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SUMMARY

DNA sequences provide useful insights into genome structure and organization as well as evolution of species.
We report on a detailed analysis of the locus surrounding the tomato (Solanum lycopersicum) fruit-shape gene
SUNto determine the driving force and genome environment that foster the appearance of novel phenotypes.
The gene density at the sun locus is similar to that described in other euchromatic portions of the tomato
genome despite the relatively high number of transposable elements. Genes at the sun locus include protein-
coding as well as RNA genes, are small in size, and belong to families that were duplicated at the locus
an estimated 5-74 million years ago. In general, the DNA transposons at the sun locus are older than the
RNA transposons, and their insertion pre-dates the speciation of S. lycopersicum and S. pimpinellifolium.
Gene redundancy and large intergenic regions may explain the tolerance of the sun locus to frequent
rearrangements and transpositions. The most recent transposition event at the sun locus involved Rider, a
recently discovered high-copy retrotransposon. Rider probably arose early during the speciation of tomato.
The element inserts into or near to genes and may still be active, which are unusual features for a high-copy
element. Rider full-length and read-through transcripts past the typical transcription termination stop are
detected, and the latter are required for mobilizing nearby sequences. Rider activity has resulted in an altered
phenotype in three known cases, and may therefore have played an important role in tomato evolution and
domestication.
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INTRODUCTION

Tomato (Solanum lycopersicum) is a member of the
Solanaceae family, which also includes potato (S. tubero-
sum), pepper (Capsicum spp), eggplant (S. melongena),
petunia (Petunia spp.) and tobacco (Nicotiana spp.). Tomato
is a model plant for genome studies in the Solanaceae, as
well as a model for studies of fruit development, ripening
and crop domestication. Genomes evolve through structural
changes such as inversions, duplications, deletions and
transpositions, in addition to point mutation, which leads to
single nucleotide polymorphisms (SNPs). Recent discover-
ies regarding diversity among humans have revealed an
extraordinary level of structural variation within this species
(Kidd et al., 2008), some of which underlie phenotypic
diversity (McCarroll and Altshuler, 2007). Structural
changes of genomes are often mediated by unequal and
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non-homologous recombination, facilitated by repetitive
elements such as transposons.

Transposable elements (TEs), DNA fragments that are
capable of replication and movement, are major compo-
nents of eukaryotic genomes. TEs are divided into two
classes. Class | elements or RNA elements (retrotranspo-
sons) use element-encoded mRNA as the transposition
intermediate. These transposons are either flanked by a
long terminal repeat (LTR) or lack terminal repeat sequences
(non-LTR transposons). Class |l elements (DNA transposons)
are often characterized by the terminal inverted repeats
(TIRs) and transposition through a DNA intermediate.
Autonomous DNA TEs encode a transposase and other
proteins required for transposition, while non-autonomous
elements lack functional transposition proteins and rely on
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cognate autonomous TEs for their transposition. Upon
transposition, transposons contribute to genome diversity
as a result of insertional polymorphism among closely
related species. In rice, 14% of the DNA polymorphisms in
the two sub-species indica and japonica were due to
transposon insertion polymorphisms (Huang et al., 2008).
For most TEs, integration of the element is accompanied by
duplication of a small segment of flanking genomic
sequence. This is called target site duplication (TSD), and
is the hallmark of transposition. LTR retrotransposons are
very abundant in plants, and are largely responsible for the
genome size expansion in certain species (Bennetzen, 1996).
However, unequal recombination between the LTR pair of a
single element often leads to deletion of the internal region
and one of the LTR, resulting in the formation of a ‘solo’ LTR.
This process significantly reduces the size expansion caused
by element amplification (Ma et al., 2004).

Transposons are also known to duplicate and mobilize
gene sequences. For example, the maize Bs7 LTR retro-
transposon carries part of a plasma membrane proton-
translocating ATPase gene without its intron sequences
(Bureau et al., 1994; Jin and Bennetzen, 1994). In rice, over
1000 genes duplicated through retrotransposition (retroge-
nes) have been identified, and many recruited new exons
from flanking regions, resulting in the formation of chimeric
genes (Wang et al., 2006a). In addition, there are thousands
of Mutator-like elements (MULE) that carry genes or gene
fragments in the rice genome (Jiang et al., 2004; Juretic
et al., 2005). Due to their ability to duplicate genes or gene
fragments, transposons themselves may represent the
structural variation among species or individuals in the
population. For example, duplication of gene fragments by
Helitron elements in maize has contributed significantly to
many sequences that are not shared among maize cultivars
at the orthologous position (Fu and Dooner, 2002; Morgante
et al., 2005).

One of the features of plant domestication is the
selection of altered morphology of the harvested organ
(Pickersgill, 2007). In tomato, continued selection of fruit
characteristics has resulted in a diverse array of accessions
that differ in shape, size and color (Paran and van der
Knaap, 2007). We are specifically interested in investigating
the molecular basis of variation in tomato fruit shape in
order to obtain insights into genes and developmental
pathways that have been selected during domestication
and resulted in altered patterning of the fruit. Recently we
isolated SUN, a gene that controls tomato morphology by
producing an elongated and oval-shaped fruit. Sequence
analysis of the locus demonstrated that SUN arose from an
interchromosomal duplication event mediated by a newly
discovered retrotransposon, Rider. The duplicated gene
was placed in a new genomic context, resulting in
increased expression and hence altered fruit shape (Xiao
et al., 2008). This mutation is unusual as it was caused by a

TE that duplicated and transposed a gene into a different
genomic environment, which is in contrast with more
common mutations underlying phenotypic diversity such
as SNPs in coding and/or promoter regions (e.g. Frary
et al., 2000; Liu et al., 2002; Fridman et al., 2004) or TE
insertional inactivation of genes (e.g. Fray and Grierson,
1993; Doebley et al., 1997).

