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Abstract Improved knowledge of genome composition,
especially of its repetitive component, generates important
informations in both theoretical and applied research. In
this study, we provide the first insight into the local organi-
zation of the sunflower genome by sequencing and annotat-
ing 349,380 bp from 3 BAC clones, each including one
single-copy gene. These analyses resulted in the identifica-
tion of 11 putative gene sequences, 18 full-length LTR ret-
rotransposons, 6 incomplete LTR retrotransposons, 2 non-
autonomous LTR-retroelements (LINEs), 2 putative DNA
transposons fragments and one putative helitron. Among
LTR-retrotransposons, non-autonomous elements (the so-
called LARDs), which do not carry any protein-encoding
sequence, were discovered for the first time in the sun-
flower. The insertion time of intact retroelements was mea-
sured, based on sister LTRs divergence. All isolated
elements were inserted relatively recently, especially those
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belonging to the Gypsy superfamily. Retrotransposon fami-
lies related to those identified in the BAC clones are present
also in other species of Helianthus, both annual and peren-
nial, and even in other Asteraceae. In one of the three BAC
clones, we found five copies of a lipid transfer protein
(LTP) encoding gene within less than 100,000 bp, four of
which are potentially functional. Two of these are inter-
rupted by LTR retrotransposons, in the intron and in the
coding sequence, respectively. The divergence between sis-
ter LTRs of the retrotransposons inserted within the genes
indicates that LTP gene duplication started earlier than
1.749 MYRS ago. On the whole, the results reported in this
study confirm that the sunflower is an excellent system to
study transposons dynamics and evolution.

Introduction

Improved knowledge of genome composition, especially of
its repetitive component, generates important information
in both theoretical and applied research, for example to
improve strategies for genetic and physical mapping of
genomes and for the discovery and development of molecu-
lar markers. Moreover, knowledge of genome composition
is a prerequisite for the annotation steps in sequencing
projects both of ESTs (Expressed Sequence Tags) and of
genomic regions.

To date, substantial progress has been made in unveiling
the structure and organization of plant genomes. In the
emerging view of plant evolution, it is well established that
angiosperm species radiation has been accompanied, if not
promoted, by polyploidization events and differential
amplification of a repetitive component of their genomes
represented by the long-terminal repeat (LTR) retrotranspo-
sons (REs) (Grover et al. 2008; Soltis and Soltis 1999).
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LTR-retrotransposons (LTR-REs) are capable of replicat-
ing through a copy and paste mechanism and have the
potential to increase the genome size of their host in a very
short time span (Hawkins et al. 2006; Neumann et al. 2006;
Piegu et al. 2006).

Sequencing of several plant genomes have revealed that
the large degree of genomic variation and the occurrence of
non-shared genomic sequences in closely allied grass spe-
cies can be ascribed to the very young age of their extant
LTR-REs complement.

The replicative mechanism of LTR-REs, coupled with
the error-prone nature of transcription and reverse tran-
scription, determines the generation of different RE fami-
lies, characterized by sequence variability in both the
coding, transcribed portion and in the LTRs (Beguiristain
etal. 2001). RE families have been reported to amplify
differentially in different lineages within single plant groups
or even within a single species (e.g., in maize) over a time
span of less than 1 million years (Brunner etal. 2005;
Wang and Dooner 2006). Similar events have taken place
in several cereal species (Scherrer et al. 2005; Piegu et al.
2006; Vitte and Bennetzen 2006; Paterson et al. 2009) and
in some dicots as well, even though to a less dramatic
extent (Hawkins et al. 2006; Holligan et al. 2006; Neumann
et al. 2006; Ungerer et al. 2006). In the recently sequenced
sorghum genome, for example, the concomitant action of
transposable element insertion and removal by illegitimate
recombination or by DNA loss resulted in an average inser-
tion age of 0.8 million years and in 50% of the detected ele-
ments having inserted within the last 500,000 years
(Paterson et al. 2009).

Among species with large genomes, grasses such as
maize, barley and wheat are by far the group of plants for
which most information on retrotransposon-related genome
structure has been collected. Apart from Gossypium species,
relatively little attention has been given to large genome-
sized dicotyledons, despite their great economic importance.
For example, studies on the genome composition and orga-
nization in the Asteraceae family, which is very large and
includes very important crop species such as sunflower, are
at their very beginning (Cavallini et al. 2010).

Sunflower (Helianthus annuus L.) is the most important
species belonging to the genus Helianthus, the relatively
recent origin of which ranges between 4.75 and 22.7 mil-
lion years. Based on the geographic distributions of its clos-
est relatives, the genus Helianthus likely originated in
Mexico, with subsequent migration through North America
(Schilling et al. 1998). Sunflower haploid genome size is
around 3,000 Mb. New Helianthus species have arisen by
interspecific hybridization, some of which have been exten-
sively studied (Rieseberg et al. 2003; Gross et al. 2007).

Sample sequencing of a small-insert genomic library
from sunflower provided a set of sequences that were used
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to analyze the composition of the sunflower genome in
terms of types and abundance of repetitive elements
(Cavallini et al. 2010). The fraction of repetitive sequences
amounted to 62% of the sequences, while the putative func-
tional genes accounted for 4%; the largest component of the
repetitive fraction of the sunflower genome was represented
by LTR-REs, especially of the Gypsy superfamily. Class II
elements were barely represented in the library.

The identification of transposable elements was, how-
ever, difficult in sunflower because of the paucity of
sequences of previously described and annotated elements.
While a fraction of the coding portions of the elements
were recognized through the BlastX homology searches,
the non-coding portions (e.g., the long-terminal repeat
regions of LTR-REs) were much more difficult to detect
due to the high rate of sequence evolution of transposable
elements between species (Ma and Bennetzen 2004).
Sequencing of large genome regions appears to be more
effective for identifying and characterizing repetitive
sequences than BLAST homology searches of relatively
short sequences. For example, a more accurate dating of
amplification events of the LTR-RE component requires a
comparison of the two LTR sequences from single ele-
ments that can be obtained from the sequencing of large
genomic regions (SanMiguel et al. 1996).

