
Introduction

Retroelements are a group of genetic entities that

use reverse transcription in their replication cycle.

They include LTR (Long Terminal Repeat)

retrotransposons, i.e. Pseudoviridae and

Metaviridae, usually referred to as Ty1-copia and

Ty3-gypsy retrotransposons, respectively (Hull

2001). LTR retrotransposons are structurally simi-

lar to retroviruses, presenting gag and pol genes,

which encode proteins with structural and enzy-

matic functions, respectively, each flanked by two

LTRs involved in replication (Malik et al. 2000).

The main difference between LTR retrotransposons

and retroviruses is the presence of an envelope (env)

sequence located downstream of the pol gene in

retroviruses. The env gene is related to the infec-

tious capacity of retroviruses, as it codes for

transmembrane glycoproteins that are integrated

in the lipid envelope and recognized by cellular re-

ceptors during the infection process. This mecha-

nism allows membrane fusion and viral genome

penetration into the host cell (Coffin et al. 1997).

Although the plant cell wall represents a constraint

to this mechanism, there are a few reports about

enveloped plant viruses, which include members

of Bunyaviridae and Rhabdoviridae (van-

Regenmortel et al. 2000; Vandenheuvel et al.

2002). These viruses accumulate in the cell until a

feeding invertebrate ingests them and carries to

another host. It has also been suggested that envel-

oped viruses might move from cell to cell in plants

via plasmodesmata. Virus-encoded proteins that

modify the molecular size exclusion limit of

plasmodesmata usually assist in virus movement

in plants (Carrington et al. 1996). The env gene has

been identified in some LTR plant

retrotransposons, mainly in angiosperm species

(Chavanne et al. 1998; Peterson-Burch et al. 2000;

Laten et al. 2003; Neumann et al. 2005), and also

in the genome of the gymnosperm Pinus pinaster

(Miguel et al. 2008). Transcription of the env gene
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in some Ty3-gypsy elements has also been re-

ported (Neumann et al. 2005), so the distinction

between retrotransposons and retroviruses is diffi-

cult (Bennetzen 1996; Kumar 1998). For example,

the gypsy element from Drosophila melanogaster

is able to function as a retrovirus in some circum-

stances (Song et al. 1994). Among plants the num-

ber of elements characterized to date is still limited

(Vicient et al. 2001). It is considered that Athila4

from Arabidopsis thaliana and Calypso from soy-

bean represent a lineage of endogenous retrovirus-

es (Wright and Voytas 2002). The env-like genes

in some plant LTR retrotransposons present the

same location as in viruses, upstream of 3’ LTR.

Some of these LTR retrotransposons include the

Ty3-gypsy Athila from Arabidopsis thaliana

(Wright and Voytas 1998), Calypso from soybean

(Peterson-Burch et al. 2000), Cyclops and Pigy

from pea (Chavanne et al. 1998; Neumann et al.

2005), and Bagy-2 from barley (Vicient et al.

2001b), whereas Ty1-copia family includes Sire-1

from soybean (Laten et al. 2003) and Endovir

from Arabidopsis thaliana (Peterson-Burch et al.

2000). The env gene sequence displays a low de-

gree of conservation among retrotransposons and

retroviruses (Laten et al. 1998; Wright and Voytas

1998).

Here we report the presence of env-like se-

quences in the genome of Quercus suber. The

env-like sequences were isolated as a result of

DNA amplification of copia-like retroelements,

between one of the RNaseH conserved motives

and the 3’ LTR, assuming that env would be lo-

cated immediately upstream of 3’ LTR.

Materials and methods

Plant material and DNA isolation

Quercus suber seeds were generously provided by

Dr. Hachemi Merouani, from Alcácer do Sal

stands. Young leaves of seedlings were collected,

immediately frozen in liquid nitrogen, and next

kept at –80oC until DNA isolation. Genomic DNA

was extracted using the DNeasy Plant Mini Kit

(Qiagen) according to manufacturer’s instruc-

tions.

