome or approxi-
mately one element per megabase. The two- to threefold
difference in the values obtained from BAC screening
and BAC end sequences vs. genomic sequence may be
due to the fact that the latter is biased toward gene-rich
regions, whereas several LTR retrotransposon families
are enriched in pericentromeric regions of the genome
(MILLER et al. 1998; LANGDON e al. 2000; NONOMURA
and Kurata 2001; also see below).

The copy number of Dasheng was also compared with
that of other LTR elements in rice. This was done by
querying the BAC end and genomic sequence databases
with LTRs from several high-copy-number rice elements
previously described and elements identified in this study
(see MATERIALS AND METHODS). As with the searches using
Dasheng sequences as queries, the results were inconsis-
tent from one database to the other. The average values
obtained (from BAC ends and from genomic sequence)
were, in descending order of copy number, Retrosat2
(1080; GenBank accession no. AF111709), Bajie (730;
identified in this study), RIRE4 (730; KUMERAWA el al.
1999), SZ-19 (725; identified in this study), Dasheng
(635), RIRES (620; KUMERAWA et al. 1999), RIRE3 (510;
KuMEKRAWA et al. 1999), RIRE2 (420; OHTSUBO et al.
1999), RIREY (115; HAN et al. 2000; L1 et al. 2000), and
RCS1 (90; DONG et al. 1998).

In a prior study, dot blot hybridization led to a copy

»

FIGURE 3.—Genetic map of rice (O. sativa) with Dasheng and framework markers. Dasheng markers from Azucena and IR64
are in red and green, respectively. Dasheng markers with a ripple of LOD > 2.0 were integrated into the framework map (in
boldface type). Dasheng markers that cosegregate with a framework marker with absolute linkage are connected to this framework
marker by a horizontal or slanted line. Vertical lines indicate possible intervals for Dasheng markers that are mapped with low
LOD scores. Centromeres are indicated by purple boxes. The position of centromeres in this map is based on TEMNYKH et al.
(2001), except for that in chromosome 10, which is based on CHENG et al. (2001a). Also shown for chromosome 11 is a diagram
of the distribution of heterochromatic regions (indicated by solid ovals; the open circle in the middle represents the centromere;

CHENG et al. 2001Db).
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number determination for the RIREZ2 family of 10,000
in IR36 (OHTSUBO et al. 1999). In contrast, we found
that the number of hits using RIRE2 sequences was
no higher than that found for Dasheng. The striking
discrepancy may be due to the presence of distantly
related families, a frequent cause of copy number over-
estimation when employing hybridization methods (MEY-
ERS et al. 2001).

The chromosomal location of Dasheng elements: Ge-
netic mapping of Dasheng elements: To determine the
chromosomal distribution of Dasheng, family members
were mapped using a technique called transposon dis-
play, which is a modification of the amplified fragment
length polymorphism (AFLP) procedure that generates
PCR products anchored in a transposable element and
a flanking restriction site (WAUGH et al. 1997; VAN DEN
BROECK et al. 1998; Casa et al. 2000). The number of frag-
ments amplified in one reaction can be adjusted by add-
ing extra bases to the adapter primer (so-called selective
bases); fewer fragments will be detected with more selec-
tive bases (Vos et al. 1995). Transposon display has the
added advantage of detecting solo LTRs since the
transposon-specific primers are located within the LTR
(Figure 1, Prl and Pr2).

Dasheng primers were designed so as not to recognize
the related RIRE2 elements. Insertion site polymorph-
ism, as defined by the presence of a PCR product in
one parent but notin the other, was high for the parents
(IR64 and Azucena), varying from 76.3 to 84.3% for
different adapter primer/enzyme combinations in this
inter-subspecific cross (Table 1; Figure 2A). High levels
of polymorphism were also detected within indica and
japonica subspecies (Figure 2, B and C), indicating that
Dasheng elements can serve as a valuable marker system.
Several wild species of rice were also tested with the same
enzyme but they needed more selective bases (Msd + T
for O. sativa; Msel + TG for wild species; Figure 2, A
and D). The multiple fragments detected in the wild
species indicate that Dasheng is also abundant in these
genomes (Figure 2D).

