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Abstract Retrotransposons are an ubiquitous component
of plant genomes, especially abundant in species with large
genomes. Populus trichocarpa has a relatively small
genome, which was entirely sequenced; however, studies
focused on poplar retrotransposons dynamics are rare. With
the aim to study the retrotransposon component of the
poplar genome, we have scanned the complete genome
sequence searching full-length long-terminal repeat (LTR)
retrotransposons, i.e., characterised by two long terminal
repeats at the 5′ and 3′ ends. A computational approach
based on detection of conserved structural features, on
building multiple alignments, and on similarity searches
was used to identify 1,479 putative full-length LTR
retrotransposons. Ty1-copia elements were more numerous
than Ty3-gypsy. However, many LTR retroelements were
not assigned to any superfamily because lacking of
diagnostic features and non-autonomous. LTR retrotranspo-
son remnants were by far more numerous than full-length
elements, indicating that during the evolution of poplar,
large amplification of these elements was followed by DNA
loss. Within superfamilies, Ty3-gypsy families are made of
more members than Ty1-copia ones. Retrotransposition
occurred with increasing frequency following the separa-
tion of Populus sections, with different waves of retro-
transposition activity between Ty3-gypsy and Ty1-copia

elements. Recently inserted elements appear more frequently
expressed than older ones. Finally, different levels of
activity of retrotransposons were observed according to
their position and their density in the linkage groups. On the
whole, the results support the view of retrotransposons as a
community of different organisms in the genome, whose
activity (both retrotransposition and DNA loss) has heavily
impacted and probably continues to impact poplar genome
structure and size.
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Abbreviations
RE Retrotransposon
LTR RE LTR retrotransposon
LTR Long terminal repeat
MY Million of years
MYA Million years ago

Introduction

Class I transposons or retrotransposons (REs) represent the
majority of the repetitive component of eukaryotic
genomes. REs propagate via a “copy and paste” mechanism
in which, after RE transcription, enzymes encoded by the
RE synthesize double-stranded DNA copies that are
integrated back in the host genome. This mechanism
resembles the replication cycle of retroviruses (Wicker et
al. 2007).

REs can be separated into LTR and non-LTR retrotrans-
posons, depending on the presence of long terminal repeats
(LTRs) flanking the coding portion at both 5′ and 3′ ends.
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Such repeats are identical at the time of insertion of the new
element in the chromosome. They range from a few
hundred to several thousand base pairs in length. LTR
retrotransposon (LTR-RE) transcription starts in the 5′-LTR,
where the TATA box usually occurs; within LTR, cis-
regulatory motifs can be found that regulate RE transcrip-
tion (Sugimoto et al. 2000). An LTR is typically delimited
by two dinucleotides TG…CA, has terminal inverted
repeats (TIRs) of 6 bp, and is flanked by target site
duplications (TSDs) of 4–6 bp. Both TIR and TSD may,
however, be imperfect as result of mutations subsequent to
LTR-RE insertion.

Internal to the 5′ and 3′ LTRs, respectively, are present
the primer binding site (PBS) and the polypurine tract
(PPT). They provide the signals for reverse transcription of
RE transcripts into the complementary DNA (cDNA) that
will be integrated in the genome. The PBS is complemen-
tary to a portion of a host encoded transfer RNA (tRNA),
which can act as a primer for retrotranscription (Wicker et
al. 2007).

The two LTRs flank an internal portion that typically
contains one or more open reading frames encoding the
enzymes for retrotransposition (Boeke and Corces 1989;
Kumar and Bennetzen 1999): gag (encoding a capsid
protein) and pol (encoding aspartic proteinase, integrase,
reverse transcriptase and RNaseH).

LTR-REs are subdivided into autonomous and non-
autonomous elements, depending on the presence, in the
internal region flanked by LTRs, of genes encoding the
retrotransposition machinery. Among autonomous LTR-
REs, superfamilies Ty1-copia and Ty3-gypsy differ in the
enzyme order within pol (Wicker et al. 2007). Both
superfamilies are ubiquitous throughout the eukaryotes
and have been present since the divergence of plants,
animals, and fungi.

Non-autonomous LTR-REs have the PBS, PPTs, and
LTRs needed for transcription, replication, and integration
as cDNA (Sabot and Schulman 2006), but they do not carry
genes for retrotransposition and are mobilized in trans using
enzymes produced by autonomous LTR-REs. Among non-
autonomous LTR-REs, two main groups have been de-
scribed: terminal-repeat retrotransposons in miniature
(TRIMs) and large retrotransposon derivatives (LARDs)
(Witte et al. 2001; Kalendar et al. 2004).

Because of the error-prone nature of transcription and
reverse transcription, the replicative mechanism of LTR-
REs has generated different families. LTR-RE sequence
heterogeneity is found in the coding, transcribed portion,
and especially in the LTRs (Beguiristain et al. 2001).

The replicative activity of retrotransposons has deter-
mined the structure of eukaryotic genomes. Genome
expansion by insertion of REs occurred frequently during
evolution; on the other hand, retrotransposons have been

the object of sequence removal—and, in part, they also
have favoured DNA loss—mediated by unequal homolo-
gous recombination or by illegitimate recombination
(Devos et al. 2002; Ma et al. 2004; Grover et al. 2008).
The rates of both genome expansion and genome contraction
processes appear to vary between species (Bennetzen et al.
2005; Vitte and Bennetzen 2006), allowing some genomes to
shrink while others expand. Within a genome, for example in
rice, the occurrence of illegitimate and unequal homologous
recombination can be related to the gene density, being
higher in coding sequences rich regions (Tian et al. 2009).
Rearrangements and illegitimate and unequal homologous
recombination are the processes driving DNA removal in
plants by multiple mechanisms, including repair of double-
strand breaks (nonhomologous end-joining) and slipstrand
mispairing (Kalendar et al. 2000; Ma and Bennetzen 2004;
Neumann et al. 2006; Ammiraju et al. 2007; Hawkins et al.
2008; Morse et al. 2009).

