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the Copia superfamily of LTR retrotransposons, from the 
genome of the wild potato Solanum demissum. Compara-
tive analyses based on structure and sequence showed a 
high level of similarity of Tvv1_Sdem with Tvv1-VB, a ret-
rotransposon previously described in the grapevine genome 
Vitis vinifera. Extending the analysis to other species by in 
silico and in vitro approaches revealed the presence of Tvv1 
family members in potato, tomato, and poplar genomes, 
and led to the identification of full-length copies of Tvv1 
in these species. We were also able to identify polymor-
phism in UTL sequences between Tvv1_Sdem copies from 
wild and cultivated potatoes that are useful as molecular 
markers. Combining different approaches, our results sug-
gest that the Tvv1 family of retrotransposons has a mono-
phyletic origin and has been maintained in both the rosids 
and the asterids, the major clades of dicotyledonous plants, 
since their divergence about 100 MYA. To our knowledge, 
Tvv1 represents an unusual plant retrotransposon metap-
opulation comprising highly similar members disjointedly 
dispersed among very distant species. The twin features of 
Tvv1 presence in evolutionarily distant genomes and the 
diversity of its UTL region in each species make it useful 
as a source of robust molecular markers for diversity stud-
ies and breeding.

Introduction

Transposable elements (TEs) have been found in virtually 
all eukaryotic species investigated so far. They are divided 
into two classes based on their means of transposition and 
replication; the DNA transposons (Class II) move by a “cut 
and paste” mechanism whereas retrotransposons (Class I) 
use a “copy and paste” strategy (Wicker et al. 2007). The 
retrotransposons are ubiquitous in the plant kingdom and 
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comprise most of the DNA of large genomes (Kidwell 
and Lisch 2001; Schnable et al. 2009; Wicker et al. 2009). 
Of the four orders of retrotransposons, the Long Termi-
nal Repeat (LTR) retrotransposons are the most prevalent 
in plant genomes; in animals, their relatives are the retro-
viruses and endogenous retroviruses (Wicker et  al. 2007). 
The LTRs are found at either end of the element and con-
tain the transcriptional promoter and RNA and cDNA pro-
cessing signals. The internal domain between the LTRs 
includes one or more open reading frames (ORFs). The gag 
gene encodes the structural protein that forms the virus-
like particles (VLPs), whereas pol encodes a polyprotein 
containing aspartic protease (AP), integrase (INT), reverse 
transcriptase (RT) and RNase H (RH) domains. According 
to the organization of the coding domains in pol and their 
sequence similarities, LTR retrotransposons are divided 
into two superfamilies: Copia and Gypsy (Wicker et  al. 
2007). In Copia elements, integrase is upstream of the RT 
and the RH domains, whereas in Gypsy elements and the 
retroviruses it is downstream.

The replicative lifecycle of LTR retrotransposons and 
retroviruses involves transcription from the 5′-LTR to the 
3′-LTR followed by packaging of the RNAs into VLPs, 
their reverse transcription into cDNA and finally inte-
gration of the cDNA into the host genome as a new copy 
(Kumar and Bennetzen 1999; Sabot and Schulman 2006; 
Schulman 2013; Schulman and Wicker 2013). This life 
cycle is very prone to errors, estimated at 1.4 × 10−5 muta-
tions/bp/cycle, because both RNA polymerase II and 
reverse transcriptase lack proofreading activity (Gabriel 
et  al. 1996; Preston 1996; Abram et  al. 2010). Moreover, 
retrotransposon copies are replicated also as a part of the 
chromosome by DNA-dependent DNA polymerase; most 
copies are likely to accumulate mutations at the neutral 
rate. This enables their insertion time to be dated, because 
the LTRs in a newly integrated retrotransposon are identi-
cal but then diverge (SanMiguel et  al. 1998; Vitte et  al. 
2007b; Moisy et al. 2008b). Internal structural heterogene-
ity can also arise from strand switching during replication 
(Vicient et  al. 2005; Moisy et  al. 2008a), or from recom-
bination subsequent to integration (Sabot and Schulman 
2007). More generally, the observation of highly conserved 
domains within RT, INT, and other retrotransposon regions 
needed for function during the replicative lifecycle indi-
cates the action of purifying selection (Stuart-Rogers and 
Flavell 2001; Smith et  al. 2004; Gómez et  al. 2006; Bau-
com et al. 2009; Schulman and Wicker 2013).

The opposing processes of error-prone replication and 
the accumulation of mutations and rearrangements on the 
one hand and purifying selection for replicative success on 
the other lead to the genomic copies of a retrotransposon 
forming a population of closely related elements referred 
to as a “quasispecies” (Casacuberta et al. 1995; Ojosnegros 

et  al. 2011). Retrotransposon quasispecies generally are 
named and treated as “families” based on sufficient simi-
larity between aligned sequences. It was first proposed that 
two elements showing more than 90 % homology between 
motifs I to VII of RT belong to the same family (Bowen 
and McDonald 1999). More recently, Wicker et al. (2007) 
proposed the “80–80–80 rule”: two elements belong to the 
same family if they share at least 80 % sequence identity in 
at least 80 % of their coding or internal domain, LTRs, or 
in both regions on segments longer than 80 bp. Lineages, 
by contrast, have been defined as large groups of families 
that are on a common branch of an RT domain-based tree 
with high bootstrap value (>95), sharing characteristics 
such as LTRs of similar sizes, and having a general ten-
dency toward either mostly high-copy or mostly low-copy 
families (Wicker and Keller 2007). Families themselves 
are sometimes divided into subfamilies corresponding to 
groups of elements sharing specific features, but elements 
very often display, depending on their population dynam-
ics, a continuum of sequence variation, making it difficult 
to define clear limits for families and subfamilies. Retro-
transposon quasispecies, moreover, form “metapopula-
tions” (Hanski 1998), as populations within each genome 
of the plant population and species that interact through 
gene flow at some level.

