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SUMMARY

Transposable elements (TEs) are mobile entities that densely populate most eukaryotic genomes and
contribute to both their structural and functional dynamics. However, most TE-related sequences in both plant
and animal genomes correspond to inactive, degenerated elements, due to the combined effect of silencing
pathways and elimination through deletions. One of the major difficulties in fully characterizing the molecular
basis of genetic diversity of a given species lies in establishing its genome-wide transpositional activity. Here,
we provide an extensive survey of the transpositional landscape of a plant genome using a deep sequencing
strategy. This was achieved through paired-end mapping of a fourfold coverage of the genome of rice mutant
line derived from an in vitro callus culture using lllumina technology. Our study shows that at least 13 TE
families are active in this genotype, causing 34 new insertions. This next-generation sequencing-based
strategy provides new opportunities to quantify the impact of TEs on the genome dynamics of the species.
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mapping.

INTRODUCTION

Transposable elements (TEs) are mobile entities that are the
major constituents of most eukaryotic genomes. Several
reports have shown that TEs have a significantimpact on the
structure (SanMiguel et al., 1996; Morgante, 2006; Feschotte
and Pritham, 2007; Feschotte, 2008; Cordaux and Batzer,
2009) and function (Kobayashi et al., 2004; Xiao et al., 2008)
of both plant and animal genomes. TE-associated structural
variations have been widely documented by recent genome-
level studies (Korbel et al., 2007; Huang et al., 2008). These
variations have been detected based on comparative geno-
mic studies among individuals in natural populations
(Korbel et al., 2007) or, in the case of crops, between varie-
ties from the same species (Huang et al., 2008). Most TE
families are under the strict control of silencing pathways
at both the transcriptional and post-transcriptional levels
(Slotkin and Martienssen, 2007), and subsequently become
non-functional due to accumulation of mutations (Vitte et al.,
2007). Moreover, TE insertion polymorphisms can be re-
tained within gene pools for long periods, either through
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lineage sorting (particularly in the case of domesticated
species) or because they are neutral (in the case of large
populations). Therefore, the polymorphisms observed today
only reflect the past transpositional activity of TE families
that may since have become extinct. However, identification
of active families in a given genome is necessary in order
to fully understand the molecular basis of biodiversity.
Moreover, in the case of crops, active TEs not only represent
a source of such variation, but can also be exploited to
develop genetic markers for genetic mapping and in marker-
assisted breeding (Flavell et al., 1998).

Asian rice (Oryza sativa) is grown worldwide and provides
the basic food supply for billions of people in Asia, Africa
and America. Completion of its genomic sequence (Interna-
tional Rice Genome Sequencing Project, 2005), which con-
sists of 12 chromosomes with a total size of 430 Mbp, has
enabled it to become a model species in plant genomics.
Despite its relatively small size compared to other cereal
crops such as sorghum (Sorghum bicolor; 900 Mbp), maize
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(Zea mays; 2500 Mbp) or wheat (Triticum aestivum;
18 000 Mbp), the rice genome harbours a significant
proportion of TE-related sequences (at least 33%) that
belong to most of the classes described in eukaryotes
(International Rice Genome Sequencing Project, 2005;
Wicker et al., 2007). The most predominant are the long
terminal repeat (LTR) retrotransposons, with nearly 400
families ranging from one to several hundred copies,
which constitute over 90 Mbp of the genome. Other types
of TEs (long interspersed repetitive elements (LINEs), short
interspersed repetitive elements (SINEs), transposons,
miniatures inverted repeat transposable element (MITEs)
and helitrons) represent an additional 40 Mbp. Altogether,
several hundred TE families have been characterized in
the rice genome, some of which are curated in dedicated
databases (Jurka et al.,, 2005; Chaparro et al., 2007). At
present, only eight of these TE families are known to exhibit
transpositional activity in planta. These are the LTR retro-
transposons Tos17 (Hirochika et al., 1996), Lullaby (Picault
et al., 2009), osr7 and osr23 (Wang et al., 2009), the LINE
Karma (Komatsu et al., 2003), the MITEs dTok (Moon et al.,
2006), nDart (Tsugane et al., 2006) and mPing (Jiang et al.,
2003), and the transposon Pong (Jiang et al., 2003). Alto-
gether, these eight TE families represent <100 kbp, i.e. 0.1%
of the TE-related sequences in the rice genome.