In this study, we sought to investigate the genome
organization of the tomato sunlocus, as well as the ancestral
region from which the locus arose. A detailed analysis of the
sun locus, which has undergone several structural rear-
rangements (Van der Knaap et al., 2004), has the potential
to provide insights regarding the evolution of plant
genomes and how structural changes have an impact on
the phenotype. Therefore, SUN is an excellent example to
assess the effects of the driving force, Rider, and genome
environment, the sun locus, that determine the appearance
of novel phenotypes such as elongated fruit shape. Unlike
previous studies on genome structure within the Solanaceae
(Wang et al., 2005, 2006b; Datema et al., 2008; Zhu et al.,
2008), which are genome-wide and largely based on predic-
tion programs and similarity to known gene and repeat
sequences, our analysis involved a detailed and partly
manual classification and identification of all features in
the sequenced regions. Therefore, this study provides one
of the most detailed and comprehensive descriptions of
the structural organization of a locus in the tomato genome.
In addition, we conducted a detailed comparison between
orthologous regions of almost 32 kb in S. lycopersicum and
one of its closest wild relatives (S. pimpinellifolium), pro-
viding an insight into the genic and intergenic evolution of
an extended region of these two closely related red-fruited
tomato species. Furthermore, we characterized the newly
identified Rider retrotransposon, which may have contrib-
uted significantly to genome evolution in tomato in the past
as well as the present.

RESULTS
The genome structure at sun and the ancestral locus

At the sun locus, the tomato cultivar Sun1642, which has
oval-shaped fruit, harbors a gene-rich 24.7 kb segment that
is missing in the round-fruited wild relative S. pimpinellifo-
lium accession LA1589 (Xiao et al., 2008) (Figure 1). This
24.7 kb fragment carries the SUN gene, which was dupli-
cated by a retrotransposition event mediated by the copia-
like retrotranposon Rider. Transformation experiments and
expression studies indicate that the promoter of the
disrupted defensin gene drives SUN expression on chro-
mosome 7 (Xiao et al., 2008). To investigate the genome
environment that permitted the frequent transposition and
other rearrangements at the sun locus, we performed a
detailed molecular analysis on the structure and composi-
tion of the locus as well as its ancestor on chromosome 10.
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Figure 1. Comparative analysis of the sun locus on chromosome 7 and the ancestral locus on chromosome 10 (partially redrawn from Xiao et al., 2008).

The green, purple and gold arrows indicate the retrotransposon Rider, the fruit-shape gene SUN and DEFL1, respectively. The yellow box and arrow represent the
DEFL1 gene that is disrupted by the transposition The black arrows indicates the inverted duplication flanking sun. The narrow red boxes represent the LTR
sequences flanking the transposon. The numbers above the LTR indicate their order based on the proposed transcription of Rider on chromosome 10. The thin arrow
above the chromosome 10 segment indicates Rider read-through transcription beyond LTR2 followed by the template switch. The dashed lines indicate homology

between the regions.

There were 21 predicted genes with protein coding
capacity in the sequenced regions (Figure 2 and Table S1).
Eleven predicted genes were identified in the BAC clone
representing the ancestral locus, giving a density of one
gene per 5.6 kb in this region of chromosome 10, which is
similar to other tomato euchromatic regions (Wang et al.,
2005). At the sun locus, there were four genes encoding
defensins, one of which was interrupted by the insertion of
Rider (Figure 2b). When the duplication from chromosome
10 was excluded, the gene density at the sun locus was one
gene per 11 kb. The sun locus also contained six U2-snRNA
genes that demonstrated sequence similarity of 78-96%.
When counting the protein coding and RNA genes, the gene
density in this region approached that of other euchromatic
regions. However, the percentage of intergenic regions at
the sunlocus was much higher than that on chromosome 10
(87% versus 47%), due to the small size of both the defensin
and RNA genes at the sun locus (Table S1).

Many of the repetitive sequences were recognizable as
TEs, and included both DNA and RNA elements (Table 1,
Figure 2 and Table S2). Although the number of TEs varied
between chromosomes 7 and 10, DNA elements outnum-
bered RNA elements in the sequenced regions (47 versus 5).
The overall density of both types of TEs was higher at the
sun locus than at the ancestral locus on chromosome 10,
possibly due to the larger proportion of intergenic regions at
the sun locus. To determine whether other parts of the
tomato genome also harbored a higher number of DNA TEs
than RNA TEs, we examined genomic sequences from both
euchromatic and heterochromatic regions that had been
studied previously (Wang et al., 2006b). Among the five
BACs from euchromatic regions, we detected 81 DNA TEs
(15.6 per 100 kb) and nine RNA TEs (1.7 per 100 kb). Among
seven BACs from heterochromatic regions, we detected 62
DNA TEs (9.1 per 100 kb) and 87 RNA TEs (12.8 per 100 kb).
This result strongly suggests that DNA elements are com-
mon repetitive sequences in the tomato genome, and that
RNA TEs are more common in heterochromatic than
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euchromatic regions. In addition, the density of DNA and
RNA TEs at the ancestral locus is close to that in other
euchromatic regions, whereas the DNA TE density is much
higher at the sun locus compared to other euchromatic and
heterochromatic regions (39.4 versus 15.6 and 9.1, respec-
tively, on average, per 100 kb).