For these reasons, we sequenced and annotated three
clones from a sunflower BAC library, for a total of
349,380 bp. By this analysis, we provide the first insight
into the local organization of the sunflower genome show-
ing nests of REs inserted into each other and allowing the
estimation of retroelement insertion ages. Different waves
of retroelement mobilization during the evolution of this
species and the occurrence of very recent retrotransposition
events are suggested.

Materials and methods
BAC library screening

A bacterial artificial chromosome (BAC) library from sun-
flower inbred Ha383 was available from the CUGI (USA).
We chose three genes for which bibliographic information
and experimental evidences were suggested to be in single
copy: a Lipid Transfer Protein-Encoding Gene (LTP), a
Dehydrin-Encoding Gene (DHN) and a Z-Carotene Desat-
urase-Encoding Gene (DES).

The three selected genes were used to develop three
probes to screen the BAC library. For each gene, we per-
formed PCR, using specific primers: 5'-TGGCAAAGA
TGGCAATGATG-3" and 5'-ATCAAAGACACATACAC
ATCCATA-3'for LTP; 5'- GCAGCATATGGCAAACTA
CCGAGGAGATAA-3" and 5'-CGAATTCGTGAAACC
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ACATACAAAACAAAA-3’ for DHN; 5'-GGCAAGCTG
CAGGGTTGG-3' and 5'-AGACTCAGCTCATCAACT-3’
for DES. Sequences were amplified using 100 ng of geno-
mic DNA as a template; thermocycling was performed at
94°C for 30s, 60°C for 30s and 72°C for 60 s, for 30
cycles, using Tag-DNA polymerase (Promega). PCR prod-
ucts were then used as templates for probes construction.

Radioactive *?P probes were prepared with [a->2P]dCTP
by a random-primed synthesis with Klenow fragments
(Roche) using 25 ng of each PCR product. Probes were
purified using ProbeQuant G-50 Micro Columns (GE
Healthcare). BAC library hybridizations with the three
probes were carried out in 5x SSC, 5x Denhardt solution,
0.5% SDS and 100 pg/ml salmon sperm DNA for 16 h at
65°C and the nylon filters were washed with 0.3 x SSC and
0.1% SDS at 65°C. Filters were exposed for 2 days to a
multipurpose phosphor storage screen (Cyclone Storage
Phosphor System, Packard, CT, USA) to obtain a digital
image of the radioactivity distribution. The obtained digital
images were then analyzed using a phosphoimager
(Cyclone Storage Phosphor system, Packard).

To avoid false-positive results, hybridization-positive
clones were submitted to a PCR amplification using the
specific primers reported above: by this way we could ver-
ify if the selected gene was actually included in the clone.

Among the hybridization-positive, PCR-positive BAC
clones, we selected one clone per gene to be sequenced and
analyzed (DES: clone 0516 M24; DHN: clone 0340 D07,
LTP: clone 0148 M20).

BAC clones sequencing

The three selected BAC clones were sequenced with a shot-
gun strategy (Tarchini et al. 2000) using a standard protocol
at 11-12x redundancy (considering only bases of Phred
quality > 20). As much as 10 ng of DNA was extracted by
two subsequent maxipreps from each of three Helianthus
annuus genomic BAC clones. BAC DNAs were treated
with Plasmid-Safe™ ATP-Dependent DNase (Epicentre) to
remove contaminating bacterial chromosomal DNA.

DNA was sheared by Hydroshear (Genomics Solution)
at the following setting parameters: DNA volume: 200 pl,
# of cycles = 15, speed code = 13.

DNA was purified and concentrated by using filter
columns (QIAquick PCR Purification Kit, QIAGEN™)
and resuspended in 40 pL of double-distilled water.
Uncompleted ends were repaired in a 50-pL reaction mix
using the End-1t™ DNA End-Repair Kit (Epicentre™), fol-
lowing the indications of the manufacturer. End-repaired
DNA was run on a 1% agarose gel. Fragments in the size
range of 2.5-4.0 kb were selected and DNA was purified
from the gel using the QIAquick Gel Extraction Kit
(QIAGEN™) and ligated into pSmart-LC plasmid using

the CloneSmart LCAmp Blunt Cloning Kit (Lucigen™)
according to the manifacturer’s protocol; 1 pL of this liga-
tion mix was then used to transform E. coli strain DH10f
using the OF10G Supreme™ Electrocompetent Cells
(Lucigen™) and a Bio-Rad Gene Pulser II electroporator.
Recombinants were selected on Luria—Bertani plates with
ampicillin.

Mate-paired reads were produced by sequencing with
BigDye Terminator Cycle Sequencing Kit (Applied Bio-
systems™) and the SL1 and SR2 primers. The samples
were purified by ethanol precipitation and were subse-
quently run on an ABI 3730xl capillary sequencer, starting
from minipreps prepared with the MultiScreen Plasmidsg,
system (Millipore). The total number of sequences (1,536
mate-paired per clone, 700 bp read length on average) was
then trimmed using PHRED and assembled using PHRAP
(http://www.phrap.org) and PCAP. PCR primers were
designed to walk across the sequence gaps by extracting the
non-repetitive ends of the relevant contig sequences and
importing them together into the Primer 3.0 program
(Rozen and Skaletsky 2000). Subcontigs robustly con-
nected by clone mates were merged manually where the
sequencing failed. Merged sequences were further con-
firmed by PCR on genomic DNA.

Sequences are deposited at EMBL database under the
accession numbers JN021934-36, and at the Department of
Crop Plant Biology of Pisa University repository Web site
(http://www.agr.unipi.it/Sequence-Repository.358.0.html).