The chromosomal location of polymorphic bands was
determined by integrating segregation patterns into a
previously constructed framework map consisting of 432
SSRs (TEMNYKH et al. 2001). The map was based on a
population of doubled haploid lines, derived from a
cross between IR64 (indica) and Azucena (japonica). In
this study, a total of 215 bands (128 from Azucena and
87 from IR64) from six primer-enzyme combinations
were assigned to all 12 chromosomes (Figure 3). Clon-
ing and sequencing of 20 bands provided confirmation
that all fragments were amplified from element-con-
taining loci. For this reason, the mapped bands will be
referred to as Dasheng markers.

Dasheng markers cluster around all centromeres and
on the long arm of chromosome 11. We define a cluster
as three or more elements mapping to the same site or
to adjacent loci with an average distance of <1 ¢cM. On

the basis of this definition, >50% (120) of the elements
were clustered in regions that account for only 3% of
the total map distance. The largest clusters of markers
were on chromosomes 4, 8, 9, and 12, which all corre-
spond to small chromosomes containing prominent
blocks of highly condensed chromatin (Fukur and IrjiMa
1991). The correlation of Dasheng clusters and the distri-
bution of heterochromatin is best seen in chromosome
11, where significantly more elements were observed in
the distal region on the long arm than in the pericen-
tromeric region (Figure 3). The distal region of chromo-
some 11 is one of the most heterochromatic regions in
the rice genome (CHENG et al. 2001Db).

FISH analysis: The mapped elements represent only
~20% of the Dasheng family. FISH analysis was per-
formed to ascertain whether the entire family shows
similar clustering. To this end, an internal fragment of
Dasheng (Figure 1) was used as a FISH probe with chro-
mosomes prepared from cv. Nipponbare and Zhong-
xian 3037, an indica cultivar (Figure 4). In agreement
with the mapping results, the majority of the FISH signal
concentrated in pericentromeric regions with the most
intense signals located on several small chromosomes.
One of the small chromosomes with an intense signal
was unambiguously identified as chromosome 4 on the
basis of its distinctive arm ratio. This chromosome was
previously found to contain one of the most heterochro-
matic regions in the rice genome (CHENG el al. 2001b).
The absence of an exceptionally large cluster of ele-
ments on our genetic map could be due to the use of
different strains for the genetic mapping vs. the cytoge-
netic analysis. Alternatively, since the genetic map re-
flects only polymorphic insertion sites, most of the ele-
ments on chromosome 4 may not be polymorphic in
this mapping population.

Distribution of Dasheng on chromosome 1: At the time of
this study, ~30% of rice genomic sequence was publicly
available, including almost the entire chromosome 1.
To provide a direct physical measure of how densely
clustered the elements are on chromosome 1, the posi-
tions of all Dasheng were determined from the genomic
sequence. The actual distribution of Dasheng elements
on a single chromosome permits a determination of
whether the apparent clustering of Dasheng in pericen-
tromeric regions on the genetic map might instead be
an artifact of the lower recombination rate in these
regions (MOORE and SHERMAN 1975). In other words, 1
cM may contain far more DNA around the centromeres,
and this would give the appearance of clustering on a
genetic map even if the insertion frequency is the same,
in physical terms, as that in the gene-rich chromosome
arms. To test this notion, we dissected chromosome 1
into pericentromeric regions and chromosome arms
and calculated both physical:genetic distance and inser-
tion frequency of Dasheng elements in different regions
(see MATERIALS AND METHODS for details). Consistent
with the low recombination ratio in pericentromeric
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Nipponbare (japonica)

/1

Chromosome Dasheng

Zhongxian 3037 (indica)

regions, the ratio of physical:genetic distance was roughly
three times higher (660 kb DNA/cM) in pericentro-
meric regions compared to chromosome arms (206 kb
DNA/cM; P < 0.05). However, more significant is the
variation in the insertion frequency, which was about
five times higher in the pericentromeric regions than
in the arms (1.9 vs. 0.4 elements/Mb DNA, P < 0.01).
These data confirm the higher density of Dasheng ele-
ments in pericentromeric regions.