Five LTR retrotransposons representing three elements
were found in the sequenced regions (Table 1 and Figure 2).
The LTR retrotransposons were generally larger in size than
DNA transposons, which is why they comprise a relatively
large percentage of the genome (Table 1). Forty-seven
DNA TEs were found, of which 27 (57%) were intact
with recognizable TSDs (Table 1 and Table S2). These TEs
included the major types described in plants, such as
Mutator-like elements, MITEs (Tourist/Stowaway), hAT and
CACTA-like elements, but not Helitron. None of them
encoded a transposase, indicating that these were non-
autonomous elements.

Conservation and divergence between S. lycopersicum
and S. pimpinellifolium

The availability of sequences from both S. lycopersicum and
S. pimpinellifolium provided a unique opportunity to
observe the dynamics of sequence evolution in this region of
the tomato genome. Of the three LTR retrotransposons at
the sun locus, only the copia-like element fragment Lel-
TR002 was found in both, possibly representing a relic from
an ancient TE insertion that was present before the two
species diverged. A solo LTR showed sequence similarity to
the Jinling retrotransposon (Wang et al., 2006b), and was
present only in S. pimpinellifolium (Figure 2b). Comparison
of flanking sequences showed that this solo LTR is probably
a new insertion in the S. pimpinellifolium accession LA1589
because the 5 bp TSD flanking the LTR was present once in
S. lycopersicum Sun1642. Sun1642 harbored a Rider ele-
ment, which was absent in LA1589 at the same location. Like
the Jinling solo LTR, Rideralso recently inserted, as the 5 bp
TSD flanking the element in Sun1642 was represented once
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Figure 2. Detailed genome structure at the sun locus and the ancestral locus.

(a) Ancestral locus on chromosome 10.

(b) Comparative analysis of the sun locus in Sun1642 and LA1589. Dashed lines indicate gaps in the alignment. The inverted duplication is found at 1-5452 bp and
56 729-60 253 bp, and is indicated by the thin black arrow below the sequences. The region 2495-4198 bp is missing from the other duplicate region. White arrows
indicate genes and the direction of transcription. Colored boxes depict the various transposable elements, unclassified repeats, tRNA and U2-snRNA genes (see
legend in the bottom right-hand corner). The distances are given in kilobase pairs.
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Table 1 Repetitive sequences at the ancestral locus on chromosome 10 and the sun locus on chromosome 7

RNA TE DNA TE Other repeats Total

Ancestral locus (61 605 bp, EF094939)

Copies 1 9 5

Density? 1.6 14.6 8.2

Size (fraction®) 4867 (8.0) 3557 (5.8) 1692 (2.8) 10 116 (16.6)
Sun locus Sun1642 (with duplication, 68 840 bp, EF094940)

Copies 2 24 7

Density? 2.9 349 10.2

Size (fraction®) 5511 (8.0) 10482 (15.2) 757 (1.1) 16 751 (24.3)
Sun locus Sun1642 (without duplication, 44 168 bp)

Copies 1 18 5

Density® 2.3 40.8 11.3

Size (fraction®) 246 (0.6) 8301 (18.8) 558 (1.3) 9105 (20.6)
Sun locus LA1589 (33 008 bp, EF094941)

Copies 2 14 5

Density® 6.1 42.4 15.1

Size (fraction®) 2121(6.4) 7991 (24.2) 796 (2.4) 10 908 (33.0)
Density refers to the number of elements per 100 kb genomic sequence.
PFraction refers to the percentage of genomic sequence that the elements account for.
Table 2 Sequence identity between Sun1642 and LA1589 at the sun locus
Components Coding region of genes UTR Intron RNA genes TE All other regions Average
Identity (%) 99.7 99.5 98.9 98.9 98.4 98.7 98.7

in LA1589 at the corresponding site. Therefore, despite the
few LTR elements at the sun locus, and with the exception of
LeLTRO002, the retrotransposons appear to have been active
in recent times.

Despite the abundance of DNA elements, a comparison of
the syntenic regions in Sun1642 and LA1589 indicated that
only three of them were present/absent in the two species
(Figure 2b). Itis not clear whether the three polymorphic TEs
represented new insertions or were deleted in the respective
genomes, because their flanking sequences were absent
from the other species in those cases. Therefore, there is no
evidence that any of the DNA elements transposed into the
sun locus after divergence of the two species.

The length of syntenic regions at the sun locus was
approximately 58.3 kb for Sun1642 and 32.1 kb for LA1589
(Figure 2b). A large part of the size polymorphism was
contributed by TEs, namely the 24.7 kb duplication and
transposition in Sun1642 and the insertion of Jinling in
LA1589. When excluding the retrotransposons, the lengths
of sequence present in one species but not the other were
7.0 and 3.6 kb for Sun1642 and LA1589, respectively. Most of
the polymorphic gaps (58 out of 66) were less than 20 bp
long. In addition, both LA1589 and Sun1642 carried two
large gaps (200 bp or longer). Excluding all gaps, the
orthologous region spanned 26.6 kb, and this showed that
the DNA sequences from the two species were highly
similar. The extent of conservation is highest between
coding regions (Table 2). Only three silent nucleotide
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changes were observed for each of the four defensin
gene pairs, resulting in a sequence identity of 99.7%. The
sequence identity was the lowest in the orthologous TEs,
and this was significantly different from the genome com-
ponent exhibiting the next lowest identity (P < 0.005, 32 test)
(Table 2). The pooled substitution rate for introns and UTRs
between S. lycopersicum and S. pimpinellifolium is 1.0%.
Based on this and a mutation rate of 6.03 x 10~ per year
(Muse, 2000), the divergence of Sun1642 and LA1589 was
estimated to have occurred 1.6 million years ago (MYA),
which is close to what has been reported in the past for these
two species (1.4 MYA) (Nesbitt and Tanksley, 2002).