Sequence analysis

The method used for BAC sequence annotation and trans-
posable elements identification was partially based on an
automatic pipeline for BLAST searches. Customized PERL
scripts were utilized to fragment the complete sequences of
both  BAC clones into several partially overlapping
2,500 bp-long regions, which were subsequently analyzed
by automatic BLASTX and BLASTN searches with MPI
BLAST software (http://mpiblast.lanl.gov) against public
non-redundant databases at GenBank. BLAST results for
each fragment were later recombined into a single file after
automatic correction of nucleotide coordinates. Since the
number of BLAST hits that can be provided in a single
search is limited and highly conserved motifs are redun-
dant, this procedure increased the number of matches along
the whole BAC sequences by allowing for detection of
additional weaker, but still significant homologies. To limit
false-positive detection, we used a fixed E-value threshold
of E < 10~ for BLASTN and E < 10~ '° for BLASTX.

Repetitive DNA content of each BAC clone was esti-
mated by masking sequences using BLAST software
against the RepBase (Jurka 2000) and the sunflower small-
insert genomic library (Cavallini et al. 2010).
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To identify homologies to conserved features of already
known retroelements, the complete sequences from each of
the three BAC clones were used to conduct BLASTX and
BLASTN searches against non-redundant databases at
GenBank and screened for similarity matches to either REs
gag-pol polyprotein or transposase, or other characterized
gene products typically encoded by transposable elements.
LTR retroelements were also identified using LTR
FINDER (Xu and Wang 2007) and DOTTER softwares
(Sonnhammer and Durbin 1995). LTR-FINDER uses a
suffix array-based algorithm to construct all exact match
pairs that are extended to long highly similar pairs. Align-
ment boundaries are obtained adjusting the ends of LTR
pair candidates using the Smith—Waterman algorithm.
These boundaries are re-adjusted based on the occurrence
of typical LTR-RE features, such as being flanked by the
dinucleotides TG and CA, at the 5’ and 3’ ends, respec-
tively, and the presence of a target-site duplication (TSD)
of 4-6 bp of a putative 20-25 bp-long primer binding site
(PBS), complementary to a tRNA at the end of putative
5'-LTR, and of a 20-25 bp-long polypurine tract (PPT)
just upstream of the 5’ end of the 3" LTR.

For LTP gene copies analysis, sequences were aligned
using ClustalW (Thompson et al. 1994), then genetic simi-
larity between each sequence was measured using the
DNAdist program of the PHYLYP package (Felsenstein
1989). The triangular matrix was imported into NTSY S-pc
version 2.01 h package (Rohlf 1998) to construct dendro-
grams using the UPGMA in the SAHN routine for cluster
analysis. The number of synonymous substitutions per site
between LTP genes was calculated using DnaSP (Rozas
and Rozas 1999).

Insertion age calculation of full-length retroelements

Retrotransposon insertion age was estimated comparing the
5’- and 3'-LTRs of each putative RE. The two LTRs of a
single RE are identical at the time of insertion because they
are mostly copied from the same template. The two LTRs
were aligned with ClustalW software, indels were elimi-
nated and the number of nucleotide substitutions per site
were calculated using DnaSP (Rozas and Rozas 1999).

Insertion time estimates are based on the occurrence of
nucleotide substitutions between LTRs using a nucleotide
substitution rate of 2.0 x 10~® synonymous substitutions
per site per year proposed for sunflower REs by Ungerer
et al. (2009). According to this rate, insertion time for each
intact RE was estimated.

DNA isolation and hybridization

Seeds of the sunflower HCM line were washed in tap
water and germinated on moist paper in Petri dishes and
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plants were grown in the open air. Young leaves were
collected and DNA purification was carried out accord-
ing to Cavallini et al. (2010). A sunflower small-insert
library (Cavallini et al. 2010) was used for relative quan-
tification of the transposons identified in the BAC clones.
As much as 40 pl of plasmid DNA from each of the
clones of the sunflower small-insert library was first line-
arized by overnight digestion with EcoRI (4 units) in a
total volume of 50 pl. DNA was then denatured for
10 min at 91°C and gridded at moderate density (4 x 4)
in duplicate using a Beckman Biomek 2000 replicator
tool onto nylon membranes that had been presoaked in
denaturation buffer. Filters were then denatured for 3 min
in 1.5 M NaCl and 0.5 M NaOH, neutralized for 15 min
in 1.5 M NaCl and 0.5 Tris HCI, pHS8, and rinsed in 5x
SSC. Filters were then exposed to UV light for 2.5 min.
The clones arrayed on the membranes were probed using
total labeled genomic DNA from Helianthus annuus,
H. petiolaris, H. argophyllus, H. debilis, H. ciliaris,
H. pumilus, H. atrorubens, H. giganteus, H. simulans,
H. tuberosus, Viguiera multiflora, Tithonia rotundifolia,
and other Asteraceae (Xanthium strumarium, Calendula
officinalis, Senecio vulgaris, Tagetes erecta, Achillea
spp., Bellis perennis, Gerbera spp., Leontopodium spp.,
Taraxacum officinalis and Cynara scolymus). Total
genomic DNA from each species was isolated from
young leaves and digoxigenin labeled by the random-
primed DNA labeling technique using a DIG DNA
Labeling Kit (Roche) according to the manufacturer’s
recommendations. Hybridization and detection were per-
formed as described by Cavallini et al. (2010). Labeled
lambda DNA was also used as control probe. The relative
hybridization intensity for each spot in macroarrays was
analyzed by eye and quantified in arbitrary units in the
range 0-3, where O is for not labeled, 1 for slightly
labeled, 2 for labeled and 3 is for heavily labeled. For
each transposons identified in BAC clones, the hybridiza-
tion intensity was calculated as the mean of intensity of
each corresponding clone.

Whole genome shotgun sequencing by Illumina’s
Sequencing-By-Synthesis (SBS) technology.