A number of rice mutant collections have been developed
for functional genomics studies (Rice Annotation Project,
2008). These have been produced either through in vitro
callus culture or transformation using a T-DNA vector (which
also requires in vitro cultivation for regeneration of the plant).
Four of the eight families mentioned above are activated
during in vitro culture of rice calli (Tos 17, Lullaby, mPing and
Karma). Consequently, it is expected that rice mutant lines
harbour several TE-associated mutations that remain to be
characterized in order to fully exploit these resources. Here
we provide an extensive survey of the transpositional
landscape of a plant genome using next-generation sequenc-
ing (NGS) technology. This was achieved through paired-end
mapping (PEM) of a fourfold genome coverage of a rice
mutant derived from in vitro callus culture using lllumina
technology. Our study reveals that at least 13 TE families are
active in a single mutant plant, and thus constitutes the first
step towards understanding of the impact of these mobile
elements on the genome dynamics of the species.

RESULTS AND DISCUSSION

A genome-wide survey of TE activity was performed using
NGS technology. As a proof of concept, we selected a line
showing a high number of Tos77 insertions in order to use
this element as a positive control of TE activity in the anal-
ysis. The line AB156365 was thus selected from those
available in the mutant collections because it harbours at
least 11 such insertions, as indicated by a Southern hybrid-
ization experiment using Tos77 as a probe (Figure S1). A
total of 44 061 780 36-mer paired-end reads, representing
a 4.17-fold genome coverage (base count), were generated
using lllumina technology. These data are freely available
upon request. PEM (Korbel et al., 2007) was performed in
order to identify TE-associated homology breakpoints
compared to the reference genome sequence (International
Rice Genome Sequencing Project rice pseudomolecules
version 4; http://rapdb.dna.affrc.go.jp/): amplicons for which
one end mapped to an unambiguously unique, non-TE-
related sequence and the other corresponded to a known
rice TE located at a distant site in the reference pseudo-
molecules were selected (see Figure 1 and Experimental
procedures). In this process, many of the homology break-
points that were identified in the first screening of the
paired-end reads (i.e. abnormally mapped pairs) were not
fully characterized, in particular those caused by insertions
in repeated sequences. In addition, R; plants are expected to
harbour a significant proportion of the mutations that orig-
inated from the callus culture at the heterozygous state. For
such loci, half of the amplicons (corresponding to the wild-
type) would exhibit no abnormal pairing, while the other half
(corresponding to the mutated allele) would exhibit abnor-
mal paired-end mapping. This leads to a discrepancy in the
mapping phase of the analysis pipeline and subsequently to
their elimination from TE insertion candidate loci. For these
reasons, the present study provides a partial, non-exhaus-
tive view of the overall transpositional activity of the rice
genome. Nevertheless, our method allowed identification of
34 TE insertions caused by the activity of 13 TE families in
the mutant line (Tables 1 and S1). A set of 27 randomly
chosen breakpoints, representing the 13 active families,
were confirmed using PCR amplification, cloning and
sequencing of the region for a set of ten selfing progenies
of the original mutant line (Figure 2 and Appendix S1). Our

Figure 1. Schematic view of the procedure fol-
lowed for PEM.
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Table 1 TE insertions identified in the mutant line

TE Number of Number
name TE type insertions  of copies Expression
BAJIE  LTR retrotransposon 1 663 0
osr10  LTR retrotransposon 1 248 0
osr37  LTR retrotransposon 3 128 0
RIRE2  LTR retrotransposon 2 451 -
RIRE3  LTR retrotransposon 2 587 -
RN363 LTR retrotransposon 1 1 0
RN216 LTR retrotransposon 1 135 0
Tos17  LTR retrotransposon 11 2 +
Mite#1 MITE 3 1696

Mite#2 MITE 1 2554

Mite#3 MITE 2 59

mPing MITE 3 8

Tami2 MITE 3 42

The expression column refers to previously published data (Picault
et al., 2009). 0, no difference in expression between callus and
imbibed embryos; —, down-regulation in callus; +, over-expression in
callus. Expression data are not available for the MITEs.