Age of the small- and large-scale genome rearrangements
at the sun locus

Different mutation rates were applied for genes and TE to
calculate the age of the genome rearrangements at the sun
locus. In addition, we assumed that S. lycopersicum and
S. pimpinellifolium diverged 1.4 MYA, based on the muta-
tion rate at multiple loci (Nesbitt and Tanksley, 2002), and
this may be a better estimate than our own, which was based
on mutation rate at one locus. The most ancient series of
duplications was found for the defensin genes. Overall, the
nucleotide similarity of these genes ranged from 57 to 68%,
with DEFL1 and DEFL2 being the most similar to one
another. Thus, we estimated that the defensin gene ampli-
fication occurred more than 50 MYA (74 MYA based on
coding regions and 59 MYA based on intron sequences),
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possibly before the origin of the Solanaceae, which has
been estimated to have occurred approximately 40 MYA
(Wikstrom et al., 2001; Wu et al., 2006).

Based on sequence similarity among the members, the
U2-snRNA genes were found to have duplicated more
recently than the defensin genes, namely between 28 and 5
MYA. Moreover, four family members (U2-4, U2-5, U2-6 and
U2-7, Figure 2b) were lost after the divergence of S. lyco-
persicum and S. pimpinellifolium, suggesting that birth and
death for this gene family are highly dynamic, and their
function may be redundant. The overall sequence similarity
of the inverted duplication of approximately 4 kb (Figure 1)
is 90%, which includes a U2-snRNA, a tRNA gene and a few
TE fragments, as well as a 1.6 kb deletion (Figure 2b). The
formation of the inverted duplication is estimated to have
occurred at 9-11 MYA, depending on whether the TE or
average mutation rate is used. The U2-snRNA genes present
in the duplication display higher similarity to one another
(96%) than to any other U2-snRNA gene in the region,
suggesting that the inverted duplication may have occurred
as recently as 5 MYA. This result supports the view that the
inverted duplication is more recent than the amplification of
other U2-snRNA genes at the sun locus.

The most recent rearrangement is the 24.7 kb transposi-
tion event, which showed 100% identity at the nucleotide
level with the exception of three mismatches at the pre-
sumed template switch, which we assumed occurred during
transposition (Xiao et al., 2008). If we take the mutation rate
of the TE as a guide, the transposition of Rider that created
the sun locus occurred within the last 3500 years.

Rider retrotransposon distribution, insertion preference
and LTR polymorphisms

The TE responsible for the creation of the sun locus is the
Rider retrotransposon, with 398 bp LTR. The internal region
of the TE was 4071 bp and encoded a single protein of 1307
amino acids. The protein sequence was similar to that of
other copia-like elements in plants, such as Tnt7 (Grand-
bastien et al., 1989). The internal region also contained other
essential features that are required for transposition,
including the primer binding site and polypurine track
(Lewin, 2008). Thus, Rider could be an autonomous copia-
like element. Because of the unusual gene duplication event
mediated by Rider, we investigated this element in more
detail while also comparing Rider to another known tomato
retrotransposon Jinling (Wang et al., 2006b). Based on LTR
sequence similarity and searches through the available BAC
sequences, we found 106 Rider elements, including 48 intact
elements, 44 solo LTRs and 14 truncated elements from
53.4 Mb of genomic DNA. Assuming that the analyzed BAC
sequences were representative of the genome, we predict
that 1900 (106 x 950 Mb/53.4) copies of Rider exist in toma-
to. Using the same tomato BAC sequence data, we identified
254 Jinling elements (96 complete elements, 68 solo LTRs

and 90 truncated elements), which would result in 4500
Jinling elements in the tomato genome (see Appendix S1
for further discussion).

As the LTR of a single retrotransposon is identical upon
insertion (Lewin, 2008), sequence divergence between LTR
of the same element provides a measure of the time of
insertion when an estimate of the nucleotide substitute rate
is available (SanMiguel et al., 1998). The Rider elements on
chromosomes 7 and 10 have identical LTR, indicating they
inserted into the tomato genome relatively recently. Of the
48 complete Riderelements in the available BAC sequences,
all but one had a LTR identity of more than 96%. In addition,
24 (50%) of the intact elements have LTR with a nucleotide
identity of 99% or higher, and five elements have identical
LTR. In contrast, only three out of the 96 intact Jinling
elements had such high sequence conservation, and none
have identical LTR. This suggests that Rider elements are
generally much younger than Jinling elements. Assuming a
pooled substitution rate for silent sites of 0.8% (Nesbitt and
Tanksley, 2002), over one-third (18 of 48) of the intact Rider
elements for which the LTR is 99.2% identical or higher
formed after the divergence of the two species and within 1.4
MYA. However, if we use the TE divergence estimation
obtained in this study and the sequence similarity of 98.4%
for TEs between S. lycopersicum and S. pimpinellifolium,
nearly two-thirds (30 out of 48) of the intact elements are
found to have inserted after divergence of the species.