Dasheng elements are not nested: LTR retrotranspo-
sons are commonly found in large clusters in the ge-
nomes of grasses. In many instances, these clusters are
composed of LTR retrotransposons inserted into other
members of the same family (like BARE-1; SHIRASU et
al. 2000) or into elements of other families (SANMIGUEL
et al. 1998). Two rice LTR elements, RIRE3 and RIRES,
were previously found to be nested (KUMEKAWA et al.
1999). Although the density of Dasheng in the rice ge-
nome (~~1000 copies/430 Mb; this study) is comparable
to that of BARE-1 in barley (14,000 copies/4800 Mb;
VICIENT ef al. 1999), nested insertions of Dasheng elements
were not observed. Only 6 out of 109 Dasheng ele-
ments are located within 10 kb of another Dasheng ele-
ment, and the shortest distance between two Dasheng
elements was 1.6 kb. As such, the clustering of Dasheng
is unlikely to be due to a self-insertion preference, as has
been observed for some retrotransposons and MITEs
(HicasHIYAMA el al. 1997; JaANG and WESSLER 2001).

Since the pericentromeric regions are enriched in
repetitive sequences, including transposable elements

Merged

FiGure 4.—FISH analysis of Dasheng distribu-
tion in rice mitotic chromosomes. Dasheng probes
were detected by fluorescein isothiocyanate-con-
jugated antibiotin antibody (green); chromo-
somes were stained with propidium iodide (red).
Arrows point to the strong signal of Dasheng on
the short arm of chromosome 4 in Nipponbare
(see text for details).

(DONG et al. 1998; LANGDON et al. 2000; NONOMURA and
KuraTa 2001), the clustering of Dasheng could also be
attributed to an insertion preference for other repetitive
DNA, such as microsatellites or other transposable ele-
ments (CHRISTENSEN ¢t al. 2000). To address this ques-
tion, sequences flanking all Dasheng elements in the data-
base were used as queries in computer-assisted searches.
Of the 109 elements, 19 were found within an identifi-
able transposable element, 24 were located within 100
bp of an element, and about one-half were associated
with low-copy-number sequences. Among this latter
group, none showed significant similarity with a compre-
hensive database of rice TEs (N. JIANG and S. WESSLER,
unpublished data).

In addition, unlike RCSI, RIRE3, and RIRES, three
other high-copy-number LTR retrotransposons in rice
(DONG et al. 1998; KUMERAWA et al. 1999; LANGDON et al.
2000; NonomURA and KuraTa 2001), Dasheng elements
were not flanked by the RCS2 centromere repeat (DoONG
et al. 1998), indicating that Dashengis not a centromeric
component. However, over half of the 215 Dasheng
markers described in this study are located in pericen-
tromeric regions. Since Dasheng elements do not spe-
cifically insert into other repetitive sequences, these
markers may prove useful in the construction of fine
structure maps of rice pericentromeric regions and iso-
lation of genes buried in heterochromatic regions.
Other cloning strategies frequently miss such genes.