A survey of the dynamics of different RE superfamilies
in eukaryotic genomes is facilitated by the availability of
whole genome sequence or, at least, sequence of large
portions of the genome, as bacterial artificial chromosome
(BAC) clones. In plants, LTR-REs have been largely
surveyed in species whose genome has been entirely
sequenced and in species for which the sequence of large
portions of the genome are available. Gypsy and Copia
superfamilies are differently represented in the genome,
depending on the species, with respective ratios of 5:1 in
papaya (Ming et al. 2008), 4:1 in Sorghum (Paterson et al.
2009), 3:1 in rice (The International Rice Genome
Sequencing Project 2005), and 1:2 in grapevine (The
French-Italian Public Consortium for Grape Genome
Characterization 2007). Maize shows a similar abundance
of the two classes (Meyers et al. 2001), with Gypsy
elements especially concentrated in gene-poor regions and
Copia REs overrepresented in gene-rich ones (Schnable et
al. 2009; Baucom et al. 2009a). Similar data are reported
for other cereal species with large genomes such as wheat
and barley (Vicient et al. 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).

Recent reports have shown that retrotransposon sequen-
ces can have an impact on the expression of nearby genes
(Kashkush et al. 2003) by their presence or absence in the
cis-regulatory sequences of genes of the host species.
Therefore, the identification and characterisation of LTR-
REs are a priority in analyzing the genome of crop species.

Among species whose genome has been sequenced,
poplar (Populus trichocarpa), grapevine, and papaya are
the only perennial plants, and it is plausible that perennial
habit affects genome dynamics in a different way from
annually sexually propagated species.
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In their report on poplar genome sequencing, Tuskan et
al. (2006) reported that class I elements (Ty1-copia-like,
Ty3-gypsy-like, LINEs, and unidentified retroelements) are
the most abundant (over 5000 copies). Poplar genome is
relatively small (550 Mbp) and retroelements cover
approximately 176 Mbp (42% of the genome). A preva-
lence of Gypsy over Copia RE sequences was reported
(Tuskan et al. 2006); however, unidentified elements
account for 120 Mbp.

Recently, a database of repetitive elements (RepPop) has
been released (Zhou and Xu 2009). However, a compre-
hensive analysis of LTR retrotransposon dynamics in the
poplar genome is still not available (Klevebring et al.
2009). With the aim of studying the dynamics of LTR
retrotransposons in the poplar genome, we identified
putative full-length retrotransposons based on the occur-
rence of both LTRs and established phylogenetic relation-
ships among them according to LTR sequence similarity.

Materials and methods

LTR-REs identification

Putative LTR-REs were identified in the sequenced genome
of P. trichocarpa (Tuskan et al. 2006) deposited at EMBL
(accession number AARH00000000.1) using LTR-FINDER
software (Xu and Wang 2007). LTR-FINDER uses a suffix-
array-based algorithm to construct all exact matching pairs,
which are extended to long highly similar pairs. Alignment
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: (1) being flanked by the dinucleo-
tides TG and CA, at 5′ and 3′ ends, respectively; (2) the
presence of a TSD of 4–6 bp; (3) the presence of a putative
PBS, complementary to a tRNA at the end of putative 5′-LTR;
and (4) the occurrence of a putative polypurine tract just
upstream of the 5′ end of the 3′ LTR. The following parameters
were used: LTR sequence length from 80 to 5,000 bp and
maximum distance between LTRs of 20,000 bp. The
sequences between two putative LTRs were subsequently
analysed by BLASTX and BLASTN searches (E value
threshold, 10−5) against public non-redundant databases at
GenBank and against REPBASE (Jurka et al. 2005).
Sequences are available at the Department of Crop Biology
of Pisa University repository website (http://www.agr.unipi.it/
Sequence-Repository.358.0.html).

All sequences were masked against RepPop database (Zhou
and Xu 2009) using RepeatMasker (developed by A.F.A.
Smit, R. Hubley, and P. Green; http://www.repeatmasker.org/).

LTR-REs were annotated using both structure- and
homology-based methods. Relationships between LTR-

REs were established according to sequence similarity
between LTRs. All putative LTRs were clustered using
CAP3 software (Huang and Madan 1999) using an overlap
length cut-off of 80% and an overlap identity cut off of
80%, following the guidelines for transposable element
annotation proposed by Wicker et al. (2007).

Mutation rate estimation

Based on the estimation that separation between taca-
mahaca and Populus sections (to which P. trichocarpa and
Populus alba belong, respectively) occurred in the
Miocene between 18 and 23.3 MYA (Eckenwalder
1996), a synonymous substitution rate was calculated
comparing protein coding sequences of P. alba (Maestrini
et al. 2009) to orthologous sequences in the P. trichocarpa
genome. Thirty-one sequences (longer than 320 bp) out of
150 available P. alba sequences [aligned at high similarity
(>e−80) with only one sequence in the P. trichocarpa
genome] were selected for analysis. Rates of synonymous
and nonsynonymous nucleotide substitution for each gene
were calculated by the method of Nei and Gojobori (1986)
with the Jukes–Cantor correction as implemented in the
DnaSP program (Rozas and Rozas 1999). The average
synonymous substitution number for 31 genes was
estimated.

LTR-REs insertion time estimation

Retrotransposon insertion age was estimated comparing the
5′- and 3′-LTRs of each putative full-length retrotransposon.
The two LTRs of a single retrotransposon are identical at
the time of insertion because they are mostly copied from
the same template. The two LTRs were aligned with
ClustalX software (Thompson et al. 1994), indels were
eliminated, and the number of nucleotide substitutions was
counted using the DnaSP program (Rozas and Rozas 1999).
The insertion times of retrotransposons with both LTRs
were dated using the Kimura two parameter method (K2P,
Kimura 1980), calculated using DnaSP, and a synonymous
substitution rate that is twofold the one calculated for genes,
according to SanMiguel et al. (1998) and to Ma and
Bennetzen (2004).

LTRs copy number estimation

To estimate the number of LTR-RE remnants in the genome,
we have measured the number of hits obtained by BLASTN
searches against P. trichocarpa genome at Genbank (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) using the LTR sequences
of each putative full-length LTR-RE as queries. The
occurrence of sequences with at least 80% similarity to
putative LTRs in EST databases of P. trichocarpa was
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scored by BLASTN search against such databases at the
same NCBI site (E value threshold, 10−5).

Other sequence and statistical analyses

In other analyses, we used the TandemRepeat Finder
program (Benson 1999) in conjunction with BLAST
analysis against poplar genome at NCBI, to search putative
centromeric repeats.

Statistical analyses were carried out using GraphPad
Prism Software.