If the above estimates are correct, one would expect
many polymorphic Rider insertions between S. lycopersi-
cum and S. pimpinellifolium. To test this, we used transpo-
son display (TD), which generates PCR products anchored in
a transposable element and a flanking restriction site (Van
den Broeck et al., 1998; Casa et al., 2000). Insertional poly-
morphism, as defined by the presence of a PCR product
in one accession but not in another, was approximately
70% between S. lycopersicum and S. pimpinellifolium (Fig-
ure 3a), demonstrating a burst of amplification of Rider after
the divergence of the two species. Also, a few polymorphic
fragments have been observed among various cultivars of
tomato, suggesting that transposition of Rideroccurred after
domestication (Figure 3a). Although we cannot rule out the
possibility that the intra-specific polymorphisms were due to
introgressions from wild relatives, these polymorphisms
mean that Rideris a useful marker in genetic studies of intra-
specific comparisons in tomato. To survey the presence of
Rider in more distant wild species, DNA blot analysis was
performed using DNA from S. pennelliiand S. habrochaites
accessions, with the Rider LTR as a probe. As shown in
Figure 3(b), the banding pattern varied between species, and
the hybridization signal was reduced with DNA from S. hab-
rochaites compared to the other distant relative S. pennellii.
However, the banding pattern and hybridization signal was
much more homogenous among the tomato species when
using Jinling LTR as probe (Figure 3c). Again, the data
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Figure 3. Rider and Jinling elements in the
genome of tomato and its wild relatives.
(a) Transposon display using Rider LTR primers
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suggest that transposition and amplification of Rider in
cultivated and wild tomatoes is more recent than that of
Jinling. When the Rider sequence was used as a query to
search the available potato genomic sequence (8 Mb BAC
sequences and 108 Mb BAC end sequences), no sequences
similar to the RiderLTR (E < 1e7°) were retrieved. There were
potato sequences with less than 70% similarity to the internal
region of Rider, and these were presumably distant relatives
of the element. These data suggest that amplification of
Rider occurred after the divergence of potato and tomato.

The LTR sequence of a retrotransposon is composed of
three regions comprising essential cis-elements for tran-
scription start and termination, and integration of the
element (Lewin, 2008). Those include the promoter (U3),
the polyadenylation signal (R), and the sequence for termi-
nation of synthesis of element RNA (U5). Figure 4 shows an
alignment of representative LTRs of the Rider family from
intact elements, indicating that they are highly similar in the
R and U5 regions while the U3 region is variable. The Rider
element at the sun locus and its ancestral locus had the
longest LTR among all family members. The shortest LTR
lacked most of the U3 region including the TATA box. The
second shortest LTR, which was 213 bp in length, retained
the putative promoter, but most of the U3 region was
absent. As each of these two shortest LTRs were associated
with only one individual element in the analyzed genomic
sequence (while all other variant LTRs were represented
multiple times), it was possible that these LTRs were not
competent for transposition and represent relic TEs. Other
LTRs varied by an insertion or deletion (indels) in a single
location within the U3 region, suggesting this is an error-
prone region in duplication or transposition.
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Another interesting feature of the Rider family LTRs were
the two copies of the TTGT sequence in the U5 region,
separated by 1 bp (Figure 4). This region is believed to be an
important RNA synthesis termination signal (Temin, 1981).
Interestingly, one copy of TTGT was mutated to TTAT in
both LTR of Rider at the sun locus and its ancestral locus.
In addition, four of the 48 intact Rider elements found in the
available BAC sequences also carried the mutation in both
LTRs, indicative of the presence of the mutation upon or
before transposition of these elements (Table 3). For the
remainder of the elements, the mutation was either poly-
morphic in the two LTR flanking the same element (TTGT/
TTAT) or the element was truncated. Moreover, there was
only one TTAT variant among the 44 solo LTRs (Table 3),
suggesting that the mutation is relatively new.

To determine the insertion preference of Rider, the LTR
sequence was used as a query to search against nucleotide
sequences in GenBank, which resulted in three Rider-like
elements in known genes. In addition to its insertion in the
intron of DEFL1 on chromosome 7, Rider also inserted into
the first exon of tomato phytoene synthase gene PSY7,
resulting in the abolishment of the gene and creating the
yellow flesh mutation (Fray and Grierson, 1993). Rider also
inserted into the tomato FER gene, leading to iron deficiency
(Ling et al., 2002; Cheng et al., 2009). The presence of Rider
in genes raised the question of whether the association of
Riderwith genes is a coincidence or whether it reflects target
specificity. To this end, the 1kb flanking sequences of
complete Riderelements and solo LTRs were used to search
Tomato Gene Index database from the Institute for Genomic
Research, and compared with the flanking sequence of
Jinling. Among the 92 Rider elements examined, 40 (43%)
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contig071 N TGTTGAATGCCT TG A
contig406 R e e el
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contig070 IRETGTTGAATGCCTTGAATCGGACCCGCTACAAACAGAAAGGACGGGGGH
contig288 IRITGTTGAATGCCTTGAATCGGACCCGCT A CH T
contigl40 IRETGTTGAATGCCTTGAATCGGACCCGCTACAAACAGAAAGGACGGGG G
contig071
contig406
contig471
Sunl642
contig024
contig070
contig288
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contig070 48
contig288 30
contigl40 48
contig071 38
contig406 1
contig471 98
Sunl642 181
contig024 83
contig070 49
contig288 30
contigl40 49
contig071 94
contig406 52
contig471 154
Sunl642 237 R
contig024 139
contig070 109
contig288
contigl40
contig071
contig406
contig471
Sunl642 GTGGACGTAGCCAATTTETTGGTGAACCACGTAAATCTGTTGTCTTETTT
contig024 GTGGACGTAGCCAAATTGGTGAACCACGTAAATCTGTTGTCTTGTTT
contig070
contig288
contigl40

us

contig071
contig406
contig471
Sunl642

contig024
contig070
contig288

contigl40 TTCGCGTTTATATTTTCTCGTATTATCTCAAATTCCGCACAACA

Figure 4. Alignment of the LTR sequences from individual Rider elements.