Variability within different families of retrotransposons 
has been extensively investigated but most studies have 
focused on small regions between conserved domains that 
can be amplified by PCR, cloned and sequenced, such as 
within rt (Dixit et al. 2006; Nielen et al. 2010), gag (Tan-
skanen et  al. 2007), the LTR (Vicient et  al. 2005), and 
the untranslated leader (UTL) between the LTR and gag 
(Pelsy 2007). With the increasing availability of plant 
genome sequences, the evolution of complete elements and 
their families within genomes now can be examined. The 
genomes of the rosids offer a good opportunity for this; at 
least 22 are either available or currently being sequenced. 
The rosids are a major group of the eudicot clade of flower-
ing plants and comprise a quarter of the angiosperm species 
(Wang et  al. 2009). The asterids, the other major clade of 
eudicots, separated from the rosids 93–110 MYA; the two 
major rosid clades, the Fabidae and the Malvidae, diverged 
83–108  MYA (Wang et  al. 2009). The Vitaceae, which 
includes cultivated grapes, appeared in the fossil record 60 
MYA and are considered as a sister clade to all other Rosids 
(Jansen et  al. 2006; Wang et  al. 2009) or even as its own 
order, Vitales (The Angiosperm Phylogeny Group 2009).

The Vitis vinifera genome contains at least thirteen dif-
ferent families of LTR retrotransposons (Moisy et  al. 
2008b). The structural variability of one family, Tvv1 
(Pelsy and Merdinoglu 2002) of the superfamily Copia 
was investigated (Pelsy 2007) and a canonical copy, Tvv1-
VB, identified (Moisy et al. 2008a). Here, we characterize 
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Tvv1_Sdem, a member of the Tvv1 family from the genome 
of Solanum demissum, an asterid. We have examined its 
dispersion across the Solanum genus and analyzed relation-
ships with the Tvv1 family beyond Solanum and Vitis. Our 
results provide evidence for the family’s monophyletic ori-
gin across the rosid–asterid divide. Tvv1 represents a highly 
unusual example of a low-copy retrotransposon metapopu-
lation with highly similar members dispersed unevenly 
among very distant species.

Materials and methods

Plant material and DNA isolation

DNA was extracted from four Solanum demissum acces-
sions (69S-152-105, 69S-154-105, 69S-168-102, and 69S-
174-106), and from the grapevine line PN40024. Young 
expanded leaves of shoot tips were ground into fine pow-
der with liquid nitrogen. Total DNA was extracted with the 
Qiagen DNeasy TM Plant Mini Kit (cat. 69104, Qiagen, 
Hilden, Germany) as described by the manufacturer. DNA 
samples for the following were also tested: ‘Yolo wonder’, 
an inbred line of sweet pepper (Capsicum annuum); ‘Ven-
dor’, a tomato cultivar (Solanum lycopersicum); MM195, 
an eggplant cultivar (Solanum linnaeanum); ‘Rosa H1’, a 
dihaploid clone of potato (Solanum tuberosum 2x); Arabi-
dopsis thaliana (Col1); and tobacco Nicotiana tabacum.

PCR amplifications and sequencing

Primers (sequences in Table S1, products in Fig.  1) were 
designed using Primer3 software (Rozen and Skaletsky 
2000) from the sequence of Tvv1_Sdem. Product PCR1 
extends from gag to rh, PCR2 from gag to the 3′ LTR, and 
PCR3 spans the UTL region. Primer LTRSd-utl was labeled 
at its 5′ end with IRD 800 5′ (Eurofins MWG Operon, 
Ebersberg, Germany). PCR amplifications were carried 
out according to Pelsy and Merdinoglu (2002). PCR frag-
ments were resolved by electrophoresis in a LiCor 4000L 
automated DNA sequencer (Lincoln, NB) using IRD41-
labeled M13 fragments (50 to 1,206 bp) as size standards. 
PCR fragments of interest were cloned, and two randomly 
selected recombinant clones were sequenced.

Quantitative real‑time PCR and relative quantification

Copy numbers of Tvv1-like elements were determined 
through genomic quantitative PCR in V. vinifera, S. 
tuberosum, S. demissum, S. linnaeanum, S. lycopersi-
cum, N. tabacum, P. trichocarpa, and C. annuum, using 
primers 4147 and 4155 (Table S1) designed to match the 
Tvv1_Sdem gag-ap region. PCR reactions were performed 
in 15  μL containing: 7.5  ng DNA, 1× Phire® Reaction 
Buffer (including 2.5  mM MgCl2), 300  nM each primer, 
200 μM dNTP, 0.15 μl Phire Hot Start II DNA Polymer-
ase (Thermo Scientific), 0.5× SYBR Green I (Cambrex 

LTR
LTR

ORF 1UTL
ORF 2

PBS

PPT

181-394
395-4631 4642-4821

1-180

4821 bp

*(a)

(b)

1413 aa

1-215
357-385

538-707 928-1179 1350-1413

GAG PR INT RT RH

PCR 1

PCR 2

PCR 3

Fig. 1   Schematic representation of the structure of Tvv1_Sdem.  
a Position of domains and PCR amplifications on the nucleic 
sequence. Product PCR1 was amplified from the primer pair GAGsd-
3F and RNASsd-2R and targets the internal region extending from 
the gag domain to the rh. Product PCR2 was amplified from the 
primer pair GAGsd-3F and LTRsd-4R and targets the internal region 

extending from the gag domain to the 3′ LTR. PCR3 was amplified 
from the primer pair LTRsd-utl and GAGsd-utl and amplifies the 
UTL region. b Putative protein sequence and functional domains 
encoded by ORF 1 and 2 considering the frameshift. LTR long termi-
nal repeat, PBS primer binding site, UTL untranslated leader region, 
ORF open reading frame, asterisk frameshift
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Bio Science Rockland, Inc). The amplification program, 
run on a LightCycler® 480 Real-Time PCR System 
(Roche), consisted of: 98 °C, 2 min; 30 cycles of 10 s at 
98 °C, 10 s at 55 °C, 15 s at 72 °C. All measurements were 
repeated four times.