Results

Identification and classification of REs with complete LTRs

An intact LTR retrotransposon was defined as one that
contains two relatively intact LTRs and identified PPT and
PBS sites and is also flanked by TSDs (Ma et al. 2004),
irrespective of encoding or not enzymes for retrotransposi-
tion. Using this definition, we started our analyses search-
ing for every sequence flanked by two highly similar
sequences longer than 80 bp and with the above specified
typical features.

We mined putative LTR-REs of poplar from the entire P.
trichocarpa genome using LTR-FINDER software (Xu and
Wang 2007). False positives were eliminated by careful
checking each sequence separately. To estimate the fre-
quency of false negatives, we masked the sequence of
chromosome I with all identified poplar LTR-REs using
RepeatMasker. Then, the masked and unmasked sequences
of chromosome I were analyzed by tBLASTn using two
poplar sequences, a Copia retrotranscriptase and a Gypsy
integrase. The unmasked chromosome I showed 172 hits
for the Copia sequence and 88 hits for the Gypsy sequence;
the masked chromosome I showed only one Gypsy
sequence that revealed a retrotransposon fragment. Hence,
we estimated that the number of false negatives was
negligible.

On the whole, we collected 325 intact elements. Moreover,
putative LTRREs with two or one of the above described three
typical LTR-RE features (PPT, PBS, and TSD) were identified
(1,150 and four elements, respectively). Hereafter, the
complete set of 1,479 putative LTR-REs is referred as full-
length LTR-REs. Their sequences are available at the
Department of Crop Biology of Pisa University repository
website (http://www.agr.unipi.it/Sequence-Repository.358.0.
html, see also Supplemental file 1).

The collected elements were masked against repetitive
sequences present in the RepPop database (Zhou and Xu
2009) using RepeatMasker. Beside the overlaps, there are
significant portions unique to both sets. Forty-three percent

of bases of our dataset were unmasked. Moreover, 132 out
of 1,479 LTR-REs were masked only for 0–15% of their
sequence; hence, it can be considered as specific to our
dataset.

Nearly all elements found using this approach are
isolated, i.e., apparently adjacent to sequences of the host
genome. In only 31 loci were we able to recognise nested
elements, i.e., an element within another one. We cannot
exclude the possibility that more complex nested structures
are present in the poplar genome, as observed for example
in maize (SanMiguel et al. 1996). However, we decided to
limit our search to full-length and linear elements to
analyze a homogeneous RE sample.

The recorded putative LTRs had a mean length of
566 bp, but large length variability was observed (up to
4,848 bp, standard deviation=631.82 bp). As for full-length
retrotransposons, the mean length was 7,225 bp, again with
a large standard deviation (5,436 bp).

The full-length LTR-REs were compared with the
GenBank nr database by BLAST analysis (E value
threshold, 10−5) to explore whether sequences encoding
RE enzymes were present. Of 1,479 putative LTR-REs,
only 595 (40.2%) were found to contain at least one of the
coding domains needed for retrotransposition.

LTR-REs were first classified as belonging to Ty3-gypsy,
Ty1-copia, or unknown superfamilies according to BLAST
analysis of their internal portion (i.e., between LTRs) in
comparisons with GenBank and REPBASE databases.

Table 1 reports the number of full-length Ty1-copia-like,
Ty3-gypsy-like, and unknown LTR-REs identified in the
poplar genome. Unknown putative elements are the most
represented in our sample, followed by Ty1-copia- and Ty3-
gypsy-like ones.

Concerning unknown full-length elements (855 LTR-REs),
in some cases, BLASTanalysis showed the presence of coding
sequences with similarity to non-LTR retrotransposons (34
elements), to DNA transposons (44 elements), or to helitrons
(6 elements) between the putative LTRs. These elements
possibly originated by insertion of such sequences in
previously existing LTR-REs. In 41 cases, BLAST analysis
showed the occurrence of pol or gag encoding sequences, but
the attribution to a superfamily was not allowed. The internal
domain of other unknown LTR-REs (730 elements) lacked
strong homology to any known LTR-RE proteins.

According to Wicker et al. (2007), all elements lacking
typical LTR-RE protein encoding sequences can be classi-
fied as TRIMs when they had a length <4 kbp and as
LARDs when longer than 4 kbp. On the whole, elements
not showing any RE enzyme coding portion or elements
containing sequences with similarity to DNA transposons
or non-LTR-REs and not sharing their LTR sequence with
any Copia or Gypsy superfamily were classified as
unknown (Wicker et al. 2007).
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Chromosome distribution of LTR-REs

Table 1 reports the number of full-length LTR-REs in the 19
linkage groups (LGs) of P. trichocarpa. The putative full-
length REs identified in our analysis represent 3.47% of the
poplar genome, i.e., a mean of one full-length retroelement
every 208,141 bp. The distribution in the 19 LGs is
somewhat different, from 6.29% in the LG XIX to 2.00%
in the LG VI. Copia LTR-REs are especially frequent in the
LG I. Gypsy LTR-REs are more frequent than Copia in five
out of the 19 LGs.

In Fig. 1 and Supplemental file 2, the distribution of the
1,479 LTR-REs on the 19 linkage groups of P. trichocarpa
is reported. REs are mostly dispersed throughout the
chromosomes. Unfortunately, the current Populus genome
sequence does not annotate the centromeric regions
(Klevebring et al. 2009). Moreover, a complete cytoge-
netic map of the poplar, based on linkage groups as
determined by whole genome sequencing, is still to be
established (see Islam-Faridi et al. 2009). The fact that, in
some cases, Gypsy-like and unknown LTR-REs are
especially clustered in one chromosome position might
suggest that this is the centromere position, where Gypsy

REs are usually very frequent (Santini et al. 2002 and
references therein).