Isolation of env-like retrotransposon sequences

Assuming that Ty1-copia retrotransposons are

ubiquitous in the plant kingdom and, if present,

env sequences are located upstream of 3’ LTR, be-

tween RNaseH and PPT, the strategy of Pearce

et al. (1999) was followed and adapted here.

Briefly, 3 µg of genomic DNA was digested with

50 U of MseI (Biolabs), and MseI adaptors were li-

gated to DNA with T4 DNA ligase (Promega) in

the appropriate buffer. We amplified 50 ng of li-

gated DNA template by using a degenerate

RNaseH motif 1 forward primer (5’-MGNACN

AARCAYATHGA-3’) and a specific adaptor re-

verse primer (5’-GATGGATCCTGAATAA-3’)

(Figure 1). The amplified products were

size-fractionated by agarose gel electrophoresis.

Products ranging from 0.3 kb to 1 kb in size were

purified from the gel by using the High Pure PCR

Product Purification kit (Roche), cloned into

pGEM T-easy vector (Promega), and further se-

quenced.

Sequence analysis

To predict the existence of transmembrane do-

mains in the isolated sequences, TMpred

(http://www.ch.embnet.org/software/TMPRED_

form.html), TMHMM (version 2.0) (http://www.

cbs.dtu.dk/services/TMHMM/), and PHDhtm

(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?

page=/NPSA/npsa_htm.html) servers were used,

as well as WoLF PSORT program

(http://wolfpsort.org/), which predicts the

subcellular location of proteins. A search for

homology of nucleotide sequences of the PCR

products and corresponding amino-acid sequences

was performed using the BLAST algorithm with

sequences in the GenBank database. The env-like

sequences used in the alignments and phylogen-

etic analysis against Q. suber sequences were ob-

tained from the GenBank (http://www.ncbi.

nlm.nih.gov). Pairwise and multiple DNA se-

quence alignment were carried out by

BioNumerics version 3.5 software (Ap-

plied-Maths, Belgium). The phylogenetic tree was

constructed using the neighbor-joining method

from a matrix of amino-acid distances based on

amino-acid alignment, and bootstrap analysis was

done with 1000 replicates.
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Figure 1. Scheme showing localization and amino-acid

sequence of RNaseH motifs 1 and 2.



Results

Features of env-like sequences in Q. suber

genome

The DNA PCR amplification between RNaseH

conserved motif 1 (RTKHID/E) and 3’ LTR (Fig-

ure 1) generated a set of DNA fragments with mo-

lecular sizes between 300 bp and 1 kb, from which

we have cloned, sequenced, and analyzed a total of

72 clones. Out of them, 13 clones were selected,

based on the presence of the 2 characteristic

RNaseH conserved motifs, namely RTKHID/E

and ADI/MFLTK. Clone analysis revealed differ-

ences in some amino-acid residues: RRTKHID or

RRKHIE for the first motif, and ADIFLTK,

ADVFLTK or ADLFLTK for the second one

(Figure 2). In motif 1 consensus sequence, the 5

initial amino acids are conserved, with the 4th be-

ing positively charged, and position 6 is occupied

by acidic residues. Motif 2 comprises 7 residues,

in which all the positions are fixed, except for po-

sition 3, which is occupied by an aliphatic amino

acid (Figure 2 b).

As expected, just after the polypurine tract and

before the beginning of the 3’ LTR, the CA

dinucleotide was detected in 2 clones. This

dinucleotide has been indicated as the LTR

end-sequence of retrovirus and retrotransposon

(Varmus and Brown 1989). However, in 4 clones

the CA dinucleotide pair is changed to CT. More-

over, one clone (B2-2) has no dinucleotide transi-

tion (Figure 2a).

All 13 clones were submitted to the GenBank

database (http://www.ncbi.nlm.nih.gov), and

clones B2-2, B2-36, B3-23 revealed amino-acid

sequence similarity with env sequences from hu-

man immunodeficiency virus (HIV), with

homology ranging from 26 to 39% (Table 1).
To support the presence of env-like sequences,

we submitted our data to the PSORT
(http://wolfpsort.org/) program, which predicts a
variety of destinations for the env-like proteins
within the cell (Nakai and Kanehisa 1992).
Retroviral env proteins are typically transported
through the endomembrane system, where they
are proteolytically cleaved to generate surface
(SU) and transmembrane (TM) proteins, prior to
being released on the cell surface (Coffin et al.
1997).