The U3, R and U5 regions are indicated. ‘Start’ indicates the putative transcription start site in 5 LTR, and ‘Stop’ indicates the position where Rider transcription
normally terminates. The arrows above the sequences correspond to the primers used for the detection of read-through Rider transcripts. The two adjacent boxed
regions of four nucleotides each in the U5 region indicate the region thought to be involved in transcription termination and putatively involved in transcript read-
through. The contigs represent the following BAC sequences: HBa0031A21 (contig024), HBa0303124 (contig070), HBa0320D04 (contig071), HBa0107M13 (contig140),

HBa0304122 (contig288), HBa0057A19 (contig406) and SLm0066I05 (contigd71).

were located within 1 kb of a putative gene and 19 (21%)
were associated with a gene on both sides of the element. In
comparison, only 20% of the Jinling elements (33 out of 164)
were associated with a putative gene and four (2%) were
flanked by genes on both sides. As Jinling elements are

generally much older than Rider elements, it is possible that
the insertion preference is an artifact caused by the age
difference. To test this notion, we compared the intact Rider
and Jinling elements that probably transposed in the same
time frame, based on the similarity of their LTR. Among the
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Table 3 Frequency of TTAT in the U5 region of Rider LTRs

TTAT Total  Percentage
variant LTRs of LTRs
Intact elements TTGT/TTAT® 10 48x2 18.8
TTAT/TTAT® 4x2=8
Solo LTRs TTAT 1 44 2.3
Truncated elements TTAT 3 14 21.4
Total 22 154 13.0

*TTAT mutation in only one LTR.
PTTAT mutation in both LTR flanking the element.

23 Rider elements with LTR similarity of 96-99%, 11 (48%)
are associated with genes. In contrast, only 16 (21%) of the
75 Jinling elements exhibiting 96-99% LTR identity are
associated with genes. This strongly suggests that Rider
inserts much more frequently into genic regions than
Jinling does.

To test whether Rider inserts into a specific sequence, we
examined 78 Rider elements (including solo LTRs) with
perfect TSDs. It appears that Rider inserts into various
sequences; however, the target sites were generally TA-rich.
The GC profile of the 15 bp target sequence (including the
5 bp TSD and 5 bp surrounding sequence on each side) is
shown in Figure 5, together with that of gene and non-gene
sequences, and the target sequence of Jinling. Based on the
distribution, the gene sequence was significantly more GC-
rich than the non-gene sequence (mean GC content 41%
versus 32%, P < 0.001, ttest). The target sequence of Jinling
largely overlapped with that of the non-gene sequence
(mean GC content 31% versus 32%). The target sequence of
Rider had an even lower GC content than the non-gene
sequence (25%, P < 0.001, t test).

Expression of Rider elements and read-through
transcription

Database searches led to the identification of four ESTs
matching the internal regions of Rider with 97% similarity

-~-- Rider --e--Jinling —o—Genes ——Non-genes

Fraction of sequences (%)

-

01 2 3 45 6 7 8 9 10 11 12 13 14 15
Number of GC nucleotides in 15 bp sequence window

Figure 5. The GC content of the target sequences of Rider, Jinling, genic and
non-genic sequences in a 15 bp window.

© 2009 The Authors

Rider retrotransposon and tomato genome structure 189

or higher, and thus belonging to the Rider family. These
ESTs were from leaf, shoot/meristem, and isolated leaf
trichomes (accession numbers BG127728, ES894312,
Al778038 and EX487903). To further investigate Rider
expression, we performed semi-quantitative RT-PCR anal-
ysis of RNA isolated from various tissues (Figure 6a). In
contrast to SUN, which was highly expressed in developing
fruit, Rider was constitutively expressed in all tissues
examined. To further test whether the products detected in
RT-PCR represent intact transcripts from Rider, an mRNA
blot was probed with the same internal region as used in
RT-PCR. As shown in Figure 6(b), transcripts of approxi-
mately 4.5 kb were found, representative of full-length
transcripts from intact Rider elements. The fuzzy bands
may be indicative of the variable length of Rider LTRs. In
addition, transcripts with a size similar to that of SUN
(2.1 kb) were also observed. These transcripts might
correspond to an internal deletion derivative of Rider, one
of which was found on chromosome 8 (BAC accession
number AP009268). Nevertheless, a considerable propor-
tion of Rider transcripts appeared to be intact and should
be capable of inducing transposition.

Two additional ESTs (accession numbers DB687421 and
BF097567) contained LTR sequences that were 98 and 95%
similar to Rider. Interestingly, both ESTs were chimeric in
sequence, i.e. part of the sequences matched the Rider LTR
but the remainder did not match the internal region of the
element. These EST could be the result of read-through
transcription or an aberrant transcription start in or near the
Rider LTR. To investigate this possibility further, primers
that would only generate RT-PCR products in the case of
read-through transcription (i.e. transcripts that would not
terminate in the R region and instead extend to the U5
region) were designed and used (Figure 4). We detected
read-through transcription in all the tissues examined, even
in mMRNA samples that were purified twice using oligo(dT)
(Figure 6c¢).

The Rider element that created the sun locus carried a
mutation in one of the two TTGT sequences required for
transcript termination (see above and Figure 4). To examine
whether the mutation of TTGT to TTAT might influence the
termination accuracy of Ridertranscripts, we sequenced the
RT-PCR products generated in Figure 6(c). As expected from
database searches, few TTAT variants were recovered from
genomic PCR (note the small green peak indicative of A in
Figure 6d). However, the relative representation of TTAT
compared to the TTGT variant was dramatically increased in
all RT-PCR products analyzed, including those derived from
mRNA (the signal for A is increased at the expense of G in
Figure 6d). This strongly suggests that read-through tran-
scripts are indeed associated with Rider elements and are
more prevalent when the LTR carries the TTAT mutation in
one of the TTGT copies in the U5 region. However,
using locus-specific primers, read-through transcription
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from LTR2 at the sun locus and the ancestral locus on
chromosome 10 was not detected (Figure 6c¢).