A genomic library was prepared from 5 pg of genomic
DNA from the same line of H. annuus using the Illumina
PE DNA Sample Prep kit according to the manufacturer.
After spin column extraction and quantification, the library
was loaded on Cluster Station to create CSMA (clonal sin-
gle molecular array) and sequenced at ultra-high through-
put on the Illumina’s Genome Analyzer IIx platform to
produce 75-bp paired-end reads. Then, alignments to BAC
sequences were performed at 1,000-bp intervals using the
program Genomics Workbench 3.0 (CLC Bio) and the
number of Illumina hits was calculated along the BAC
sequences.
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Table 1 Genomic parameters

derived from BAC sequences BAC clone Total BAC GC content (%) Number of Num.ber of Density of mobile
length (bp) genes mobile elements elements (number/kb)
DES 110,201 39.22 3 8(5) 1/13.8
DHN 103,566 37.40 8 (6) 1/12.9
The number of full-length LTP 135,613 37.68 13(8) 1/10.4
g;‘;::fh::‘ems 151 Total 349,380 38.08 11 29 (19) 1/12.0
E:;:E fheptl}llitévé fgnsfof::l;_ BAC clone Gene Exon Intron Exons/Gene
quenced in these experiments length (bp) length (bp)
DES Acyl Carrier protein 3,835 335 4
Z-Carotene Desaturase 1,744 3,329 13
VAMP-associated protein 1,107 0 1
DHN Dehydrin 770 148 2
PSII Chlorophill A 2,197 1,402 4
LTP Lipid Transfer Protein 1 357 627 2
Lipid Transfer Protein 2 351 133 2
Lipid Transfer Protein 3 351 123 2
Lipid Transfer Protein 4 351 6,627 2
Lipid Transfer Protein 5 351 121 2
UDP-Glu glucosyltransferase 1,406 0 1
Mean 1,165 1,168 2.5

Results
BAC sequencing and annotation

We chose three genes that bibliographic information and
experimental evidences suggested to be in single copy: a
Lipid Transfer Protein-Encoding Gene (LTP), a Dehydrin-
Encoding Gene (DHN) and a Z-Carotene Desaturase-
Encoding Gene (DES). The three selected genes were used
as probes to screen a BAC library. Three selected BAC
clones were sequenced, yielding the nucleotide sequence of
three large genomic regions of 135,613 bp (LTP clone),
110,201 bp (DES clone) and 103,566 bp (DHN clone).
Sequencing of 3 BAC clones provides significant new
insights into sunflower genomic organization (Table 1).
BLASTX and BLASTN searches against non-redundant
databases at GenBank identified besides LTP, DES and
DHN genes, other eight protein-encoding genes (Table 2).
The BAC clone carrying the LTP gene revealed that this
gene is present in five copies of different length and
sequence (see below).

The pairwise comparison between the three BAC clones
resulted in a low percentage of significant homology, rang-
ing from 2.9 to 12.2% of each clone sequence, indicating
no excessive redundancy between the three regions.

Eleven gene sequences (accounting for 21,525 bp,
Table 2) were found in the three BAC sequences

(accounting for 349,380 bp), i.e., gene sequences account
for 6.16% of the BAC sequences. For comparison, it may
be observed that in the sunflower small-insert library
(Cavallini et al. 2010), identified gene sequences (700 bp
long, on average) were 64 over 1,638 of the whole library,
i.e., 3.91%. Consequently, gene sequence content appears
overestimated in the BAC clones selected for sequencing,
as expected because clones that contain genes (therefore
probably corresponding to genic regions) were specifi-
cally chosen.

Performing BLASTX, JDOTTER and LTR-FINDER
analyses resulted in the identification of 18 full-length
LTR-REs, namely with intact ends, irrespective of whether
these elements were potentially functional or contained
inactivating mutations in their internal sequence (Tables 1, 3).
Seven of them belong to the Gypsy superfamily, five to the
Copia superfamily and six are putative LARDs, i.e., non-
autonomous retroelements. We also found eight incomplete
REs (5 Gypsy, 1 LARD and 2 LINEs) that exhibited ill-defined
or truncated boundaries. Moreover, two putative DNA
transposons fragments, and a putative helitron, interrupted
by two LTR-REs, were present.

The arrangement of REs denoted extensive transposition
activity in the regions and, similar to that observed in maize
(SanMiguel et al. 1996), in many cases elements inserted
into others; in one case, two different retroelements were
inserted in a single element. On the whole, 15 out of 29
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Table 3 Mobile elements found in the three BAC clones

BAC Retrotransposons DNA

clone transposons
Gypsy Copia LARD LINE

DES 4(2) 1 (1) 32 0(-) 0

DHN 3(2) 1(1) 2(2) 1(-) 1(1)

LTP 53) 33) 22 1) 2(-)

Total 12 (7) 5(5) 7(6) 2() 3(D)

The number of putatively complete elements is in parentheses

transposons found in the BAC sequences were single,
namely adjacent to sequences of the host genome.

All the putatively intact LTR-REs are annotated in
Table 4. Of the 29 transposons identified in the BAC
clones, 21 were also detected in the small-insert library by
homology searches (BLAST E-value smaller or equal to
1 x 10’10). The annotated map of DES, DHN and LTP
BAC clones are reported in Fig. 1.

To improve BAC annotation, 55 millions of 75-mers
obtained by Illumina SBS were aligned to BAC sequences
(Fig. 1). Peaks of Illumina 75-mers occurred in regions
corresponding to LTR-REs, especially Gypsy elements
and LARDs, while Copia elements were less represented.
However, extensive variation in redundancy, as determined
by Illumina library alignment, can be observed within

superfamilies. For example, DESRLG1f, DESRLG2, DES-
RLG2f, DESRLX3f, DHNRLG?2 and LTPRLG1 show the
largest redundancy, with 40,000 Illumina hits or more.