Genome databases and sequence searches

To find Tvv1-related sequences in other plant genomes, 
searches were conducted in the NCBI plant databases 
(http://www.ncbi.nlm.nih.gov/) by BLASTn 2.2.24+ 
(Zhang et al. 2000) with default parameter settings using 
Tvv1-VB sequence (EU304807) and Tvv1-S_dem as the 
queries. In addition, 41 other plant genome databases 
and the TE database Repbase (Kapitonov and Jurka 
2008; http://www.girinst.org/) were queried as well 
(Table S2). When significant similarities (>70  % iden-
tity, >15  % query coverage) were found, the regions, 
including 10  kb of flanking sequence on each side, 
were excised in silico from the corresponding genomic 
sequences and screened for the presence of Tvv1-related 
sequences. Individual Tvv1-related sequences were 
annotated for the position of LTRs, UTL, and ORFs 
using DNAsis 2.1 (Hitachi Software Engineering Co, 
Ltd) and FastPCR (Kalendar et al. 2011).

Sequence analysis

Nucleic sequences were aligned using EMBL-EBI Pair-
wise Sequence Alignment tools (http://www.ebi.ac.uk/) 
and MEGA Version 5 (Tamura et  al. 2011). The hypo-
thetical protein sequences were deduced by compari-
son with proteins from other retrotransposons (Tvv1-VB, 
Tvv1_Sdem, Tnt1, PDR1) and frameshifts were removed 
manually to obtain the putative amino acid sequences of 
the Nucleic Acid Binding Domain (NABD), INT, AP, RH, 
and RT. Amino acid sequences were aligned using MEGA 
Version 5 (Tamura et al. 2011) and figures were produced 
using Geneious Version 6.1.6 (Biomatters, http://www.
geneious.com/). Phylogenetic and molecular evolution-
ary analyses based on amino acid sequences spanning 
reverse transcriptase motifs III to V were carried out using 
MEGA Version 5 (Tamura et  al. 2011). LTR sequences 
were aligned using “needle”, which is from the EMBOSS 
package (Rice et  al. 2000), and MUSCLE (Edgar 2004). 
All insertion and divergence estimates for the 5′ and 3′ 
LTR pairs as well as for individual LTRs were calculated 
as previously described (SanMiguel et  al. 1998; Vitte 
et al. 2007b; Wicker and Keller 2007; Moisy et al. 2008b), 
applying a substitution rate of 1.5 × 10−8 substitutions per 
site per year (Koch et  al. 2000). All accession numbers 
of plant retrotransposon sequences used in this study are 
given in Table S3.

Results

Tvv1_Sdem, a new LTR retrotransposon in Solanum 
demissum

A new retrotransposon of superfamily Copia, named 
Tvv1_Sdem and having the classification code RLC 
(Wicker et al. 2007), was identified in a BAC clone (Acces-
sion AC149291, nt 13231 to 18051) from wild potato or 
nightshade (Solanum demissum) by BLASTn, using grape 
retrotransposon Tvv1-VB (EU304807; Moisy et al. 2008a) 
as the query. The complete sequence of Tvv1_Sdem, 
4,821 bp, comprises an internal region of 4,461 bp flanked 
by two short, 180 bp LTRs (Fig. 1). The two LTR sequences 
only differ by three nucleotides (98.3 % identity) and are 
flanked by perfect 5 bp direct repeats (CTCGA). Based on 
the sequence divergence between both LTRs and a molecu-
lar clock applied earlier (Vitte et  al. 2007b), the insertion 
date of this particular copy was estimated at 0.65 MYA. 
The internal region of this element contains an untranslated 
leader (UTL) of 214 bp between the 5′LTR and the protein 
coding domain. Immediately downstream of the 5′LTR, the 
sequence 5′ TGGTATCAGAGCC 3′ comprises the Primer 
Binding Site (PBS) complementary to tRNAMet. Immedi-
ately upstream to the 3′ LTR a polypurine tract (PPT), 5′ 
TGAGGGGGAG 3′ was found. In between the PBS and 
the PPT, required for cDNA synthesis in LTR retrotranspo-
sons, a large ORF with a single frameshift is present (see 
below).

Comparison of asterid Tvv1_Sdem to rosid Tvv1‑VB 
from V. vinifera

Tvv1_Sdem was compared to the canonical full-length copy 
Tvv1-VB previously described in grapevine (Moisy et  al. 
2008a). Tvv1_Sdem and Tvv1-VB, 4,821 and 5,222  bp, 
respectively, share 61  % identity overall. Tvv1_Sdem 
LTRs (180 bp) are longer than the identical Tvv1-VB LTRs 
(149 bp) but remain in the same length range as LTRs of 
Tvv1 elements previously described in grapevine (149 
to 198  bp; Moisy et  al. 2008a). Despite their differences 
in length, LTRs of Tvv1_Sdem and Tvv1-VB show 46  % 
identity overall, with higher conservation in blocks (Fig. 
S2). The U3 region, which contains the promoter in LTR 
retrotransposons, is more divergent than the R region. As 
described for Tvv1 in grape (Pelsy and Merdinoglu 2002), 
the TATA box and the polyadenylation site are also pre-
sent in Tvv1_Sdem, but appear more degenerated than in 
Tvv1-VB.