To determine if clustered LTR-REs are actually centro-
meric, we searched for putative centromeric satellites in the

Table 1 Number of full-length LTR-retrotransposons in the 19 linkage groups of P. trichocarpa

Linkage
group

Number of
LTR-REs

Number of
Copia REs

Number of
Gypsy REs

Number of unknown
LTR-REs

Chromosome
length (bp)

% LTR-
REs

LTR-RE
density

Mean insertion
date

I 173 58 27 88 35,571,569 3.09 205,616 9.3

II 92 22 11 59 24,482,572 2.47 266,115 12.2

III 86 22 14 50 19,129,466 3.39 222,436 9.3

IV 107 25 17 65 16,625,654 4.70 155,380 11.3

V 65 15 14 36 17,991,592 2.24 276,794 9.2

VI 58 15 6 37 18,519,121 2.00 312,911 10.6

VII 43 8 6 29 12,805,987 2.17 291,338 11.2

VIII 55 12 19 24 16,228,216 2.64 295,058 7.9

IX 36 8 8 20 12,525,049 2.11 347,918 9.4

X 98 24 13 61 21,101,489 3.38 208,046 10.1

XI 84 19 21 44 15,120,528 4.58 171,755 10.4

XII 91 12 21 58 14,142,880 4.44 148,513 12.1

XIII 83 23 18 42 13,101,108 5.09 157,845 9.8

XIV 59 9 16 34 14,699,529 3.06 241,529 10.2

XV 55 17 4 34 10,599,685 4.26 184,504 10.1

XVI 80 18 9 53 13,661,513 4.05 170,769 10.7

XVII 45 6 11 28 6,060,117 5.07 134,669 12.1

XVIII 73 20 17 36 13,470,992 4.61 175,790 10.1

XIX 96 25 14 57 12,003,701 6.29 125,039 10.8

Total 1,479 358 266 855 307,840,768 3.47 208,141 10.3

For each linkage group, length, percentage of full-length LTR-REs (calculated as the ratio between total length of LTR-REs in a chromosome and
the total length of that chromosome), full-length LTR-RE density (the mean number of base pairs between two LTR-REs), and the mean insertion
date (MY) are reported

Fig. 1 Distribution of putative full-length Gypsy, Copia, and
unknown LTR-REs in the linkage groups IX and XI of P. trichocarpa.
The putative positions of centromeres, as indicated by the occurrence
of centromeric repeats, are evidenced in the box in the black track map
over the LTR-RE profiles
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poplar genome using the TandemRepeat Finder software. We
identified two types of putative centromeric repeats. The first
type, whose consensus sequence is 107 bp long, should allow
the identification of the centromere position in chromosomes
IV, V, VIII, X, XI, XII, XIII, XIV, and XV. The second, a
consensus sequence 142 bp long, should identify the
centromere of chromosomes I, III, IX, XVI, XVIII, and XIX
(Giordani and Cossu, unpublished data, see Supplemental
file 3). No putative centromeric repeats were found in
chromosomes II, VI, VII, and XVII, probably because of
underrepresentation of repetitive sequences in the currently
available poplar genome sequence (Klevebring et al. 2009).
It is to be noted that the 142-bp long sequence shows high
similarity to a 145-bp tandem repeat sequence isolated by
Rajagopal et al. (1999) in Populus deltoides and Populus
ciliata, which was described as putatively centromeric.

We overlapped a map track of putative centromeric
repeats for each chromosome with the distribution of
Copia, Gypsy, and unknown LTR-REs along chromosomes
(Fig. 1 and Supplemental files 2a, b). In all chromosomes in
which the centromere position seemed to be identified,
there was a significant overlap between the putative
centromeric position and the accumulation of full-length
Gypsy LTR-REs, suggesting the association between cen-
tromeric repeats and Gypsy LTR-REs. It is, however, to be
recalled that the definition of the centromere position
requires biochemical and cytological validation, for exam-
ple by BAC in situ hybridization (Islam-Faridi et al. 2009).

Family distribution and frequency of LTR-REs in the poplar
genome

Usually, structural and sequence similarities are used for the
classification of non-autonomous LTR retrotransposons into
families; such a classification is used, for example, in
Repbase, a database of eukaryotic repetitive and transpos-
able elements (Jurka et al. 2005). Wicker et al. (2007)
established application rules to a hierarchical transposable
element classification similar to that used in Repbase and
defined a family of retrotransposons as a group of REs that
have high DNA sequence similarity in their coding region
(if present) or internal domain, or in their LTR. Specifically,
they proposed that two REs are assumed to belong to the
same family if at least 80% of the aligned sequence (LTRs,
or internal portion, or both) show 80% or more similarity,
analyzing segments longer than 80 bp.

We classified the full-length LTR-REs into families based
on their LTR sequence similarity. We used LTR sequences to
classify families rather than more commonly used retro-
transcriptase (RT) coding domain sequences because many
nonautonomous LTR-REs lack an intact RT domain.

The set of 1,479 LTR pairs (longer than 80 bp) were
compared using CAP3 algorithm, setting 80% identity of
80% LTR length, with reference to the so called 80–80–80
rule, according to Wicker et al. 2007). A schematic
representation of LTR alignments of the four most redun-
dant Gypsy families are reported in Fig. 2 as an example. In

Fig. 2 Schematic representation of overlapping of LTR sequences (horizontal bars) in the four most repeated Gypsy families (G011, G080, G103,
and G126)
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the case of the G126 family, all 12 LTRs overlap. In the other
cases in Fig. 2, overlapping is not complete; some LTRs do
not share their sequence with other LTRs that have been
attributed to the same family. Such attribution is justified
because if members A and B fulfill the 80–80–80 rule, then
they should belong to the same family, and if members B and
C also fulfill that rule, then also members A and C should
belong to the same family because they should share a
common ancestor. Such transitivity might induce errors in
classification, as reported by Seberg and Petersen (2009).
However, no alternatives have been proposed at present.

Based on this classification, in some cases, autonomous,
defective, and non-autonomous elements could be attributed
to one and the same family, even in the absence of the coding
portion. In such cases, we assumed that non-autonomous and
defective elements originated from autonomous elements with
which they share LTR sequence.

One-hundred twenty-six LTR-RE families were established
by this method. Nine hundred eighty-one elements did not
cluster and remained single. The mean number of full-length
elements per family was 3.94. The distribution of LTR-RE
families in relation to the number of components is reported in
Fig. 3. The vast majority of families comprise two to three
components, and only ten families had more than eight
components. Copia and Gypsy families were also analysed
separately and Gypsy families resulted more redundant than
Copia ones (Fig. 3). The majority of Copia and Gypsy
families were specific to poplar. Analysis using RepBase
showed, in four cases, similarity to Tto1 Copia elements of
Nicotiana tabacum. Some Gypsy families were similar to
Diaspora elements of Asparagus officinalis.