Only a few regions (at the 5’'-end of the DHN clone and
at the 3’-end of the DES clone) showed high Illumina
redundancy and could not be annotated by BLAST analy-
sis, confirming that most of the repetitive component of the
sunflower genome were represented by retrotransposons.
Interestingly, at the 3'-end of DES clone the highest peak
of Illumina hits is found, with more than 160,000 hits. This
region corresponds to the sunflower most repetitive family
(named Contig 61, Cavallini et al. 2010), whose nature was
unknown. Unfortunately, not even the present analyses
allowed establishing the nature of this repeat, which there-
fore remains unknown.

It is also to be noted that, in nested elements, inserted
elements are often differently redundant than host elements.
For example, in the LTP clone the Gypsy element
LTPRLGI1, interrupted by another Gypsy element
(LTPRLG?2), is highly redundant, contrary to the nested
element. The opposite trend is observed for DHNRLG2
inserted into DHNRLCI1 (Fig. 1).

Transposon dynamics

Of the 29 transposons identified in the three BAC clones,
26 are retroelements; there were 24 LTR-REs (Gypsy,

Table 4 Characteristics of 18 putatively complete retroelements identified in the three BAC clones

BAC Superfam- Code RT Verso Start 5"LTR 3'LTR TSR Ilumina  Putative PPT Putative
clone ily length length  length reads insertion
(bp) (bp) (bp) period
(MYRs)
DES  Copia DESRLC1 8,196 — 24,506 1,898 1,898 CCCAT 23,998 GAGTAAGTGTGGGGA 0.05-0.11
Gypsy DESRLG1 9,560 + 30,395 2,447 2412  ATGGT 47,971 TAAAGGAGGGGATAC 0.00-0.04
Gypsy DESRLG2 14,210 + 33,233 3,537 3,537 ACGAG 228,302 AAGGGGGTGAGGA 0.00-0.03
LARD DESRLX1 7,902 + 63,006 586 558 - 6,234 ACCCCGTGCGTAGG 1.08-1.26
LARD DESRLX2 7,720 + 72,735 773 773 - 82,218 AGGGGGAGATTA 1.10-1.23
DHN LARD DHNRLX1 5917 + 19,117 466 466  TTTAG 118,020 AAGGGGGAG 1.18-1.39
Gypsy DHNRLG!1 11,720 + 33,080 3,391 3,440 ATTTG 67,303 TCAAGGGGGAGT 1.12-1.15
LARD DHNRLX2 8,946 - 37,930 2,858 2866 CTTAT 20,829 ATGAAGGAAAAGGGT 0.65-0.68
Gypsy DHNRLG2 9,788 - 80,058 2,414 2417 TTGAT 21,706 AAAACTTGGGGATAA 0.99-1.04
Copia DHNRLC1 7,305 - 79,978 404 404  TTTTA 96,451 ATCCAAGGGGGAG 1.73-1.98
LTP  Copia LTPRLC1 1,685 + 23,786 183 184 - 195 TTAGGAGGGGGG 2.19-2.73
LARD LTPRLX1 6,222 + 26,828 486 486  GGATG 10,507 GATAAGGGGGAG 1.65-1.85
Gypsy LTPRLG1 8,688 + 38,188 1,444 1442 - 202,048 GAAATGAAAAAGAAA 0.66-0.73
Gypsy LTPRLG2 13,951 - 43,824 1,765 1,765 ATGAG 21,706 AGGACGAAAAAAAGA 0.25-0.31
Copia LTPRLC2 16,150 + 75,543 182 182  CAATA 30,611 AGCTTGAGGGGGAG  1.37-1.92
LARD LTPRLX2 7,053 + 85,414 454 453  CCTGT 30,201 AAGTTATGAAGACAA 0.22-0.44
Gypsy LTPRLG3 7,013 - 96,713 1,478 1,453 TGACA 84,467 GAAATAAGGTGAAAA 0.93-1.00
Copia LTPRLC3 6,511 + 111,496 931 919  TCATG 5,632 AAACACAAAATAAAA 0.00-0.05
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Copia, and LARDs). In many cases (18 REs), they were
complete elements (Table 3).

A complete element can be defined as one that shows
two relatively intact LTRs and identified PPT and PBS
sites, and is also flanked by TSDs. They were first classified
as belonging to Gypsy (RLG, Wicker et al. 2007), Copia
(RLC) or LARD (RLX) superfamilies according to BLAST
similarity of their internal (i.e., between LTRs) portion to
NCBI and REPBASE (Jurka 2000) databases. The coordi-
nates and the characteristics of the complete LTR-REs are
reported in Table 4.

The time of insertion of intact retroelements was esti-
mated, based on sister LTR divergence. Indeed, at the time
an element inserts into the genome, the LTRs are usually
100% identical since the retroelement transcription starts
from the R region in 5" LTR and terminates at the end of
the R region in 3’ LTR, thus including only one copy of
each U5 and U3 regions. Combination of single-copy U5
and U3 regions with a hybrid R region during reverse tran-
scription into cDNA yields two identical LTRs at both ter-
mini of retroelements prior to integration (Kumar and
Bennetzen 1999). As time passes, mutations occur within
the LTRs at a rate that has been proposed to be higher than
that of single-copy regions, at least in rice (Ma and Bennet-

zen 2004). Hence, LTR retroelements have a built-in clock
that can be used to estimate the insertion age (SanMiguel
and Bennetzen 1998).

It is to be recalled that the estimation of insertion time by
the number of mutations in sister LTRs is subject to error,
because it assumes the same mutation rates in all retroele-
ments and chromosome positions (Cossu et al., in prepara-
tion). Anyway, this method appears as the most suitable to
study RE dynamics.