The internal, protein-coding domain of the Tvv1_Sdem 
from the BAC clone contains a deletion of 35  bp (begin-
ning at nt 4389, before rh) with respect to Tvv1-VB, 
which generates a +1 frameshift and likely a truncated 

http://www.ncbi.nlm.nih.gov/
http://www.girinst.org/
http://www.ebi.ac.uk/
http://www.geneious.com/
http://www.geneious.com/
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polyprotein (Fig. 1). The conceptual full-length Tvv1_Sdem 
gag–pol polyprotein is 1413 aa, compared to 1382 aa for 
Tvv1-VB, with the domain order (Fig. 1) and motifs (Fig. 
S1) typical for superfamily Copia (Bowen and Mcdonald 
1999; Wilhelm and Wilhelm 2001; Wicker et  al. 2007). 
The two proteins display 69 % identity and 79 % similar-
ity overall, with locally higher similarity in functionally 
conserved domains. The predicted Tvv1_Sdem Gag (aa 1 to 
215) is 67 % identical (87 % similar) to Tvv1-VB Gag in 
a gapless alignment (data not shown). The most conserved 
domains (Fig. S1) are INT (79 % identity over 170 aa), RT 
(81 % identity over 252 aa), and RH (86 % over 128 aa). 
Alignments of the NABD, INT, RT, and RH are consistent 
in showing that Tvv1_Sdem is more closely related to the 
Tvv1 than to any other retrotransposon heretofore described 
(Fig. S1).

The Tvv1 family in other asterids

The similarity of the asterid Tvv1_Sdem to Tvv1, a family 
otherwise known only from the Vitaceae, which is a sister 
group to all other rosids, prompted us to look in more detail 
at Tvv1 members in the asterids and mainline rosids. We 
took three approaches: PCR amplification of major seg-
ments of Tvv1 elements from related asterids, particularly 
in the Solanaceae; in silico searches of sequences availa-
ble from genome projects; copy number determination by 
genomic quantitative PCR.

PCR amplifications of Tvv1 were carried out on genomic 
DNA from four S. demissum accessions, diploid potato (S. 
tuberosum), grapevine (V. vinifera), sweet pepper (C. ann-
uum), tomato (S. lycopersicum), eggplant (S. linnaeanum), 
and tobacco (N. tabacum) from the Solanaceae as well as 
on Arabidopsis (A. thaliana). Three primer pairs were used, 
yielding three expected products based on Tvv1_Sdem: 
PCR1, 3,300 bp, spanning gag–rh; PCR 2, 3,600 bp, span-
ning gag–3′ LTR; PCR3, 419  bp, extending from the 5′ 
LTR to the gag (Figs. 1, 2a; Table S1).

In the four S. demissum accessions, PCR1 amplified a 
fragment of expected size; three yielded as well an extra 
fragment of ~1,800  bp (Fig.  2a), probably due to the 
presence of a truncated copy as described in Moisy et  al. 
(2008a) for grapevine. Two PCR1 products from S. tubero-
sum and S. lycopersicum were sequenced and showed the 
expected size (~3,300  bp). The potato sequences were 
94 % identical to each other, and showed, respectively, 93 
and 95 % identity with Tvv1_Sdem. The tomato sequences 
were 99 % identical to each other and 86 % to Tvv1_Sdem. 
Consistent with these results, the expected PCR2 fragment 
was detected in all S. demissum accessions, S. tuberosum, 
and S. lycopersicum (Fig. 2a). Together, the data establish 
that Tvv1 is present in at least three Solanum species and 
has a conserved organization from the gag to the 3′ LTR.

The results from PCR3 showed that the UTL is more 
variable than the rest of Tvv1. The expected 419 bp frag-
ment, corresponding to an UTL sequence of 214  bp, was 
amplified from all potato DNAs except from S. demissum 
accession 69S-154-105, the one that had displayed a dele-
tion for the PCR1 region as well (Fig.  2b, lanes 1 to 5). 
Additional polymorphic fragments were also detected; 
two, 490 and 500  bp, were amplified from all S. demis-
sum accessions but not from S. tuberosum; two, 440 and 
455  bp, were observed only in S. tuberosum. Finally, a 
710 bp fragment was observed only in three S. demissum 
accessions while absent from 695-174-106 and from S. 
tuberosum. Larger bands of over 1 kbp are also present, and 
were previously observed for amplification of Tvv1 UTLs 
in grapevine (Pelsy 2007). Forty-two UTL regions from 
S. demissum (28) and S. tuberosum (14) were cloned and 
sequenced, ranging from 210 to 505 bp. Aligned together 
with Tvv1 UTLs from grapevine used as the outgroup, the 
sequences did not cluster according to their genome of ori-
gin (Fig. 2c); one S. demissum (Sd_211) and one S. tubero-
sum (rosa_56) UTL sized 212 bp were even 100 % iden-
tical. Several UTLs of S. demissum were almost identical 
to Tvv1_Sdem, only varying in the length of an internal Tn 
microsatellite. The comparison of the UTL sequences indi-
cates that at least 14 and 10 different groups of Tvv1 ele-
ments are present, respectively, in the genomes of wild and 
cultivated potatoes (Fig. 2c).

More broadly in the Solanaceae, PCR2 and PCR3 
yielded no products of the expected size from pepper, 
tomato, eggplant, Arabidopsis, or tobacco. PCR3 only 
resulted in weak amplifications of ~500  bp fragments 
(Fig. 2a).

Distribution of Tvv1_Sdem by in silico analysis

PCR amplifications can fail due to mismatches over a very 
few nucleotides, even if sequences related to the target 
are present in the query genomes. Therefore, we searched 
available sequence resources in silico with Tvv1_Sdem as 
the query (List of genomes in Table S2). Starting within 
the Solanaceae, in S. tuberosum databases many matches 
were found in searches of the assembly of chromosome 
pseudo-molecules (12 hits), scaffolds (202 hits), and unan-
chored scaffolds (14 hits). Scaffolds datasets are generally 
rich in redundant sequences such as TEs that are difficult to 
anchor onto the physical map, resulting in a higher number 
of hits than in the pseudomolecules.

Coincidentally, the 12 best hits on the pseudomolecule 
assemblies matched each of the 12 potato chromosomes. 
This indicates that the Tvv1 family is distributed widely 
within the potato genome but probably in low copy num-
ber. The best match covered 87  % of Tvv1_Sdem with 
97  % identity and was located on the chromosome 4 of  



1228	 Theor Appl Genet (2014) 127:1223–1235

1 3

S. tuberosum Group Phureja. It led to the identification of 
one particular element, Tvv1_Stub (HE614294; Table  1), 
which is a complete copy flanked by two 5 bp direct target-
site duplications (TSDs). The whole sequence of Tvv1_Stub 
shows more than 95 % identity with Tvv1_Sdem and can be 
considered as a member of the Tvv1 family.