Recent amplification of Dasheng: Fvidence from LTR
similarity: Since the LTR of a single retrotransposon is
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identical upon insertion (LEwIN 1997), sequence diver-
gence between LTRs provides a measure of the time of
insertion when an estimate of the nucleotide substitu-
tion rate is available (SANMIGUEL et al. 1998; BOwWEN
and McDonNALD 2001). The average substitution rate in
the adhl and adh2 loci of grasses (6.5 X 107 substitu-
tions per synonymous site per year) has been used to
estimate the time of insertion of maize retrotransposons
(GAUT et al. 1996; SANMIGUEL et al. 1998). In this study,
a search of the 100 Mb of publicly available rice se-
quence led to the identification of 109 Dasheng elements
of which 60 were full length (56%), 32 were truncated
(28%), and 17 were solo LTRs (16%). Among the 60
full-length elements, 35 (58%) have >99.5% LTR simi-
larity, with 15 being identical. In the discussions that
follow, these elements are referred to as “recent.” LTR
sequence similarity of the other 25 elements varies from
92.7 t0 99.1%. By using the same base substitution rate
as SANMIGUEL et al. (1998), we estimate that the Dasheng
elements with >99.5% LTR identity (58% of the avail-
able full-length elements) inserted within the last
500,000 years. This is a conservative estimate because
LTRs evolve more rapidly than coding regions like adhl
and adh2 (SANMIGUEL et al. 1998) and because reverse
transcription is known to be an error-prone process.
Based on a comparison with other high-copy-number
LTR elements in rice, the Dasheng family has the highest
ratio of elements with identical LTRs (15 out of 109;
N. JiaANG and S. WESSLER, unpublished data). Thus,
Dasheng may have amplified more recently than all other
high-copy-number elements in the rice genome.

A hypervariable region and tandem repeats: A phyloge-
netic tree was constructed on the basis of the LTR se-
quences of Dasheng elements and some RIRE2 elements
(Figure 5) and used to evaluate whether other structural
features of Dasheng correlated with recently amplified
elements. Of particular interest were a hypervariable
region, the tandem repeats, and the solo LTRs.

As mentioned above, the hypervariable region is lo-
cated between the PBS and the first tract of tandem
repeats (Figure 1). This region consists of a common
sequence shared by many or a few elements (no se-
quence is shared by all elements) and a unique se-
quence. A similarly organized region of sequence heter-
ogeneity was reported for the Stonor elements of maize
(MARILLONNET and WESSLER 1998). Interestingly, more
than half of the recent elements (19 out of 35) have the
same sequence in this region (see Figure 5 for branch
lengths of elements labeled with an asterisk), suggesting
that the recent amplification of Dasheng could be due
largely to the transposition of elements in this subgroup.
In addition, the average length of the tandem repeat
region in this group is significantly longer than that of
other elements (3.7 vs. 2.2 kb, ¢ < 0.001). These data
do not permit a determination of whether younger ele-
ments have more repeats or if repeats are gradually
deleting from the older elements.

Evolution of Dasheng elements: Targeted insertion vs.
negative selection: Having both complete sequences of
the element and precise chromosomal locations permits
a preliminary determination of whether the clustering
of Dasheng elements in the pericentromeric region is
due to targeted insertion into the gene-rich arms or
postinsertion selection. If Dasheng shows no target site
preference, but elements are lost over time from the
arms, the arms should contain more recent insertions
than the pericentromeric regions. However, no signifi-
cant difference is seen in the number of recent inser-
tions in arms vs. pericentromeric regions. In chromo-
somal arms, 6 out of 27 (22%) full-length elements have
identical LTRs, whereas in pericentromeric regions, 9
out of 33 (27%) have identical LTRs (x2 test; P> 0.50).

Origin of solo LTRs: Solo LTRs are believed to arise
from intraelement recombination between transiently
paired LTRs (PARKET et al. 1995). Recently, the forma-
tion of solo LTRs in barley has been proposed as a
mechanism that can reverse genome expansion (SHIR-
AsU et al. 2000). With 16% of the sequenced elements
present as solo LTRs, the Dasheng family provides a
unique opportunity to address questions about the for-
mation of solo LTRs by analyzing both their age and
their distribution relative to full-length family members.