The most confident prediction for clones B2-2,

B3-1, and B3-23, suggests targeting the plasma

membrane with 60% of confidence. For clone

B2-36 the predictions target the mitochondrial ma-

trix space with 60.5% of confidence. Additionally,

we also submitted the isolated sequences to the

analysis of TMpred and TMHMM (version 2.0)

servers, which predict the existence of

env-like retrotransposons in Q. suber 463

Figure 2. List of envelope clones isolated from the Quercus suber genome and some of their features. (a) Two RNaseH

conserved motifs in all clones, namely RRKHID/E and ADI/L/VFLTK. The PPT sequence and 3’ LTR junction are

marked (in nucleotides): PPT is in bold, while the characteristic CA or CT nucleotides that define the beginning of

3’ LTR are in italic type. Total sequence length is expressed in base pairs (bp). (b) The consensus sequence of each motif

is displayed in logo format (http://weblogo.berkeley.edu/logo.cgi), with amino-acid expectancy illustrated by relative

letter size at each position.



transmembrane domains and their orientation in

the plasma membrane (Hofmann and Stoffel

1993). TMpred outputs with scores > 500 are con-

sidered significant and indicate likely

transmembrane domains. Higher values have been

attained by clones B2-2, B3-1 and B3-23, with

values of 5071, 4572 and 6791, respectively (Fig-

ure 3). Using the TMHMM server, clones B2-2,

32, 34, B3-1, 6, 23, and 29 were also predicted to

contain transmembrane domains (Figure 3).

We also searched for the KRG and LTPL con-

served domains, present in most retrotransposons

and retroviral env genes. These domains are im-

portant for the adsorption and penetration of the

virus, i.e. its infectious potential (Lerat and Capy

1999), but none of them has been found in the iso-

lated sequences, except for clone B2-20, which

contains the second motif, LTPL (Table 2).

Phylogenetic analysis of env-like sequences

A deduced amino-acid sequence alignment of the

13 clones with high probability of coding for

env-like proteins, was performed with diverse

env-like sequences belonging to plant

retrotransposons and vertebrate viruses.

(Figure 4). The Q. suber clones of env-like se-

quences clustered into 2 clades. One clade in-

cludes the B3-1 clone, two Ty3-gypsy plant

retrotransposons (Calypso-1 and Bagy-2 from
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Table 1. Three clones isolated from Quercus suber

genome and their homology with envelope

glycoprotein from Human immunodeficiency virus 1

sequences

Clone GenBank sequence Homology (%)

B2-2 HIV-1 gi: 1134949 26

B2-36 HIV-1 gi: 85700471 39

B3-23 HIV-1 gi: 158957206 30

Figure 3. Predicted transmembrane domains of 3 envelope gene clones isolated from Quercus suber genome. (a), (b), (c)

Output for clones B2-2, B3-1 and B3-23, respectively, with TMpred software (left panel) and with TMHMM program

(right panel). With TMpred software, only the scores > 500 are considered significant, and the clones obtained total

scores of 5071, 4572 and 6791, respectively. The TMHMM output for the same clones shows transmembrane motifs in

red, and the inside and outside domains of the proteins in blue and pink, respectively. Only probability > 1 is considered

significant (Y axis).



soybean and barley, respectively), and two

Ty1-copia retrotransposons (Sire-1 and Endovir1

isolated from soybean and Arabidopsis, respec-

tively). Another clade has all other Q. suber clones

and can be subdivided into 2 small clusters. One of

them includes Cyclops 2, a gypsy-like

retrotransposon isolated from Pisum sativum.