Eighteen LTR pairs, logically identified in full-length
elements by JDOTTER and homology analyses, were
aligned and nucleotide distance was assessed. The same
analysis was performed to four complete LTR-REs (one
Copia, two Gypsy, and one LARD) found in the sequence
of two other BAC clones available in GenBank (FJ269356
and GUO074383). Insertion age was calculated using the
substitution rate of 2.0 x 10~ reported for sunflower REs
by Ungerer et al. (2009) according to a personal communi-
cation by M. Barker and L. Rieseberg, University of British
Columbia. Insertion time estimates based on LTR diver-
gence were consistent with the relative layering of nested
REs.

We observed a peak of elements with LTR divergence
between 1.0 and 1.2 MYRS (Fig. 2); another peak is

@ Springer



786

Theor Appl Genet (2011) 123:779-791

6
5
4
3
2
1
0
3 2
A
1'-:
08
s
3
2B
18
0@
4

LARD 3
2
1

W oo v O~ o) v O~ W o

I s B B I B B I — I — ]

Insertion ages (MYRs)

Fig. 2 Distributions of Copia, Gypsy and LARD full-length elements
identified in the three sequenced BAC clones according to their esti-
mated insertion ages (MYRS)

observed within the last 200,000 years, and a Copia RE
does not show variations in its LTRs, suggesting that its
insertion should have occurred between 0 and 54.000 years,
i.e., the retrotransposition process could be still active.

The three superfamilies showed different time span
activity that overlapped only partially. Gypsy elements are
by far the most recently inserted, followed by LARDs;
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Fig. 3 Mean hybridization intensity of clones from a small-insert li-
brary and with sequence similarity to 21 transposons identified in three
BAC:s, spotted on nylon membrane and hybridized with labeled geno-
mic DNAs of H. annuus, four annual and six perennial Helianthus spe-
cies, Viguiera multiflora, Tithonia rotundifolia and other ten
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Copia elements transposition is scattered, from relatively
ancient to very recent (Fig. 2).

Genome expansion related to the amplification of Gypsy
and Copia retroelements has been shown to occur in the
evolution of three Helianthus hybrid species adapted to
extreme environments (Ungerer et al. 2009). In agreement
with the results reported by Ungerer et al. (2009), our data
show that mobilization waves of REs in sunflower are very
recent, compared to other species (see for example Baucom
et al. 2009; Bennetzen 2007; Ma et al. 2004).

To analyze the conservation of transposons (complete
and fragmented) contained in the BACs within the genus
Helianthus and other Asteraceae, we hybridized genomic
DNA from four annual and six perennial Helianthus spe-
cies, from Viguiera multiflora and Tithonia rotundifolia
(two Helianthus related species), and from another ten
Asteraceae species (see ‘“Materials and methods”) to a
panel of 1,344 clones from a small-insert library of sun-
flower spotted on nylon membranes (Cavallini et al. 2010)
and analyzed clones sharing their sequence with REs iden-
tified in the BAC clones.

The signals detected in many spots indicated that the
repetitive sequences occurring in the BAC clones are pres-
ent in high copy number in H. annuus and conserved
enough in sequence to be detected by hybridization in the
other species (Fig. 3). The conservation of transposon fami-
lies is clearly evident not only within Helianthus, but also
in other Asteraceae, despite their estimated evolutionary
distance.

[[] other Asteraceae

W Viguiera

[ ANNUALS

W Tithonia
A me [ H annuus

DESRLG2f

e
3
DHNRLGIf

Transposon type

DESRLG3f |,

DESRLX1
DESRLX2
DHNRLX1
DHNRLX2 | |
LTPRLX1
TPRLX2
LTPDTX2

Asteraceae species. Hybridization signal intensity of each clone was
evaluated in arbitrary units: 0, lack of signal; 1, low-intensity signal; 2,
medium intensity signal; and 3, strong-intensity signal. For each trans-
posons is reported the mean of labeling intensities of small-insert
clones corresponding to that transposon
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The three superfamilies show different patterns of
hybridization in different groups of species of Helianthus
(Fig. 3): Copia elements are equally redundant in annuals
and perennials, while Gypsy REs are generally much more
frequent in annual species than in perennials. Interestingly,
LARDs are generally much more redundant in perennial
species than in annuals, despite being identified in H.
annuus (i.e., an annual species).

These different redundancy patterns suggest that the REs
identified in the three BAC clones occurred in the progeni-
tor of the genus before splitting of annuals and perennials;
however, LARDs have increased their number especially in
perennials, and Gypsy elements especially in annuals. This
is consistent with the recent burst of transposition observed
for Gypsy elements in the sequenced BACs.

Concerning DNA transposons, those containing a trans-
posase gene are fragmented, indicating that they were sub-
jected to large mutations and/or deletions. The third is
probably a helitron, because of the occurrence of putative
diagnostic features (Du et al. 2008). Such features include:
(i) a putative helicase encoding sequence; (ii) many ATC
trinucleotides in the 5" helicase flanking region; (iii) two
CTRRT sequences, preceded (at —11 nucleotides) by puta-
tive hairpin sequences in the 3’ helicase flanking region.
The helicase gene resulted interrupted by the insertion of a
Gypsy element, on its turn interrupted by a LARD. This
putative helitron sequence is the first to be described in sun-
flower. The insertion of the Gypsy element into the helitron
can be dated to 1.14 MYRS ago; accordingly, the putative
helitron was inserted before that date.

The LTP locus

Sequencing of the BAC clone highlighted that the LTP
locus comprises five copies of the LTP gene, named LTP]
to LTP5; three of these LTP gene copies are forward ori-
ented (LTP2, 4 and 5) and two are reverse oriented (LTP]
and 3; Fig. 4). All copies show two exons and one intron.
LTP] is interrupted by a non-autonomous RE in its coding
region and it is presumably inactivated. Also LTP4 is inter-
rupted by an LTR-RE (of the Copia superfamily); in this
case, however, the retroelement is inserted into the intron,
and therefore the functionality of LTP4 cannot be ruled out.
In fact, the coding regions of LTP4, as also those of LTP2,
3 and 5, do not show stop codons, indicating the possibility
that all these gene copies encode functional protein
sequences.