In another analysis, the LTR sequence of each full-length
RE was compared to the whole poplar genome to measure the
frequency of LTR-RE remnants containing that LTR, hence
belonging to the same LTR-RE family. The LTR-RE remnants
include solo-LTR and isolated LTR fragments and REs with
only one complete or fragmented LTR. The frequency of RE
remnants was calculated for each LTR-RE family (126 entries)
and for single LTR-REs (981 entries), keeping Copia, Gypsy,
and unknown elements separate (Table 2).

A correlation occurs between the number of full-length
LTR-REs and the number of LTR-RE remnants (not shown);
accordingly, the most numerous family (G011) showed the
highest number of LTR-RE remnants in the genome. The
mean number of LTR-RE remnants per family or single LTR-
RE is by far higher for Gypsy than for Copia elements.

The above-described correlation is especially true for
Gypsy elements, being not significant for Copia REs (not
shown). This should indicate that retrotransposition activity
and DNA loss (by rearrangements and by homologous and
illegitimate recombination) of Gypsy elements is more
ancient than that of Copia elements and/or that mechanisms
of DNA loss in Gypsy elements are more efficient (possibly
because they are longer than Copia).

Putative insertion dates of LTR-REs

The availability of both complete LTRs allows the insertion
time of a LTR-RE to be estimated. Insertion time estimates
are based on the occurrence of nucleotide substitutions in
the LTRs, which are supposed to be identical at the
retroelement insertion time, using a nucleotide substitution

Fig. 3 Size distribution of LTR-
RE families obtained using the
CAP3 assembler. The histogram
depicts the percentage of LTR-
RE families (Y-axis) containing a
specified number of full-length
LTR-REs (X-axis)

Table 2 Number of full-length
LTR-RE families and of single
full-length LTR-REs (i.e., not
belonging to any family) and
mean number of LTR-RE rem-
nants with similarity to LTRs
per family and per single ele-
ment of Copia, Gypsy, and
unknown LTR-RE
superfamilies

Superfamily Number of
LTR-RE families

Mean number of
LTR-RE remnants
per family

Number of single
LTR-REs

Mean number of
LTR-RE remnants
per single LTR-RE

Copia 51 95.14 226 28.23

Gypsy 46 774.72 123 104.46

Unknown 29 352.76 632 17.90

Total 126 398.88 981 31.15
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rate suitable for such elements (SanMiguel et al. 1998; Ma
and Bennetzen 2004). It should be noted that the calcula-
tion of insertion date by the number of mutations in sister
LTRs is subjected to error because it assumes the same
mutation rate in all LTR-RE sequences and all chromosome
positions. However, this method appears as the most
suitable to study LTR-RE dynamics.

We estimated the synonymous substitution rate by
comparing orthologous cDNA sequences of P. alba and P.
trichocarpa, i.e., 31 coding sequences for a total of

18,344 bp. The mean number of synonymous substitutions
per site (Ks) was 0.0483 (Table 3).

Based on the dating of fossil leaves in the second part of
the Miocene, the separation between the sections tacama-
haca and Populus (to which P. trichocarpa and P. alba
belong, respectively) is estimated as 18–23 MYA, i.e., a
common ancestor should have existed in the early Miocene
(Eckenwalder 1996, and references therein). Recent data
based on dating polyploidization events in different
Populus species indicates that genus speciation occurred

Table 3 Length (L), number of synonymous (S), and nonsynonymous (or non coding, A) sites, number of synonymous and non synonymous (or
non coding) substitutions per site (Ks and Ka, respectively) in 33 orthologous gene sequences of P. trichocarpa and P. alba

ID code in P. trichocarpa ID code in P. alba Putative functiona L S A Ks Ka

eugene3.00440183 B3/H1 Unknown 401 132.33 268.67 0.0549 0.0113

estExt_fgenesh1_pm_v1.C_LG_III0004 B5/H3 Enoyl-ACP reductase 767 378.83 388.17 0.0133 0.0026

fgenesh1_pg.C_LG_V000487 B3/C8 Ca++/calmodulin kinase 398 128.33 269.67 0.0483 0.0000

estExt_fgenesh1_pm_v1.C_LG_XI0014 B3/F3 Dehydration responsive 379 124.67 254.33 0.0455 0.0099

eugene3.00012771 B1/C3 C2 domain-containing 718 279.75 438.25 0.0576 0.0386

estExt_fgenesh1_pg_v1.C_LG_VI0517 B3/D5 MIP1 651 196.17 454.83 0.0419 0.0066

estExt_fgenesh1_pm_v1.C_LG_V0518 B1/B5 Purple acid phosphatase 639 185 454 0.0445 0.0022

eugene3.00090981 B3/D3 Unknown 861 242.83 618.17 0.0424 0.0247

fgenesh1_pg.C_scaffold_129000034 B3/E4 Timing of CAB 784 281.17 502.83 0.0630 0.0181

fgenesh1_pg.C_LG_VII000308 L2/B11 GRP1 cell wall 424 193.08 230.92 0.0537 0.0446

eugene3.00170186 L2/C2 Ubiquitin-associated 710 240.58 469.42 0.1070 0.0172

estExt_fgenesh1_pm_v1.C_LG_II0684 L2/E1 Ubiquitin-protein ligase 430 183.5 246.5 0.0221 0.0000

eugene3.00400367 L1/C1 E3 ubiquitin ligase 396 148.17 247.83 0.0136 0.0040

fgenesh1_pg.C_LG_I001051 L3/E9 Acetyl-CoA carboxylase 620 328.17 291.83 0.0154 0.0104

estExt_fgenesh1_pg_v1.C_LG_VII0605 L3/D1 RNA pol II subunit 353 97.25 255.75 0.0104 0.0039

estExt_fgenesh1_kg_v1.C_LG_X0113 L4/H3 Ethylene responsive 387 138.17 248.83 0.0842 0.0000

estExt_Genewise1_v1.C_LG_XV2114 B3/G4 Oxidoreductase 624 142.33 481.67 0.0816 0.0000

grail3.0021011101 B4/B8 Unknown 720 168.33 551.67 0.0716 0.0119

eugene3.00081670 B4/C1 Ankyrin 564 123.17 440.83 0.0082 0.0137

estExt_Genewise1_v1.C_LG_III0385 B4/E6 Vacuolar invertase 339 75.5 263.5 0.0840 0.0231