DISCUSSION

Analyses of the sun locus and the ancestral locus, and com-
parisonsto other euchromatic regions of the tomato genome,

Figure 6. Rider expression and read-through transcription in Sun1642.

(a) Expression of Rider as determined by semi-quantitative RT-PCR of total
RNA isolated from Sun1642 tissues indicated above the lanes.

(b) Rider expression revealed by Northern blot analysis. Lanes 1 and 3 contain
RNA from septum tissues collected 4 days post-anthesis. Lanes 2 and 4
contain RNA from septum tissues collected 4 days post-anthesis from
Sun1642pp without the sun mutation and Rider transposition on chromo-
some 7. Lanes 1and 2, 10 ug of total RNA; lanes 3 and 4, 500 ng of mRNA. The
left panel shows an ethidium bromide-stained RNA gel. The right two panels
show the Northern blots probed as indicated.

(c) RT-PCR (35 cycles) using total and mRNA isolated from tissues indicated
above the lanes. The left panel shows general read-through transcription and
the right panel shows the lack of LTR2 read-through transcription.

(d) Sequence analysis of the PCR products generated in (c). The arrow
indicates the location of the TTGT to TTAT mutation. Note the much higher A
peak in the chromatogram of the RT-PCR products compared to the genomic
PCR product.

indicate that a significant proportion, 17-33%, of the gene-
rich regions is comprised of TEs and other repeats. As shown
in this and other plant studies, the most prevalent repeats in
genic regions are small non-autonomous DNA elements
(Feschotte et al., 2002). The success of small DNA elements
in genic regions may be attributed, at least in part, to their
small sizes. However, despite their abundance, there is no
evidence of recent transposition activity for DNA elements
intomato as opposed to RNA elements, which are more likely
to have been active in recent times. The latter finding is
consistent with the conclusion from a previous study that
retrotransposon-based markers demonstrate a high degree
of polymorphism in Solanaceae (Tam et al., 2005).

Despite high sequence identity of the syntenic DNA
sequence of the sun locus of Sun1642 and LA1589, there
are many small- and large-scale insertions, deletions and
transpositions in this region. Although the majority of these
rearrangements involved intergenic regions and TEs, the
most significant difference at the locus is created by Rider,
which transposed a 24.7 kb gene-rich region from chromo-
some 10 (Xiao et al., 2008). Thus, our analysis of the sun
locus suggests that rearrangements such as indels and
transpositions are likely to be more powerful forces in the
genome evolution of tomato than point mutations. A variety
of reasons might explain the frequent DNA rearrangements
atthe sunlocus. Onthe one hand, the genes in this region are
relatively small, and consequently 87% of the sequence in
thisregion isintergenic. Moreover, many genes in this region
belong to gene families, and therefore a mutation or inter-
ruption in one of these genes will probably not be lethal. For
example, tomato cultivars that carry Rider at the sun locus,
interrupting one of the defensin genes, appear to be normal
except for the altered fruit shape. Accordingly, two factors
were indispensable for the appearance of the novel fruit
shape: (i) the target specificity of Rider, allowing insertion in
genic regions and placement of SUN under the control of
new regulatory elements, and (ii) tolerance of a gene knock-
out insertion into DEFL1. On the other hand, the abundance
of repeats, including the large number of U2-snRNA genes in

© 2009 The Authors

Journal compilation © 2009 Blackwell Publishing Ltd, The Plant Journal, (2009), 60, 181-193



this area, may promote various types of illegitimate recom-
bination, replication error or other rearrangements. For
example, a crossover between the inverted repeat will lead
to inversion of the entire internal region flanked by the
repeat. Consequently, the intrinsic structural features of this
locus may lead to a higher frequency of rearrangement, and
the tolerance to mutations would allow individuals carrying
the rearrangement to survive and spread in the population.
From this point of view, the emergence of long-shaped
tomato is an excellent example of evolution of novel
phenotypes under relaxed selective constraint.

The newly discovered Rider retrotransposon is abun-
dantly present in tomato and its wild relatives. Surveys of
tomato and its relatives indicate that initial amplification of
this element occurred prior to divergence of the tomato
species but after the divergence of tomato and potato, which
is estimated to have occurred between 5.1 and 7.3 MYA
(Wang et al., 2008). Additionally, the transposon display
analysis among closely related accessions suggested that
the main amplification wave of this element occurred after
speciation. The absence of Rider elements from potato
indicates that either the ancestor of Rider has been lost in
this species, or Rider might have arisen in tomato via a
horizontal transfer event (Cheng et al., 2009).

LTR elements vary significantly in copy number, transpo-
sition activity and chromosomal distribution. Some ele-
ments, such as Tos17 in rice, are currently active and insert
into genic regions (Miyao et al., 2003). Although Tos17 can
amplify rapidly under artificial conditions, there are only a
few Tos17 copies in the natural population of rice (Hirochika
et al., 1996). Other elements, such as Jinling of tomato, have
thousands of copies in the genome and are mainly clustered
in the heterochromatic regions (Wang et al., 2006b). The
newly discovered Rider element represents an unusual LTR
retrotransposon that is different from most reported thus far
with respect to its high copy number and insertion prefer-
ence near to or in active genes. Moreover, given the large
size of Rider (approximately 5 kb), it is interesting to
speculate how this element reached such a high copy
number in genic regions, and, based on transcription
analysis, how it may still be active at the present time.
Among other features, the target sequence preference of
Ridermay play an important role in its successful and largely
unnoticed amplification through the genome of tomato. This
target preference may reflect the fact that direct insertion of
Rider into GC-rich coding regions, resulting in gene knock
outs and possible deleterious effects, is not frequent.