Considering LTP gene copies without inserted REs, the
coding portion is always 351 bp; intron length is more vari-
able, ranging from 121 to 627 bp. LTPI and LTP4 have an
RE inserted in their coding portion and intron, respectively;
excluding inserted REs from their sequence, LTPI coding
portion is 357 bp long and LTP4 intron is 6627 bp long.

787
LARD
LTP1 -
26,146 33,356
LTP2 -
64,192 64,675
LARD Gypsy
Copia
LTP3 - 2y
73,857 74,330
Copia
LTP4 -
111,127 118,110
LIPS --
124,090 124,561

Fig. 4 Schematic representation of five copies of the LTP-encoding
gene in the LTP BAC clone. Boxes indicate the coding portion of the
genes; inner boxes represent introns. REs interrupting or strictly adja-
cent to LTP genes are represented as triangles. Numbers indicate the
coordinates of each gene in the LTP-BAC sequence

Dot plot analysis shows that only coding portions are
repeated, while regions adjacent to each gene copy seem to
be specific to each gene. In fact, extensive variability is
found in the putative proximal promoter regions; a 2,000-
pb region, upstream of each gene, was scanned for regula-
tory cis-elements against the PLACE database (Higo et al.
1999): a number of putative regulatory elements were
found, of different types and in different number for the
different gene copies. The number of some cis-elements,
selected especially among those responsive to environmen-
tal changes, show large variability (see Supplementary
Materials), suggesting that each gene follows a specific
expression pattern. On the contrary, at protein sequence
levels, only minor variations are observed, which probably
do not affect LTP function. Actually, K, (the number of
non-synonymous substitutions per site) ranges from 0.01 to
0.04. Such values are very low compared to K, (the number
of synonymous substitutions per site), ranging from 0.1 to
0.3, i.e., tenfold the K,. This suggests conservative selec-
tion for LTP gene sequences.

A phylogenetic analysis, by the neighbor-joining method
of the 5 LTP gene copies was performed using an LTP
encoding sequence of Lactuca sativa (GenBank accession
number EF101532) as outgroup (Fig. 5). The dendrogram
allows deducing a first duplication originating two ancestor
sequences that on their turn duplicated once and twice,
respectively. The occurrence of intact REs within LTPI and
LTP4 allows at least partial elucidation of the time course
of LTP gene duplications. According to divergence
between sister LTRs, the Copia element interrupting LTP4
inserted recently, because no nucleotide substitutions were
observed between LTRs. On the contrary, insertion date of
the LARD nested into L7PI amounts to 1.749 MYRS.
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Fig. 5 Dendrogram obtained from UPGMA cluster analysis of five
LTP gene copies in the LTP BAC clone. LTP Ls indicates an LTP
coding sequence of Lactuca sativa used as the outgroup. For sunflower
sequences, the putative time interval of duplication (in MYRS) is
indicated at each node, based on a synonymous substitution rate per
yearof 1 x 1078

Therefore, it can be concluded that gene duplication started
before 1.749 MYRS ago.

Actually, hypothesizing that duplicated LTP genes origi-
nated from a unique ancestor, the number of synonymous
substitutions per site between LTP gene copies should
allow to date each duplication event. Based on the synony-
mous substitution rate of 1.0 x 10~® proposed for sun-
flower genes by Barker and Rieseberg (see above), we have
calculated the putative dates of duplication events (Fig. 5).
It can be supposed that duplications started between 31.5
and 34.5 MYRS ago, and that the last duplication (involv-
ing LTP1 and LTP3 genes) occurred between 7.8 and 10.0
MYRS ago, i.e., before the insertion of REs within two of
LTP genes, as expected.

Discussion

Sequencing large genomic regions allowed improving the
characterization of the sunflower genome, beyond available
biochemical, cytological and molecular data.

The repetitive component of the H. annuus genome
amounts to more than 60% (Cavallini et al. 2010). LTR-RE
redundancy is very large and has been described in a num-
ber of studies (Santini etal. 2002; Natali etal. 2006;
Ungerer etal. 2009; Cavallini etal. 2010). As in the
genome of other plant species, LTR-REs are the vast
majority, with large prevalence of Gypsy over Copia ele-
ments. In each of the three selected BAC clones, we could
find nested REs, suggesting that transposition is pervasive
of the whole genome.

In the three BAC clones, we have isolated and character-
ized a number of complete retroelements, adding numerous
sequences to the only complete retroelement till now
described in the sunflower, HACREI (Buti et al. 2009).
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Both the number of retroelements in the sequenced BAC
clones and Illumina data confirm that Gypsy elements are
prevalent over Copia ones in the sunflower genome (see
Cavallini et al. 2010), similar to other plant species. For
example, in angiosperms, Gypsy superfamily is more repre-
sented than Copia superfamily in the genomes of papaya,
(with respective ratio of 5:1, Ming et al. 2008), Sorghum
(4:1, Paterson et al. 2009), rice (3:1, The International Rice
Genome Sequencing Project 2005) and poplar (Tuskan
et al. 2006). On the contrary, Copia elements are prevalent
over Gypsy ones in grapevine (2:1, The French-Italian Pub-
lic Consortium for Grape Genome Characterization 2007).
Maize genome shows a similar abundance of the two clas-
ses (Meyers et al. 2001), with Gypsy elements especially
concentrated in gene-poor regions and Copia REs overrep-
resented in gene-rich ones (Baucom et al. 2009; Schnable
et al. 2009). Similar data are reported for other cereal spe-
cies with large genomes such as wheat and barley (Vicient
etal. 2005; Paux et al. 2006). Species of the Gossypium
genus show a variable proportion of Gypsy versus Copia
elements with Gypsy elements prevailing in species with
larger genome sizes (Hawkins et al. 2006). Such a compari-
son, though referred to superfamilies, confirms that the
dynamics of retrotransposons are different in different spe-
cies. Further data would be necessary to evaluate if different
RE families have undergone different transposition waves,
as for example observed in poplar (Cossu et al., submitted).