fgenesh1_pg.C_LG_VIII001653 B4/H3 Cellulase 429 95.17 333.83 0.0213 0.0151

estExt_fgenesh1_pg_v1.C_LG_XI1305 B4/H4 UDP-D-xyl 4-epimerase 426 106.33 319.67 0.0288 0.0094

eugene3.00150320 B1/C2 Protein kinase 372 89.17 282.83 0.0344 0.0107

grail3.0006033201 B1/E4 B-box zinc finger 384 85.25 298.75 0.0870 0.0342

fgenesh1_pg.C_LG_X000373 B1/G7 Kinesin-related 816 185 631 0.0503 0.0144

eugene3.00070342 B1/H1 D123-like 726 168 558 0.0751 0.0090

estExt_Genewise1_v1.C_LG_XIII3457 B1/G4 NADH dehydrogenase 528 116.33 411.67 0.0262 0.0073

estExt_fgenesh1_pm_v1.C_LG_VIII0327 B1/G6 Phosphoglucomutase 639 153.5 485.5 0.1010 0.0093

estExt_fgenesh1_pm_v1.C_290015 L4/B2 Iron transporter 549 129.92 419.08 0.0685 0.0354

estExt_Genewise1_v1.C_LG_VI0164 L2/F4 ABI3-interacting 525 113.08 411.92 0.0089 0.0098

fgenesh1_pg.C_LG_X000444 L1/E12 CoF420 hydrogenase 477 115.33 361.67 0.0633 0.0111

grail3.0001095801 L3/C11 Unknown 732 180.83 551.17 0.0282 0.0128

grail3.0057014501 L1/G9 Hydrolase 576 132.58 443.42 0.0387 0.0160

Mean 0.0483 0.0133

For each gene sequence, the identification code in P. trichocarpa and in P. alba (Maestrini et al. 2009) and the putative function is reported
a determined by evaluating top BLASTX hits in Genbank database
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8–13 MYA (Sterck et al. 2005; Tuskan et al. 2006). The
difference in dating Populus speciation was attributed to the
use of substitution rates calculated in herbaceous monocots
and dicots (Sterck et al. 2005), considering that the
generation time of a species is known to affect its
nucleotide-substitution rate (Gaut 1998) and that poplar
has a much longer generation time than herbaceous species.

Assuming an average of 20.5 MY as insertion date and a
Ks of 0.0483, the resulting synonymous substitution rate
was 2.36×10−9 substitutions per years. It has been
suggested that mutation rates for LTR retrotransposons
may be approximately twofold higher than silent site
mutation rates for protein coding genes (Xu and Wang
2007). Consequently, a substitution rate per year of 4.72×
10−9 was used in our calculations of LTR-RE insertion
dates.

LTR pairs were compared in their sequence, excluding
deletions from comparisons, and the putative insertion date
was calculated for each full-length LTR-RE based on the
number of substituted nucleotides per site. When the whole
set of usable retrotransposons was taken into account, the
nucleotide distance (K) between sister LTRs showed large
variation between retroelements (0 to 0.602, Kimura two-
parameter method), representing a time span of at most
124 MYA. The putative mean age of analysed LTR-REs is
10.4 MY, with great variability (standard deviation=
8.9 MY). The distribution of full-length LTR-REs according
to their putative insertion date is reported in Fig. 4. As
expected, since the most ancient LTR-REs should have
accumulated the largest variations in their sequences (being
not recognised by LTR-FINDER), the frequency of LTR-
REs with older insertion date reduces progressively.
Analysis of the insertion date profiles provides evidence
for overlapping among retrotransposition waves of Gypsy,

Copia, and unknown full-length LTR-REs (Fig. 4). When
taking into consideration the last 20 MY (i.e., after the
separation of poplar sections), peaks of retrotransposition
by Gypsy and Copia elements alternate. However, it is to be
considered that most full-length LTR-REs were not
assigned to any family. If Gypsy- and Copia-related
unknown elements in this class were not distributed with
nearly 1:1 ratio, different profiles would be observed.

The mean insertion dates of the most numerous Gypsy
(6) and Copia (4) families (with number of full-length LTR-
REs≥9) show that different families underwent amplifica-
tion in different time spans (Fig. 5), as indicated also by
one-way ANOVA (Table 4).

The profiles of LTR-RE insertion age along the 19
linkage groups are reported in Fig. 6 and Supplemental file
4. Comparisons between the profiles and the mean insertion
age of each LG or of the entire genome suggest that
retrotransposition occurred at different times in the different
chromosomes and chromosome positions (see, for example,
LGX) or that mutation rate changes according to chromo-
some positions. Actually, the concentration of older
elements in pericentromeric regions might reflect the
suppressed recombination in these areas (Tian et al. 2009).

Transcriptional activity of LTR-REs

The transcriptional activity of LTR-REs of our sample was
computationally evaluated by BLASTN searches of puta-
tive LTR sequences against the available EST databases of
P. trichocarpa. Such evaluation represents just a qualitative
indication of RE activity, and it should be confirmed by RT-
PCR experiments. The available EST collection includes
139,007 sequences from terminal vegetative buds (two
libraries), young and mature leaves, along with green shoot
tips (one library) phloem and cambium (one library), outer
xylem (three libraries) (Ralph et al. 2006), and 17,727

Fig. 4 Distributions of Copia, Gypsy, and unknown full-length LTR-
REs according to their estimated insertion ages (MYA) in the last
45 MY

Fig. 5 Mean estimated insertion ages (MYA) of full-length LTR-REs
belonging to the most numerous Gypsy and Copia families (number of
full-length LTR-REs≥9). Families with the same letter are not
significantly different at the 5% level according to Tukey’s test
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sequences from male catkins, female catkins, and floral
buds (Sterky et al. 2004). We are conscious that RE-related
EST might result from DNA contamination of the EST
library, mostly because of the repetitiveness of RE
sequences in the genomes. Moreover, finding ESTs with
similarity to LTR sequences could be also related to the
expression of small interfering (siRNA): it has been shown
that, in young leaves of poplar, the majority of 24 nt short
RNA correspond to LTR elements (Klevebring et al. 2009).
However, as we found numerous EST matches to LTR-RE
sequences, this should be a strong indication that those
elements are expressed. We established a threshold of five
EST matches to consider a LTR-RE as transcriptionally
active. The distribution of full-length Copia, Gypsy, and
unknown LTR-REs according to their expression and
insertion date is reported in Table 5. Actually, for the vast
majority (1188/1479) of LTR-REs, no match to EST
sequences was found. The percentages of active full-
length LTR-REs (with number of EST matches>5) range
from 3.91 (for Copia REs) to 11.65 (for Gypsy REs). Gypsy
REs are apparently more active than Copia ones. Although
variations are not significant, there is a tendency for
completely inactive full-length LTR-REs (showing no EST
matches) to be older than the mean of their superfamily,
indicating that transcriptional activity is maintained mostly
by young LTR-REs and ancient elements are repressed.