For tomato, searches in the genome assembly gave 30 
significant hits. One copy, Tvv1_Slyco (HE647701), was 
retrieved from the best match on chromosome 12. It is 

surrounded by imperfect 5  bp TSDs and contains LTRs 
having 90  % identity, 6 mismatches and 2 short gaps 
(Table 1). The ORF is interrupted by several stop codons, 
making difficult to reconstruct the polyprotein in silico. The 
whole sequence of Tvv1_Slyco shows 81 % of identity with 
Tvv1_Sdem and can be considered a Tvv1 family member 
in the cultivated tomato S. lycopersicum, according to the 
80–80–80 rule (Wicker et al. 2007). Analysis of the currant 
tomato S. pimpinellifolium database gave 31 hits. The best 
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1 - - 3300 

2 - - -
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Fig. 2   Internal PCR amplifications of Tvv1 in Solanaceae and 
other plants. a Sizes of the PCR products resulting from PCR 1, 2 
and 3 on different plant DNAs. b PCR3 (UTL) products separated 
by electrophoresis on a long 5.5 % acrylamide gel in a LiCor (Lin-
coln, NB) 4000L automated DNA sequencer. Line 1: S. demissum, 
accession 69S-152-105, 2 accession 69S-154-105, 3 accession 69S-
168-102, 4 accession 69S-174-106 and 5 S. tuberosum 2x, accession 

Rosa H1. Size markers in bp are indicated on the left margin. Sizes 
of the polymorphic bands (and corresponding UTL sizes) are indi-
cated on the right margin. c Comparison of only non-redundant UTL 
sequences retrieved by cloning from S. demissum accession 69S-152-
105 (13 sequences) and from S. tuberosum 2x, accession Rosa H1 (9 
sequences). Percentage of identity is given for each comparison
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match led to the identification of Tvv1_Spimp (HE647700), 
a complete copy with LTRs showing 91 % identity, flanked 
by two 5 bp perfect TSDs (Table 1). Its internal sequence is 
interrupted by several stop codons. The whole sequence of 
Tvv1_Spimp, including LTRs and UTL, shows 81 % iden-
tity with Tvv1_Sdem and is thereby a member of the Tvv1 
family. The potato and tomato insertions can be dated to 
1.54 to 2.45 MYA (Table 1).

In tobacco databases, including Genbank Genome Sur-
vey Sequences (GSS), the best hit displayed more than 
80  % identity with Tvv1_Sdem but covers only 15  % of 
its sequence; we were not able to reconstruct a complete 
retrotransposon sequence. Moreover, a BLAST search 
was also conducted in a specialized database containing 
retrieved tobacco LTR retrotransposon sequences, but no 
significant similarity with Tvv1_Sdem was detected (Nico-
las Maunouri, INRA, personal communication). Based on 
BLAST and PCR results, we consider that the Tvv1 fam-
ily has no full-length autonomous member in the tobacco 
genome. Given that the Tvv1 family was first identified in 
Vitis, a search of the grapevine genome sequence using 
Tvv1_Sdem as the query was expected to yield matches. 
A total of 134 were found. The best covered 28 % of the 
sequence with an overall identity of 77  %. One particu-
lar element, Tvv1_40024-Sd (HE614295, Table  1), was 
retrieved from the grapevine genome sequence of chromo-
some 10 (reverse strand, nt 574301 to 579257) available on 
the Genoscope server. The Tvv1_Sdem and Tvv1_40024-Sd 
ORFs are 71 % identical while their full sequences (includ-
ing LTRs and UTL) are 66  % identical. Comparison of 
Tvv1_40024-Sd with other Tvv1 copies of grapevine indi-
cates that Tvv1_40024-Sd is a distant member of the Tvv1 
family. Surprisingly, although present in the grapevine 
genome, Tvv1_40024-Sd is closer to Tvv1_Sdem from wild 

potato than to any full-length Tvv1 from grapevine previ-
ously described (Moisy et al. 2008b).

Among the rosid Fabidae, we searched the genome 
assembly of poplar (Populus trichocarpa) using Tvv1_Sdem 
as the query. Only 4 hits were found, with a maximum 15 % 
of query coverage and 73  % identity. However, one copy 
of 3,919 bp, Tvv1_Pt-pop004-B08 (Accession AC214995), 
was retrieved (Table  1). Tvv1_Pt-pop004-B08 shows per-
fect 5 bp TSDs (AAAAC), and two identical LTRs making 
it a likely recent insertion (less than 0.3 MYA), but carries 
a deletion bridging the gag and ap domains that would ren-
der these proteins non-functional. In the Repbase database, 
a retrotransposon from P. trichocarpa, named Copia39-
PTR (3,941 bp) is otherwise identical to Tvv1_Pt-pop004-
B08 except for a 22 bp indel (Table 1), and bears the same 
large internal deletion. Its Repbase annotation indicates a 
UTL of 1,045  bp, but the many stop codons make it dif-
ficult to identify the precise gag–pol region. Nevertheless, 
the overall similarity to Tvv1_Sdem places these elements 
in the Tvv1 family. Because the Repbase accessions do 
not include the TSDs or flanking sequences, it is not pos-
sible to ascertain whether or not Tvv1_Pt-pop004-B08 and 
Copia39-PTR are the same copy or two highly conserved 
but distinct members of Tvv1.

Other Fabidae and Malvideae rosid species for which 
finished or ongoing genome sequences are available for 
BLAST searching were investigated (Table S2). One full-
length relatively divergent Tvv1 element (Tvv1_Cpap, 
Table 1) was found from papaya (Carica papaya), a mem-
ber of the Malvideae. Other matches were limited to small 
segments and cannot be attributed to more than generically 
conserved domains of LTR retrotransposons.