It is worth noting that, for the first time, putatively com-
plete non-autonomous elements (the so-called LARDs,
Kalendar et al. 2004) have been identified in the sunflower;
in fact, this class of REs can be identified only when their
complete sequence is available, allowing to recognize
the occurrence of LTRs. The number of intact LARDs is
the same as the intact Copia elements, suggesting that the
redundancy of LARD superfamily is similar to that of the
Copia.

Most of the identified REs appear to be specific to
Helianthus, as already suggested by previous studies
(Natali et al. 2006). The redundancy of each element was
estimated using an Illumina library of the same sunflower
line. Ilumina 75mers were aligned to the three BAC
sequences and showed a strict correspondence to the anno-
tation: peaks of redundancy are observed in the regions
containing REs; moreover, differences can be found among
different elements confirming the possibility of using SBS
technologies for relative quantification purposes, as
reported by Swaminathan et al. (2007).

Concerning retrotransposon dynamics, the identification
of sister LTRs allowed for the first time to date the insertion
of retroelement in the sunflower genome using this method,
established by Ma et al. (2004) in maize or barley. An anal-
ysis of insertion age based on comparison of RT-coding
sequences of sunflower was carried out by Ungerer et al.
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(2009) that reported large and recent activity of elements in
Helianthus species derived from interspecific hybridization
between H. annuus and H. petiolaris. All the REs identified
in the three BAC clones show a relatively recent insertion
time, in a time span of 0 to 2.6 MYRS. These data indicate
that in the sunflower, as in maize (Brunner et al. 2005;
Wang and Dooner 2006), retrotransposon burst is very
recent and probably still occurring, as already suggested by
Cavallini et al. (2010), Ungerer et al. (2009), and Vukich
et al. (2009a). On the other hand, it has been recently dem-
onstrated that many sunflower elements are transcribed
even in the absence of environmental stimuli (Buti et al.
2009; Vukich et al. 2009b). Vukich etal. (2009b) also
showed that, even at a very low rate, transcription of ret-
roelement is followed by insertion in another chromosomal
site, i.e., it results in an increase of retrotransposon number.

With regard to LTR-RE superfamilies, some differences
can be observed in the insertion time between Copia and
Gypsy elements. Also in other species, LTR-RE superfami-
lies are subjected to different amplification histories during
the evolution of the host; for instance, in wheat, Copia and
Gypsy superfamilies are differently represented in the A and
B genome (Charles et al. 2008). An example of different
amplification histories among RE families was reported for
Copia elements of Vitis vinifera (Moisy et al. 2008) and
Populus trichocarpa (Cossu et al., submitted).

It has been suggested that the capacity to transpose of an
LTR-RE is related to its redundancy, i.e., low redundant
REs are more active than high redundant ones because
these are more commonly subject to inactivation by small
RNAs. In this sense, the few elements in plants for which
new insertion events were shown are three Copia-like ele-
ments, Tntl, Ttol and Tosl7, present in a relatively low
copy number (<1,000) per haploid genome (see Yamazaki
etal. 2001) and a low redundant Gypsy element of sun-
flower (Vukich etal. 2009b). Interestingly, in the BAC
clones sequenced here, Illumina analysis shows two cases
in which the inserted elements are much less redundant
than the interrupted ones. However, in other cases, espe-
cially when Copia REs are interrupted by Gypsy ones, these
are more redundant, suggesting that the negative correlation
between RE transposition and redundancy is not a general
rule.

Beside recent retrotransposon activity, occurrence of
past activity is indicated by the hybridization of genomic
DNA of annual and perennial species of Helianthus to
clones of the sunflower small-insert library described by
Cavallini et al. (2010). Clones homologous to sequences of
the REs identified in the BACs show hybridization signals
in both Helianthus sections, indicating that such retroele-
ments were already present in the Helianthus ancestor
before splitting between annuals and perennials. Then, vari-
ations (either increases or decreases) had occurred in the

extant species. It is known that the rates of both genome
expansion and genome contraction processes appear to vary
between species (Bennetzen et al. 2005; Vitte and Bennet-
zen 2006), allowing some genomes to shrink, while others
expand. Rearrangements, and illegitimate and unequal
homologous recombination are the processes that drive
DNA removal in plants by multiple mechanisms, including
repair of double-strand breaks (non-homologous end-join-
ing) and slipstrand mispairing (Ma and Bennetzen 2004).
Therefore, as in other genera, retrotransposon activity
seems to be a major force acting in the diversification of
species (Ungerer et al. 2006, 2009).

Regarding the structure of sequenced loci, the LTP locus
appears to be the most interesting, with five copies of the
LTP gene within less than 100,000 bp, four of which are
potentially functional, and LTPI probably inactivated by a
retroelement insertion. Sequence analysis of the proximal
putative promoter sequence suggests the mode by which
the plant uses gene redundancy: the promoter sequences of
sunflower LTP genes are very different and should insure
large differences in the regulation pattern of each copy.
Such differences have been observed in other species such
as grapevine (Falginella et al. 2010). On the other hand,
only minor differences may be observed as to the proteins
encoded by the four LTP putatively functional genes. It can
be concluded that the major specificities of the five LTP
genes (or at least of the four putatively functional ones)
stand in their regulation pattern rather than in their bio-
chemical function.

Finally, it can be observed that LTP] inactivation by the
Copia retroelement has occurred very recently (as indicated
by complete similarity between sister LTRs), further sug-
gesting that sunflower is still evolving at a high rate.

Actually, a relative incompleteness of species differenti-
ation within Helianthus is indicated by cross-compatibility
between H. annuus and annual Helianthus species and
sometimes also between H. annuus and perennial species
(Whelan 1978). On the whole, the results reported in this
study confirm that the sunflower is an excellent system to
study plant genome evolution.
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