We also related RE transcriptional activity to the
frequency of RE remnants for each family. Low copy
number families are generally more expressed than highly
redundant ones (not shown). This result confirms data in
the literature that low copy number REs are the most active
(Meyers et al. 2001; Yamazaki et al. 2001).

Relationship between RE density and activity

To study the effect of LTR-RE density on LTR-RE activity,
we established two subsets of full-length LTR-REs; the first
subset, called clustered LTR-REs, contained the elements
found in 400,000-bp long regions in which at least ten full-
length LTR-REs are present; the second subset, called
dispersed elements, contained the elements found in 1
million bp long regions, in which only one full-length
element is present. A descriptive statistics of these two
subsets compared to the entire sample of poplar LTR-REs is
reported in Table 6. It is to be noted that the two subgroups
are placed in opposition to the data of the entire set; LTRs

of dispersed elements are less represented in the genome.
These elements show lower transcriptional activity and are
putatively younger than the entire full-length LTR-RE
population. On the contrary, LTR of clustered elements are
more common in the genome and these elements are more
transcribed and older than the mean of the whole full-length
LTR-RE population. The observed different transcriptional
activities between the two subsets might suggest that
silencing is more efficient when a LTR-RE is dispersed.
Concerning the putative insertion age, dispersed elements
show more similar sister LTRs; therefore, they should be
younger than clustered ones.

Table 4 One-way ANOVA for
estimated insertion age of full-
length LTR retrotransposons
belonging to the ten most
numerous families (number of
LTR-retrotransposons≥9)

Source of variation SS Degrees of freedom MS F P

Between families 2.18×1015 9 2.42×1014 4.22 0.0114

Within families 9.08×1015 158 5.74×1013

Total 1.13×1016 167

Fig. 6 Distributions of estimated insertion ages (MYA) of full-length
LTR-REs along the poplar linkage groups IV and X. For each linkage
group two horizontal lines are reported, representing the mean of all
full-length LTR-REs in the genome (dotted line) and in each linkage
group (dashed line). The box represents the putative position of the
centromere as indicated by the occurrence in that position of
centromeric repeats
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Discussion

We have analysed poplar LTR-retrotransposons based on
sister LTRs identification. By this approach, only putative
full-length retroelements, i.e., with two very similar LTRs,
are scored. On the whole, we have isolated 1,479 full-
length LTR-REs, of which 132 were identified for the first
time, being absent in the existing database of poplar
repeated sequences, RepPop (Zhou and Xu 2009), and so
adding new retroelements to those already available.

Our data show that Copia full-length retroelements are
more common than Gypsy ones (Table 1). However, Gypsy
RE remnants were much more common in the genome than
Copia ones (Table 2).

Our analysis also showed that the majority of full-length
LTR-REs of poplar are of unknown nature, without any
apparent coding sequence. Some unknown elements are to
be classified as LARDs or TRIMs. To account for the origin
of LARDS, it has been proposed that they are the product
of transduction of a genomic sequence from the host
genome, flanked by two solo LTRs. Alternatively, LARDs
may have originated from the virus-like particle by co-
encapsulation of a messenger RNA (mRNA) of the
autonomous element with a mRNA of any host gene,
followed by strand exchange between the two during the
reverse transcription step (Jiang et al. 2002). LARDS and
TRIMS could also have originated by rearrangements,
deletions, and/or illegitimate recombination of old func-

tional elements, both Gypsy and Copia. Some of the
LARDs identified in our analyses have probably main-
tained the capacity to retrotranspose, as indicated by the
presence of families with genetically uniform LTRs (Table 2),
by the putative very recent insertion dates of some of them
(Table 5) and by the occurrence of such sequences in EST
libraries (Table 5). Examples of recently inserted nonauton-
omous LTR-REs are known in other plant species, such as
Glycine max (Wawrzynski et al. 2008).

The occurrence of retrotransposon families in poplar was
established according to sequence similarity of their LTRs
(Wicker et al. 2007). The number of full-length LTR-REs
per family is generally low. Gypsy families contain more
members than Copia ones (Fig. 3). No family is made of a
large number of elements; only ten families show more than
eight LTR-REs. Prevalence of small LTR-RE families has
been observed also in medium- to large-sized genome
angiosperms as maize (Schnable et al. 2009) and sunflower
(Cavallini et al. 2010).

Our data show a direct relationship between the number
of full-length LTR-REs of a family and the number of LTR-
RE remnants of that family in the genome. For instance, the
LTR sequence of the largest family, G011, made of 37 full-
length elements, shows high similarity with 3,754 sequen-
ces in the genome, indicating that this family has been
active in ancient times and the vast majority of components
of this family are now LTR-RE remnants. This aspect is
generally true for poplar full-length LTR-retrotransposons

Table 5 Number of P. trichocarpa EST matches to LTRs of Copia, Gypsy, and unknown poplar full-length LTR-Res: the mean insertion dates for
differently expressed LTR-RE groups are reported

Number of
EST matches

Number (and
%) of REs

Mean insertion
date (mya)±SE

Number (and %)
of copia REs

Mean insertion
date (MYA)±SE

Number (and %)
of gypsy REs

Mean insertion
date (mya) ±SE

Number (and %)
of unknown REs

Mean insertion
date (MYA)±SE

0 1,188 (80.32%) 10.8±0.3 288 (80.45%) 9.7±0.6 210 (78.95%) 10.7±0.6 690 (80.70%) 11.3±0.3

0<n≤5 181 (12.24%) 8.7±0.6 56 (15.64%) 7.8±0.8 25 (9.40%) 10.2±1.6 100 (11.70%) 8.9±0.8