strategy allowed us to confirm and map in silico the 11
insertions of the LTR retrotransposon Tos17 that were first
identified based on the Southern hybridization experiment
(Figure S1). The 23 additional insertions were caused by
the activity of 12 other distinct TE families (seven LTR
retrotransposons and five MITEs). Among these, only the
MITE mPing was previously shown to be active in the rice
genome (Jiang et al., 2003), while the remaining 11 families

Figure 2. Validation of the insertions of mPing
on chromosome 1 (a) and Tos17 on chromo- (a)
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were only identified through annotation of the rice pseudo-
molecules (Rice Annotation Project, 2008). Therefore, the
PEM strategy implemented here allowed identification of
active TEs in the rice genome at an unprecedented scale,
increasing the number of known active families from eight to
19 in a single experiment. As indicated by the number of
insertions that we identified, the most active type of TEs in
rice callus appears to be the LTR retrotransposons, with
eight distinct families causing 22 mutations. The second
most active type of TEs in our rice mutant line are MITEs
(Wicker et al., 2007), which are short degenerated forms of
transposons. Our study did not show transposition of two of
the four TE families previously shown to be active in callus,
i.e. the LTR retrotransposon Lullaby and the LINE Karma. As
mentioned above, our screening for TE insertions is biassed
towards gene-rich regions, and we cannot conclude that
these two families are not active in the re-sequenced mutant.
In addition, transposition is a stochastic process, and anal-
ysis of a single genotype is not sufficient to draw conclu-
sions on the activity of all rice TE families. Additional studies
of this type may further extend the list of active TEs in the
species.

Tos17 has been used to develop large mutant collections
derived from in vitro culture of rice calli (Miyao et al., 2007).
Over 100 000 mutant lines are now available to the scientific
community for both forward and reverse genetics studies
in rice. Until now, identification of the insertion sites of
Tos17 was achieved through direct sequencing of the
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Figure 3. In silico mapping of the 34 TE insertions detected using our method
on each chromosome (1-12, solid black lines).

Arrows and diamonds represent LTR retrotransposons and MITEs, respec-
tively.

genomic region flanking the element (i.e. the flanking site
tag; Miyao et al., 2007). However, in the case of mutant lines
harbouring multiple insertions of this element, flanking site
tags cannot be obtained in a single sequencing experiment.
The PEM strategy that we used allowed precise and unam-
biguous localization of all the Tos 77 insertions present in the
line AB156365. Moreover, it allowed mapping of the 23 other
mutations caused by the insertion of TEs that were not
known to be active and for which flanking site tag mapping
was therefore not applicable. These mutations are evenly

Table 2 Genes for which a TE insertion was found within 1 kbp

distributed in the genome of the mutant line (Figure 3).
Moreover, the in silico mapping of all the TE insertions was
examined with regard to the position of the nearest rice
gene. A complete list of the genes for which a TE insertion
was identified within 1 kb in both the upstream and down-
stream directions in line AB156365 is given in Table 2.
Fifteen of the 34 identified insertions occurred in the vicinity
of genes, with the majority (ten) being caused by the activity
of LTR retrotransposons. Eight of the 15 gene sequences
were modified by insertion in either an exon, an intron or
one UTR, which is twice the number caused by insertion of
a Tos17 element. Only 10% of the phenotypes observed in
the rice mutant collections are tagged by flanking site tags
of this element (Miyao et al., 2007). As shown in the present
study, PEM enables fast characterization of all genes
mutated by TE insertions, and therefore increases the
probability of gene discovery through forward genetics in
mutants exhibiting altered phenotypes.

The LTR retrotransposon Tos77 is present in two copies
in the genome of the rice cultivar Nipponbare, on chromo-
somes 7 and 10. However, only the copy on chromosome 7
is active, the other being silenced by DNA methylation
(Cheng et al., 2006). No such information is available for the
other seven LTR retrotransposon families that we identified
in this study, as this report is the first evidence of their
transpositional activity. Except for RN363 (of which there is
only one copy in the Nipponbare genome), these elements
are present at a high copy number, which prevents identi-
fication of the active copy. As mentioned above, TEs are
under the strict control of epigenetic silencing (Slotkin and
Martienssen, 2007). Several reports have described the role
of major pathways in plants, such as DNA methylation,
histone methylation, RNA polymerase IV/V and siRNAs, by