We also have tested 34 other genomes (Table S2), 
including Brachypodium distachyon, Coffea arabica, 

Table 1   Tvv1 in investigated genomes (Accession numbers in Table S3)

a  From Repbase
b  From the 23 full-length Tvv1 copies identified in the grapevine genome (Moisy et al. 2008b)

Name Genome Total length (bp) LTRs Insertion date (MYA) UTL (bp) gag–pol (bp)

5′/3′ (bp) Identity (%)

Tvv1_Cpap C. papaya 5,193 195/198 85.4 4.83 672 4,118

Copia39-PTRa P. trichocarpa 3,941 225 100.0 0.0 1,045 2,446

Tvv1_Pt-pop004-B08 P. trichocarpa 3,919 225 100.0 0.0 1,023 2,446

Tvv1_Spimp S. pimpinellifolium 4,884 150/151 91.4 2.45 307 4,276

Tvv1_Sdem S. demissum 4,821 180 98.3 0.65 214 4,461

Tvv1_Slyco S. lycopersicum 4,941 148/145 90.0 1.68 389 4,259

Tvv1_Stub S. tuberosum 4,916 180 96.1 1.54 276 4,270

Tvv1_40024-Sd V. vinifera 4,957 179 96.6 1.32 466 4,123

Tvv1-VBb V. vinifera 5,222 149 100.0 0.0 768 4,146

Tvv1 familyb V. vinifera 4,640–7,162 149–198 79.4–100.0 0–7.1 179–747 3,863–6,114
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Medicago truncatula, Oryza sativa and Zea mays assem-
blies, but no Tvv1 members were found.

Tvv1 fingerprints

Alignments of the hypothetical polyprotein domains 
NABD, AP, PR, INT, RT, and RH (Fig. S1) have been estab-
lished from the nucleic sequences of Tvv1-like elements, 
and frameshifts were removed manually by comparison 
with other polyproteins. The results support Tvv1_Cpap, 
Copia39-PTR 1, Tvv1_Pt-pop004-B08, Tvv1_Sdem, 
Tvv1_Slyco, Tvv1_Spimp, Tvv1_Stub, Tvv1_40024-Sd, and 
Tvv1-VB as being members of the Tvv1 family, which is 
clearly distinct from any other retrotransposon family here-
tofore described. Despite divergence of distant Tvv1-like 
copies, numerous residues specific to Tvv1 members have 
been identified in each functional domain (online resource 
Fig. S1), and can therefore be considered as fingerprints of 
use for diagnostic identification of this family.

Phylogenetic position of Tvv1_Sdem

An alignment was made of the RT domains (between 
motifs III to V) of all Tvv1 elements identified in this study. 
Other retrotransposon sequences previously identified in 
Solanaceae species and in other plants were added to it 
(see Table S3 for accession numbers). A neighbor-joining 
tree constructed from the alignment (Fig. 3) shows that the 
Tvv1 family forms a distinct clade with a high bootstrap 
value (80). Tvv1_Sdem is closer to grapevine Tvv1 than to 
any other retrotransposon previously identified in Solanum. 
The Tvv1 elements identified in potato species (Tvv1_Sdem 
and Tvv1-Stub) and in wild tomato (Tvv1-Spimp), all from 
Solanum, are closely related to each other. Tvv1_Slyco is 
found slightly apart, as is the more divergent Tvv1-Cpap 
copy from papaya; those two sequences are more degen-
erate than the other Tvv1 copies. However, Tvv1_40024-Sd 
from grapevine is more closely related to those of potato, 
tomato, and poplar than to the other Tvv1 copies from 
grapevine, which are on a strongly supported node (boot-
strap value of 96).

The two elements Copia39-PTR and Tvv1_Pt-pop004-
B08 from poplar, a rosid as is grapevine, cluster apart from 
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Fig. 3   Phylogenetic analysis of Tvv1_Sdem and Tvv1-related retro-
transposons among the plant kingdom. Neighbor-Joining tree based 
on multiple alignment of amino acid sequences between RT domains 
III and V using the Poisson distance model and 1,000 replicates. If 
not available, the amino acid sequences were translated from the 
nucleotide sequences (See Table S3 for the origin of sequences). Ret-
rotransposons from Vitaceae are highlighted in dark gray, from Sola-
naceae in light gray. The Tvv1 family is highlighted with bold lines in 
the tree. Only bootstrap values greater than 50 % are shown

▸



1231Theor Appl Genet (2014) 127:1223–1235	

1 3

the other Tvv1 family members (bootstrap value 100). 
These two sequences may represent a distinct Tvv1 line, or 
may derived from a single degenerate copy; whereas other 
Tvv1-like segments can be found in the poplar genome 
(data not shown), none are sufficiently long to be incor-
porated into alignments. The Tvv1 family is distantly con-
nected to four other sequences from Glycine, Medicago 
and grapevine (Fig. 3), forming a branch with a high boot-
strap value (98), which could belong to the same distant 
lineage according to Wicker and Keller (2007). However, 
those four sequences do not share strong identity with Tvv1 
apart from their RT domain, and therefore were not consid-
ered as members of the Tvv1 family.

Copy number estimation

To complement BLAST and classical PCR experiments, 
copy numbers of Tvv1-like elements were determined in 
several plant genomes through quantitative PCR using 
specific primers (Table S1) located in the gag-ap region. 
Results (data not shown) support Tvv1 being absent from 
C. annuum, S. linnaeanum, A. thaliana, and N. tabacum. 
Conversely, Tvv1 is rare in S. lycopersicum (9 copies) and 
P. trichocarpa (9 copies); it is of intermediate abundance in 
S. tuberosum (36 copies) and in the four S. demissum acces-
sions (80–100 copies). As expected, the highest copy num-
ber (260) of Tvv1 was observed in V. vinifera PN40024. The 
ranges of Tvv1 copy numbers estimated by qPCR are con-
sistent with the numbers deduced from BLAST searches 
and previous findings in grape (Moisy et al. 2008b). They 
also strongly corroborate our assumption that there are 

at least 14 and 10 different Tvv1 copies in wild and culti-
vated potatoes, respectively, based on comparisons of UTL 
sequences (Fig. 2c).