>5 110 (7.44%) 7.8±0.7 14 (3.91%) 7.7±2.1 31 (11.65%) 7.1±1.2 65 (7.60%) 8.2±1.0

Total 1,479 10.4±0.2 358 9.3±0.5 266 10.3±0.5 855 10.8±0.3

Table 6 Number of Copia, Gypsy, and unknown full-length LTR-REs,
mean number of LTR-RE remnants, of ESTs and mean insertion age of
clustered (≥10 elements within 400,000 bp) or dispersed (one LTR-RE

within 1 million bp, with at least 300,000 bp between two adjacent
elements) full-length LTR-REs

LTR-RE
positions

Number of
Copia REs

Number of
Gypsy REs

Number of
unknown LTR-REs

Total Number of
gene modelsa

Number of LTR-RE
remnants (mean ± SE)

Number (mean±SE)
of ESTs

Insertion age in
MY (mean±SE)

Clustered 9 14 32 55 34.0±2.2 920±157 4.9±2.5 13.8±1.6

Single 13 4 51 68 92.3±2.5 114±58 1.9±0.8 8.1±0.9

General 462 508 540 1,492 287±19 1.8±0.2 10.4±0.2

The general values obtained for all full-length LTR-REs are reported for comparison
a Number of genes (per 1 Mbp) predicted by Genewise, Fgenesh, GrailEXP6 and Eugene and selected by JGI annotation pipeline (http://genome.
jgi-psf.org)
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(Table 2). The equilibrium between enlargement of the
genome by retrotransposition and RE DNA loss affects the
genome size of a species (Devos et al. 2002; Ma et al. 2004;
Grover et al. 2008). Our data suggest that, in poplar, a
small-sized genome species, the equilibrium between
retrotransposition activity and loss of DNA is biased
towards DNA loss and that, probably, many REs have been
active also in ancient times.

Analysis of sister LTR similarity indicates that, in poplar,
both Gypsy and Copia REs have been active in the same
period. Nearly all the identified full-length elements appear
to be mobilised in a time span of 40 MY (Fig. 4). It is
conceivable that more ancient REs are no more recogniz-
able because of accumulation of variability between sister
LTRs.

The mean insertion date of poplar Copia full-length REs
is lower than that of Gypsy ones (9.301 vs. 10.259 MY,
Table 5). The insertion date profiles indicate that, after
separation of poplar sections, Copia and Gypsy REs have
both been active, but with different time courses. It can also
be observed that different Copia and Gypsy families show
different mean insertion times (Fig. 5, Table 4). Similar
results have been reported in other species, in which
retrotransposon superfamilies 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 genomes (Charles et
al. 2008). Another example of different amplification
histories among LTR-RE families was reported for Copia
elements of Vitis vinifera (Moisy et al. 2008).

active than young ones, probably because of the accumula-
tion of mutations determining premature stop codons in the
coding portion of the LTR-RE, as observed in rice (Baucom
et al. 2009b). Moreover, there is also a strong control of
retrotransposon activity by the host species; it has been
established that retrotransposons are especially silenced by
siRNA (Lisch 2009). It is plausible that the large number of
LTR-RE fragments spread throughout the poplar genome can
produce siRNAs that silence related retroelements. Many 24-
nt small RNAs associated to LTRs have been recently
discovered in the poplar (Klevebring et al. 2009).

LTR-REs are present in poplar chromosomes at different
densities. No loci are found with more than 16 full-length
REs inserted therein. Nonsignificant variations are observed
for mean insertion age between chromosomes, though such
values range from 7.9 to 12.2 MY (Table 1). Within
chromosomes, large regions are found in which the mean
insertion age of full-length retrotransposons are either

higher or lower than the mean insertion age of LTR-REs
in the whole chromosome (Fig. 6). Not only have LTR-REs
inserted in different positions at different ages, but their
retrotransposition activity appears to be somehow specific
to their position in the chromosome (Table 6). In fact, LTR-
REs inserted in regions with high full-length elements
density belong to families whose LTR is largely represented
in the genome (the number of LTR-RE remnants containing
single LTRs or LTR fragments related to those elements is
higher than the general mean), a feature related to the past
activity of a LTR-RE family. On the other hand, dispersed
full-length LTR-REs belong to families with lower numbers
of related remnants than the general mean, i.e., with low
past activity. In addition, a parameter indicating present
activity (LTR-RE transcription) shows a difference between
clustered (higher than the general mean) and dispersed
elements (lower than the general mean).

Dispersed elements seem also younger than clustered
ones because of a higher similarity of sister LTRs. This
result could, however, be explained hypothesising that the
mutation rate of LTR-REs is higher in clustered than in
dispersed elements. In fact, clustered elements are found in
regions with a low number of predicted genes, on the
contrary, dispersed elements lie in gene-rich regions, that
are probably preserved from retrotransposition and, in
general, from mutations; in this sense, the higher identity
shown by sister LTRs of dispersed elements should depend
more on the region in which the element is found and less
on the insertion age of the retrotransposon. Such a
conclusion should support the hypothesis of the existence
of different mutation rates in different kinds of transposon
sequences or in different chromosome positions (Zuccolo et
al. 2010) and would also indicate that insertion ages
measured on sequence dissimilarity between LTR pairs are
to be taken with caution.

Our analyses show the relationships between sequence
characteristics, estimated age of LTR retrotransposons and
their transcriptional activity in poplar LTR-REs. They are
similar to those observed in other plant species and support
the theory of a “life-history” common to all LTR-REs,
which includes birth through transposition, followed by
silencing and then death by both random mutation and
possibly deletion from the genome (Baucom et al. 2009b).
However, we observed that different superfamilies and
families are subjected to transposition in different time
spans and show different transcription levels, suggesting
that if dynamics are similar, the factors inducing such
dynamics might be different in different families and
possibly related to the “ecosystem” in which the REs
interact and compete, as proposed by Le Rouzic et al.
(2007). In this sense, according to Venner et al. (2009), we
suggest that poplar REs are a community of different
organisms in the genome, with RE superfamilies, which can
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Concerning LTR-RE activity, a search for LTR sequences in
EST databases of P. trichocarpa showed that only a small
number of families appear to be transcriptionally active,
often composed of one or at most two full-length elements.
Generally, ancient full-length LTR-REs are inactive or less



be described as species, and with “subspecies” character-
ised by different LTR sequence, activity, and evolution
history.
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