Relative  Location of

Chromosome  Position Gene ID Gene name position insertion TE type
2 1001426 0s02g0118900  NBS-LRR disease resistance protein, putative 0 Exon Tos17
2 1657933 050290131800  Similar to root-specific metal transporter 1000 Tos17
2 29511802  0s02g0696500  Glycosyl hydrolases family 16, putative, expressed 0 3" UTR mPing
2 35472538  0s02g0809401  Conserved hypothetical protein -400 Tos17
4 909838 0s04g0115500  Zinc finger, C2H2-type containing domain protein -1000 RIRE2
5 14832678  0s05g0319900  Similar to (1.4)-p-xylan endohydrolase, isoenzyme 0 Exon Mite#2

X-II (EC 3.2.1.8) (fragment)
5 18323796  Os0590378800  Methyltransferase, putative, expressed 0 Exon-intron ~ Tami2
5 29177343  0s05g0584600  AAA family ATPase, putative, expressed 0 Exon-intron  Tos17
6 31913095  0s06g0728766  Glycosyl transferase, family 48 protein -900 osr37
7 30050157  Os07g0691100  Similar to pectin methyltransferase 6 (fragment) 300 Tos17
8 3226371 0s08g0155700  Similar to RNA polymerase Il largest subunit (fragment) 0 Exon BAJIE
8 26383373  0s08g0528100  Conserved hypothetical protein 0 Exon-intron  Tos17
9 18074709  Os09g0460500  Gibberellin receptor GID1L2, putative, expressed 200 Mite#3
1 5770880 0s119g0211300  Similar to NBS-LRR disease resistance protein -100 Mite#1

homologue (fragment)
1" 26064634  Os11g0621300  DUF1399-containing protein, putative, expressed 0 Exon Tos17

The relative position is given in bp.
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analysis of mutants impeding one or several of the enzy-
matic activities involved in these pathways (e.g. met1, kyp
or nrpd1a; Mirouze et al., 2009). The line AB156365 analyzed
here was regenerated from in vitro culture of calli obtained
from the wild-type cv. Nipponbare. The exact mechanisms
of transpositional activation in cultured tissues are not fully
understood, except for the LTR retrotransposon Tos77.
Thus, whether demethylation is involved in activation of
the other 12 TE families identified in this study remains to
be elucidated. PEM of high-throughput sequence data could
help to decipher the silencing pathways in rice on a genome-
wide scale by analysis of the above-mentioned mutants.

In a previous study, we performed a genome-wide
analysis of the transcriptional activity of rice LTR retrotrans-
posons in calli using a microarray hybridization strategy
(Picault et al., 2009). All transpositionally active LTR retro-
transposons are expected to be present in the form of
transcripts in the tissues in which they are activated. The
results of this transcriptomic survey are given in Table 1.
Surprisingly, of the eight LTR retrotransposon families
found to be active transpositionally, only Tos17 showed
over-expression in calli, while two (RIRE2 and RIRE3) were
down-regulated in these tissues. The remaining five did not
show any significant difference in expression level between
calli and the control. RIRE2 and RIRE3 contrast with Tos17in
terms of copy number. There are only two copies of Tos17,
but RIRE2 and RIRE3 are among the most highly repeated
families in the rice genome. As suggested previously
(Picault et al., 2009), the expression level of LTR retrotrans-
posons in rice may be controlled by a copy number-
dependent pathway. However, the present results show a
lack of correlation between expression level and transposi-
tional activity, which suggests that retrotransposition occurs
in calli regardless of transcriptional or post-transcriptional
control, although this requires confirmation in further
studies.

The development of high-throughput sequencing tech-
niques has opened new perspectives in the field of genom-
ics. They offer a fast and low-cost alternative to the classical
Sanger-based technology. PEM has been used to detect
structural variants in various organisms, such as human
(Korbel et al., 2007), Bombyx (Xia et al., 2009) and Arabid-
opsis (Mirouze et al., 2009). It was also used recently to
perform high-density mapping in rice (Huang et al., 2008). In
that study, we used PEM to determine the transpositional
activity in the rice genome, and showed that this approach
allows fast identification of TE insertions in a mutant line, a
task that until now required production of several genera-
tions of back-crossing, followed by positional cloning of the
genes of interest. More generally, PEM could be used to
detect TE activity in any species for which the complete
genome sequence is available, and in any genetic back-
ground or physiological state. Use of this technology should
clarify many aspects of TE biology in complex genomes,

© 2011 The Authors
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such as their epigenetic control and their genomic impact on
stress responses (whether biotic or abiotic).