In addition to its avoidance of coding regions, there are
factors that may favor retention of Rider in or near genic
regions. One apparent feature is its ability to duplicate
and relocate genomic fragments (Xiao et al., 2008) via its
tendency to carry out read-through transcription (Figure 6c).
The failure to detect read-through from LTR2 at the sunlocus
and the ancestral locus might be due to the fact that the
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level of transcripts from these specific loci are too low to
detect. However, our analysis indicates that read-through
transcripts of Rider LTRs are indeed present, and the over-
representation of TTAT variant in the read-through tran-
scripts seems to favor the possibility that this mutation
promotes errors during mRNA termination in 3’ LTR. Alter-
natively, individual Riderelements with TTAT are more likely
to be expressed, or expressed at higher levels, which could
also lead to the over-representation of TTAT variants. The
two hypotheses are not mutually exclusive. Despite the
presence of various possibilities, the fact that the length
of the U3 region varies dramatically between individual
elements suggests that the replication in this region is error-
prone, and that the structure of U3 region may affect the
termination of RNA synthesis, promoting read-through and
the incorporation of other genomic sequences into the
transposition process, as was found to occur at the sun
locus (Xiao et al., 2008). These facts, combined with its
abundance, recent amplification, transcription and associa-
tion with genes, clearly suggest that Rider may be an
important player in the evolution of the tomato genome.

EXPERIMENTAL PROCEDURES

Plant material, genomic DNA analyses and transposon
display

The Sun1642 accession was obtained from Harris Moran (http://
www.harrismoran.com/) and carries the sun locus duplication. The
nearly isogenic line Sun1642pp lacks the duplication and Rider
transposition on chromosome 7. M82, LA716, LA1589, LA1777,
LA1927 and LA2560 were obtained from the Tomato Genetic
Resource Center at the University of California at Davis. Howard
German, Banana Legs, Rio Grande, Sausage and Roma were pur-
chased from the Tomato Growers Supply Company (http://
www.tomatogrowers.com/). DNA extractions and Southern blot
analysis were performed as described previously (Bernatzky and
Tanksley, 1986; Fulton et al., 1995).

Transposon display was performed as described by Casa et al.
(2000). Tomato DNA was digested with Msel and ligated using
adapters GACGATGAGTCCTGAG and ATGAGTCCTGAGTA. The
element-specific primers used were RiderR1 for pre-amplification
and RiderR2 for selective amplification (primer sequences are given
in Table S3). The annealing temperature for pre-amplification was
56°C, and that for selective amplification was 58°C.

Rider expression and read-through transcription

Total RNA was isolated using Trizol reagent (Invitrogen, http://www.
invitrogen.com/) and mRNA was purified twice using a Poly(A)
Purist™ MAG kit (Ambion, http://www.ambion.com). Northern blot
analyses were performed using 10 pg total RNA and 500 ng mRNA.
Templates for probe labeling with 32P-dCTP were prepared using
primers EP388 and EP575 (SUN) and EP1181 and EP1182 (Rider).
RNA (5 ng total RNA or 100 ng mRNA) was DNasel-treated and
either reverse-transcribed using oligo(dT) as the primer and Super-
Script Il (Invitrogen) (RT) or incubated without SuperScript Ill (no
RT; control). Of each 20 pl RT reaction mixture, 0.2 pul was subjected
to PCR using primers EP1181 and EP1182 corresponding to Rider
internal regions. To detect read-through transcription, primers
EP1256 and EP1257 corresponding to the LTR U3 and U5 region
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and flanking the TTGTCTTAT site were used. The PCR products
were gel-isolated and sequenced. Primers EP1256 and EP1258 were
used for the locus-specific read-through transcription from LTR2,
with the former primer corresponding to the LTR and the latter to
the region outside the LTR on chromosomes 7 and 10. Primers
CME2F and EP826 were used to detect SUN expression by RT-PCR.
Tomato elF4a6 was used to assess equal loading and mRNA and
c¢DNA quality. Primer sequences are listed in Table S3.

Annotations

The gene sequences were identified using the ab initio gene pre-
diction program FGENESH (http://www.softberry.com/berry.phtml).
Final annotation of the genomic sequences using National Center
for Biotechnology Information (http://www.ncbi.nlm.nih.gov) and
Institute for Genomic Research (http://www.tigr.org) databases
was performed at the Institute for Genomic Research by the group
of Dr Robin Buell (Department of Plant Biology, Michigan State
University).

For identification of the repetitive sequences and TEs, the tomato
genomic sequences were downloaded from the SOL Genomics
Network (http://www.sgn.cornell.edu/) on 26 November 2007 (BAC
sequences version: bacs.v177.seq) and used for estimation of copy
number as well as determining the identity of the flanking
sequences (see Appendix S2 for details on TE annotation). To
determine the GC content of the various types of sequences, ‘gene’
sequences were generated by masking the tomato gene index
sequences with RepeatMasker using the sequences of TEs, includ-
ing known TEs and newly identified from this study. The ‘non-gene’
sequence was generated by masking the genomic sequence using
‘gene’ sequences. The potato BAC (8 Mb) and BAC end (108 Mb)
sequences were provided by the group of Dr Robin Buell (Michigan
State University) on 21 April 2008.
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