Divergence time of Tvv1 copies

If all the Tvv1 copies evolved from a common and unique 
ancestral copy, they should have had the same original 
founder LTRs that would have diverged over time. The 
LTR sequences of all the Tvv1 copies (Table  1, Fig. S3) 
were compared to estimate the probable time of divergence 
(Fig.  4) based on the calculation of the pairwise distance 
between the LTRs (Vitte et al. 2007b; Moisy et al. 2008b). 
The data indicate that Tvv1 diverged between grapevine, 
poplar, and Solanum first, then between potato and tomato, 
and finally independently between wild and cultivated spe-
cies of these two Solanaceae.

Discussion

Tvv1 is a metapopulation of retrotransposons present 
across the asterid–rosid divide

Tvv1 was first characterized as a well-conserved family 
of LTR retrotransposons of superfamily Copia (classifi-
cation code RLC; Wicker et al. 2007) in grapevine (Pelsy 
and Merdinoglu 2002; Moisy et al. 2008a). Here, we have 
identified and characterized a member of this family, 
Tvv1_Sdem, from the phylogenetically distant wild potato 
S. demissum. The Tvv1 family thus bridges the major 
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phylogenetic division in the dicotyledonous plants separat-
ing the rosids (Vitis) from the asterids (Solanum). While 
this particular copy of Tvv1_Sdem is no longer autonomous 
because its coding region contains a frameshift in the rh 
domain, all the functional domains for retrotransposition 
are present and well conserved between the potato and 
grapevine members.

The family shares short, 180 bp LTRs, numerous diag-
nostic residues in the polyprotein, and a fairly low copy 
number. Besides those of the non-autonomous TRIMs 
(Witte et al. 2001), LTRs of less than 200 nt appear to be 
fairly rare among plant retrotransposons; the best char-
acterized example is PDR1 of pea, having 156  bp LTRs 
(Vershinin and Ellis 1999). The potato and grapevine ele-
ments display 69 % identity overall, with the highest con-
servation in the enzymatic regions (INT, 79 %; RT, 81 %) 
compared to the structural Gag (67  %), consonant with 
general trends for retrotransposons and retroviruses (Suo-
niemi et  al. 1998; Eickbush and Jamburuthugoda 2008; 
Llorens et al. 2009). The UTLs of retrotransposons gener-
ally show high diversity, making them suitable for molecu-
lar markers (Pelsy 2007; Macas et al. 2009).

Based on the UTL diversity, at least 14 and 10 distinct 
Tvv1 copies are present in the genome of wild and culti-
vated potatoes, respectively. This trend was confirmed by 
quantitative PCR, attesting that wild accessions contain 
more Tvv1 copies than the cultivated one. This difference 
may be due either to founder effects or those of selection 
in the domestication of potato. Overall, Tvv1 UTLs in the 
Solanaceae have diverged mainly by accumulation of indels 
as was previously described for Tvv1 copies in grapevine 
(Pelsy 2007).

Interestingly, UTL sequences did not necessarily clus-
ter based on their origin; some were perfectly identical 
between wild and cultivated potatoes, although markers 
based on the Tvv1 UTL are more polymorphic between 
Vitis species than are microsatellites (Pelsy 2007). The 
UTL data indicate that Tvv1 copies in Solanum have most 
probably arisen from several ancestors. The dispersion of 
the Tvv1 family among evolutionarily distant genomes 
belonging to both rosids and asterids provides the basis for 
developing a common system of molecular markers. Ret-
rotransposon UTL Polymorphism (RUP, Pelsy 2007) for 
Tvv1, moreover, can serve to describe genetic diversity in 
distant species and, combined with LTR-based dating of 
individual insertions, helps to retrace the evolutionary his-
tory of the Tvv1 family in genomes. The usefulness of Tvv1 
as a molecular marker in disparate species is rare for a ret-
rotransposon-based system.

Extending the analysis to other species among asterids, 
rosids, and also monocotyledonous plants by both in silico 
and in vitro approaches revealed the presence of Tvv1 mem-
bers in both asterid (potato and tomato) and rosid (poplar 

and grapevine) genomes, and led to the identification of full-
length copies of Tvv1-like sequences in these species. Except-
ing Tvv1_Pt-pop004-B08 from poplar, which shows a large 
deletion but retains Tvv1-specific motifs, and the more diver-
gent copy Tvv1-Cpap from papaya, all other Tvv1 relatives 
belong to the same family according to the 80–80–80 rule 
proposed by Wicker et al. (2007). Compared against the Tnt1-
like elements within Solanum (Manetti et al. 2009) that show 
specific amino acid sequences conserved among Tnt1, TLC1, 
and Retrosol1, we have identified several specific motifs that 
can be considered as fingerprints of the Tvv1 family. These 
signatures, together with the detection of several distinct cop-
ies through in silico and in vitro approaches, establish that the 
Tvv1 family forms a metapopulation of retrotransposons that 
is unusually distributed among the dicotyledonous plants.

The Tvv1 family, while widely dispersed, does not 
appear to be ubiquitous. Here, Tvv1 members were 
detected in Populus, but not in Medicago, although both of 
them belong to the clade Fabidae of the rosids. No Tvv1-
like elements were found in Arabidopsis, which belongs 
to the Malvidae, the other major lineage of rosids, and a 
relatively divergent element was found in papaya. In the 
asterids, Tvv1 members were found in potato and tomato, 
but no full-length copy could be identified in tobacco. 
Although comparative sequence analyses indicate that Cof-
fea (asterids) and Vitis (rosids) derive from the same paleo-
hexaploid ancestral genome (Cenci et al. 2010), Tvv1 was 
not detected in the coffee genome database.