EXPERIMENTAL PROCEDURES
Sequencing

Rice mutant line AB156365 (from the Tos17 library at the National
Institute of Agrobiological Sciences, Tsukuba, Japan) was selected
for this study based on the number of Tos77 insertions that its
genome harbours (see Results and discussion). This line was
obtained by A. Miyao and collaborators through regeneration of
callus culture. Callus from strain NF7023 of the cultivar Nipponbare
(from which the reference rice genome sequence was obtained) was
obtained by induction in MS medium supplemented with 2 mg L™
2,4-dichlorophenoxyacetic acid (2,4-D) and 0.3% gellan gum, fol-
lowed by transfer into liquid medium (N6 + 1 mg L™ 2,4-D) after
21 days. After 19 weeks, calli were transferred into pre-regeneration
medium (N6 + 0.3% casamino acid + 0.1% proline + 1 mg L™
2,4-D) for 12 days, followed by 10 days in regeneration medium
(N6 + 0.1 mg L™" benzyladenine (BA) + 0.01 mg L™" naphtalene-
acetic acid (NAA) + 1% agarose). Plants (Ro) were then transferred
into the field. Total genomic DNA was extracted from a single R,
progeny of the regenerated plants (corresponding to two genera-
tions of selfing). Sequencing was performed in two lanes of the
Ilumina GA (http://www.illumina.com/) for 36-cycle paired-end
sequencing.

Data analyses

The 36 bp paired-end reads were mapped against the International
Rice Genome Sequencing Project rice genome sequence (IRGSP
version 4, http://rgp.dna.affrc.go.jp/E/IRGSP/Build4/build4.html),
using bowtie software (Langmead et al., 2009) with non-stringent
parameters authorizing 3 mismatches (option -v 3) and an insertion
size for pair ends of 300 bases (option -X 300) as amplicons had a
theoretical size of 250 bases. We discarded all matching pairs and
continued the analysis with the non-matching pairs using bowtie
software to map them against a collection of transposable ele-
ments. The unmatched pairs from the previous step were mapped
individually against the transposable elements database, and those
not producing hits were BLAST searched against the genome. A list
was constructed, indexed by chromosome position, for all non-
mapped pairs, containing the position and best match of each
member of the pair. Then the chromosome matching reads were
grouped using a window of 600 bp, and those that presented more
than 60% (from a minimum of three) of the corresponding pair reads
pertaining to the same element or to the same chromosomal loca-
tion were filtered. From this filtered set, a 1 kb region surrounding
the candidate locations was subjected to a low-stringency BLAST
search against the transposable elements database in order to
eliminate candidates that showed resemblance to their corre-
sponding pair hit. The remaining candidates were subjected to a
manual curation step whereby dot plots were generated from the
chromosomic regions, the inserted element and the paired ends.
Those candidates that showed a clear pattern of paired-end map-
ping on the chromosomal region and the transposable element
were retained for further analysis. This step allowed elimination of
false positives that passed our previous filters.

Experimental validation

Validation of the insertions was achieved through PCR amplifica-
tion followed by sequencing of the PCR products on an Applied
Biosystems 3130xI genetic analyzer (http:/www.appliedbiosys-
tems.com/). Amplification was performed for 35 cycles (2 min at
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94°C, 35 cycles of 45 sec at 94°C, 45 sec at 58°C, 1 min at 72°C) with
an annealing temperature of 58°C. PCR products were separated
by 1% agarose gel electrophoresis. After purification using a
Geneclean® Turbo kit (MP Biomedicals, http://www.mpbio.com/)
according the manufacturer’'s instructions, each product was
sequenced using corresponding primers in an ABI377 sequencer
(Applied Biosystems). The sequences of the primers used for PCR
and sequencing are available upon request.
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