At least two models can account for the formation of
solo LTRs. If it is a stochastic process, older insertions
are more likely to have undergone recombination and
the distribution of solo LTRs should be no different
than the distribution of full-length elements. On the
other hand, since solo LTRs arise from intraelement
recombination, the frequency of solo LTR formation
might correlate with regional recombination frequen-
cies. In this case, there would be relatively fewer solo
LTRs in the centromeric and pericentromeric regions
where recombination rates are much lower than those
in the gene-rich chromosomal arms (MOORE and SHER-
MAN 1975). As can be seen in Figure 5, solo LTRs are
associated more often with the longer branches, indicat-
ing that they are older, on average, than the full-length
elements (0.0437 vs. 0.0187, t < 0.001). In addition, the
ratio of solo LTRs to full-length elements in the arms
(8:27) is only slightly higher than that in pericentro-
meric regions (6: 33), and the difference is not signifi-
cant (P > 0.10 by x? test). Taken together, these data
suggest that solo LTR formation in the Dasheng family
is probably a stochastic process.

Concluding remarks: In this study, we characterized
an unusual LTR element in rice. As a special category
of LTR elements, Dashengis distinguished by its (1) lack
of coding capacity, (2) presence of long tracts of tandem
repeats, (3) clustering in heterochromatic regions, (4)
high copy number, and (5) recent amplification.

Since Dasheng is among the rice elements of highest
copy number and most recent amplification, it is of
great interest to know if members of the Dasheng family
are still capable of retrotransposition. To date, activity
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has not been demonstrated for any of the high-copy-
number LTR retrotransposons in rice. The only active
rice elements (such as TosI7) are present in less than
five copies and are activated to retrotranspose by tissue
culture (HIROCHIKA ef al. 1996; AGRAWAL et al. 2001;
YAMAZAKI et al. 2001). In fact, although LTR retro-
transposons are the major component of most plant
genomes, the only high-copy-number LTR retrotranspo-
son with demonstrated activity is BARE-1 from barley
(SUONIEMI et al. 1996; JAASKELAINEN el al. 1999). As
such, it is the only genomic component known to be
capable of contributing significantly to genome size vari-
ation between populations and related species in plants
(KALENDAR et al. 2000). Like BARE-1 in barley, Dasheng
is a major component of the genome of cultivated rice,
O. sativa. In addition, a preliminary survey indicates that
Dashengis probably abundant in all species of the genus
Oryza (Figure 2). For these reasons it will be important
for future studies to determine whether Dasheng ele-
ments are still capable of transposition.

The origin of the Dasheng is also of interest since it
is 2 nonautonomous class 1 element. Nonautonomous
transposable elements are widespread in eukaryotic or-
ganisms. For DNA elements and non-LTR retrotranspo-
sons, the copy number of nonautonomous elements is
usually much higher than that of the corresponding
autonomous element (KaprroNnov and JURka 1999; Fes-
cHOTTE and MoucHEs 2000; INTERNATIONAL HUMAN
GENOME SEQUENCING CoNsORTIUM 2001). Unlike other
classes of nonautonomous elements, only a few high-
copy-number LTR elements have been characterized.
The only other plant element is the maize Zeon-1, which
has a copy number of 6000-32,000 (MEYERS et al. 2001).
However, unlike Dasheng, Zeon-1 is one of the oldest ele-
ments in the maize genome (Hu et al. 1995; SANMIGUEL
et al. 1998). As such, it will be difficult, if not impossible,
to deduce what autonomous element could be responsi-
ble for the amplification of Zeon-1. In contrast, the avail-
ability of most of the rice genome sequence coupled
with the recent amplification of Dasheng facilitates a
comprehensive analysis of autonomous elements that
could have given rise to Dasheng. At this time, the RIRE2
family with its related LTRs, as well as the presence of
some recently amplified members, is the best candidate.
Further studies are underway to establish additional
connections between these two LTR element families.
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