Phylogenetic analysis of Copia elements from barley, 
wheat, rice, and Arabidopsis established that they can be 
classified into six ancient lineages that existed before the 
divergence of monocots and dicots, 150 MYA (Wicker and 
Keller 2007). Lineages were defined as large groups of fami-
lies that, within an RT-based tree, are found on a common 
branch having a high bootstrap value, share characteristics 
such as LTRs of similar sizes, and have a general tendency 
to contain mostly high-copy or mostly low-copy families 
(Wicker and Keller 2007). Surprisingly, Tvv1 as a family is 
widely dispersed within the plant kingdom; it has an origin 
as ancient (>100 MY) as the six lineages themselves (Wicker 
and Keller 2007). This has not been described for any of the 
individual families from those six lineages. Hence, Tvv1, 
unusually, is both more conserved and less ubiquitous than 
retrotransposon families heretofore described.

The apparently spotty distribution of Tvv1 could be due 
to three non-exclusive causes: analytical limitations; hori-
zontal transfer to only some plant clades; vertical descent 
combined with stochastic loss. Concerning experimental 
limitations, efforts to isolate Tvv1 by PCR could have been 
hampered by sequence divergence; even minor sequence 
variation at the priming sites could have blocked amplifi-
cation. On the other hand, our PCR data were confirmed 
using four different sets of primers located in domains 
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showing variable levels of conservation among TEs (LTR, 
gag, UTL, ap and rt), strengthening the conclusions. Con-
versely, in silico searches of sequenced genomes, while not 
sensitive to local divergence, are at the mercy of the quality 
of the genome assemblies and incorporation of repetitious 
sequences therein (Wicker et al. 2006; Otto et al. 2008). We 
restricted our definition of Tvv1 presence to the 80–80–80 
rule described above; relatives of Tvv1 of arbitrary degrees 
of divergence (as members of lineages) nevertheless may 
have been widespread.

The second scenario explaining the distribution of the 
Tvv1 metapopulation over plant genomes assumes at least one 
horizontal transfer event such as that suggested for several 
other plant retrotransposons (Wicker and Keller 2007; For-
tune et al. 2008; Roulin et al. 2008; Cheng et al. 2009; Roulin 
et al. 2009). To match the phylogeny, we must assume that 
the Tvv1 family would have arisen in the common ancestor of 
poplar and grapevine and later been horizontally transferred 
into the potato and tomato ancestor after the divergence of the 
rosids. At present, however, the available data are insufficient 
to confirm a claim of horizontal transfer. The low copy num-
ber of Tvv1 in the species harboring members of this family 
helps to explain its sporadic occurrence. Moreover, the Tvv1 
family is found in several asterid and rosid clades, in con-
trast to the proposed horizontally transferred Rider element 
(Cheng et al. 2009), necessitating for Tvv1 either more than 
one horizontal transfer or a combination of horizontal trans-
fer and vertical descent. Furthermore, the pattern of diver-
gence within the LTRs of Tvv1 matches the species phylog-
eny, requiring secondary hypotheses about adaptive evolution 
within the LTRs. More high-quality genome sequences will 
be needed for a better picture of Tvv1 distribution.

Alternatively, Tvv1 could have been passed vertically 
through the descendants of the last common ancestor of 
the rosids and asterids. In this interpretation, Tvv1 copies 
would have been positively selected over time, at least in 
particular species, to maintain the high level of similar-
ity observed, considering that Vitis and Solanum have 
diverged for 100 MY or more. In other species, the Tvv1 
family would have been lost stochastically as proposed for 
quasispecies or metapopulations generally (Hanski 1998; 
Domingo 2002) or more specifically for TEs (Le Rouzic 
et  al. 2007) such as Mariner in Drosophila melanogaster 
(Lohe et al. 1995). Such a loss is even more probable given 
the low copy number of Tvv1, even if observations for 
Copia lineages primarily in the grasses suggest that indi-
vidual families become extinct only very rarely in a species 
(Wicker and Keller 2007). In support of vertical radiation, 
pairwise comparisons of Tvv1 LTRs indicate that their pat-
tern of similarity matches the successive divergence of the 
asterids and rosids followed by that of the clades within 
the rosids and the species within Solanum. Nevertheless, 
the analysis may be biased by possible differing degrees of 

transpositional activity in the various species and clades, 
because for retrotransposons the error rates for replication 
via reverse transcription and as integral chromosomal com-
ponents differ greatly (Gabriel et al. 1996; Boutabout et al. 
2001; Abram et al. 2010).

If Tvv1 has propagated vertically, the question that arises 
is how a retrotransposon family having such low numbers 
of copies has persisted over 100 MY. Conservation within 
the family suggests that purifying selection has been at 
work. Whereas genetic drift takes its toll on retrotranspo-
son families, individual copies become inactive through 
accumulation of point mutations and indels and through 
LTR–LTR recombination (Shirasu et  al. 2000; Vitte et  al. 
2007a). Loss of retrotransposons by LTR–LTR recombi-
nation seems to be positively correlated with LTR length 
(Vitte et al. 2007a), and is common for long retrotranspo-
sons with long LTRs (Kalendar et al. 2000). In this regard, 
the unusually short LTRs of Tvv1 should make it relatively 
resistant to loss by LTR–LTR recombination.

Retrotransposon families such as Tvv1 that are present 
in low copy number also face the challenge of how to rep-
licate should the ORFs encoding the requisite proteins be 
lost from their members. However, complementation by 
other retrotransposons (Sabot and Schulman 2006; Tan-
skanen et  al. 2007) of truncated ORFs appears to permit 
non-autonomous elements to play a major role in shaping 
plant genomes (Wawrzynski et al. 2008). A striking exam-
ple is Cassandra, a group of retrotransposons, which is 
non-autonomous but highly conserved across the vascular 
plants (Kalendar et al. 2008). Hence, it appears that effec-
tive replication and curtailed recombinational loss have 
permitted Tvv1 to survive at least 100 MY in plant evolu-
tion despite its low copy number.
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