Discussion

In order to isolate env sequences in copia-like

retrotransposons, a strategy using degenerate

oligonucleotide primers was adopted. The primers

corresponded to conserved domains of the

Ty1-copia retrotransposon RNaseH gene and

flanking adaptor primers to 3’ LTR. This approach

has recently allowed the isolation of env-like se-

quences in soybean (Pearce 2006) and in Pinus

pinaster (Miguel et al. 2008).
A search for conserved domains performed in

the GenBank database showed that 3 of the ana-
lyzed 13 clones are similar to env-like proteins iso-
lated from HIV, with homology ranging from 26%
to 39. These values are close to the ones previously
reported for other elements, such as Cyclops from
pea (Chavanne et al. 1998), which shares 29%

env-like retrotransposons in Q. suber 465

Table 2. Predicted transmembrane domains in putative env-like sequences isolated from Quercus suber genome

Clone Predicted Transmembrane domains

Domain 1 Domain 2 Domain 3

B2-2 …44…VRFHEILFKIHIPLFFSLSFLF
Y

..30..TSTYTCGVTIAPMMCSDLFLFLF …40…NFSVSINMOVIFFFFFFYST
LWSL

B2-5 …108…LHTIPLEQCVFLYALVTDV
PISFP

………………………………………… ……………………………………

B2-11 …23…TCIVVVFFAAFTKIPLRVCL
S

………………………………………… ……………………………………

B2-20 …113…LTPLHESKVVTNFTATFSL
LICSSVIKHQDL

………………………………………… ……………………………………

B2-32 …25…LFPGIFLSYGLLLNSLLLFGH
IV

………………………………………… ……………………………………

B2-34 …40…LPLLPSLLIISLMLLVISLQLP
LLYLLNLLAFG

...4...THLMSNSIFCGMFLHNILVIKIV
KSILW

...5…CLFPFIIISVLVLLIWFIWMY
GDPIQLLLWMASSIFLLWMRL

B2-36 ……………………………………… ………………………………………… ……………………………………

B3-1 …14…LICFVFLEDALAVVIMSVEL
ICIYLLEDALAVVI

…30…LAFFSISVTSVVFSLLLNLSAFI
…74…YYYYIDVIFILFYSTSKFLD
WNI

B3-6 …11…LYKNVLKSSLLVILGYYFVF
L

…48…TMFNMICHLGFFCVSLNIFYF
LF

…68…VVWILLVLICCTALYLGF
VLFIF

B3-8 …20…MYLLGLLGIPILFSGSNPNV
DTVFI

………………………………………… ……………………………………

B3-12 …6…GLNNLGSKFFFFFFSVGPKRA
QFI

………………………………………… ……………………………………

B3-23 …55… LLLHNFFLCNVGLFFCSFSL …9…MFFFCVFSSFVFVVAF…2…FL
YFRCGSFGSVVEDFFSQITPM

…12…VHYFGLLCLFFGCNSLGY
LVFVLL

B3-29 …13…YFMKGLHLQSLVIFINKASA
IYLYNGI

…16… AQWSCLICSLCVPLQVTYS …96…FFRCICFVCDTNLFFIRS

Using TMpred, TMHMM (version2.0) and PHDhtm servers it was possible to identify and predict the location of transmembrane domains.

These domains are located just after RNaseH motif2 and PPT (see Table2). The numbers between dots represent the number of aminoacid resi-

dues between each identified motif. Clone B2-20 has LTPL motif (underlined), usually present in retrovirus and associated to its infectious po-

tential

Figure 4. Phylogeny of the env-like sequences isolated from

the Quercus suber genome. The phylogenetic tree was

generated by the neighbor-joining method from a matrix of

amino-acid distances based on amino-acid sequence

alignment. The numbers on the branches represent bootstrap

support for 1000 replicates, and numbers in bold represent

cophenetic correlations, which confirm the stability of the

3 nodes. The clones isolated from Q. suber are: B2-2, 5, 11,

20, 32, 34, 36 and B3-1, 6, 8, 23, 29, 32. Sequence accession

numbers: Glycine max (Calypso-1) AF186182; Hordeum

vulgare (Bagy-2) AJ298028; G. max (Sire-1) AF053008;

Pisum sativum (Cyclops-2) AJ000640; Arabidopsis thaliana

(Endovir 1) AAG52950.1.



amino-acid identity to env-like ORF encoded by
Calypso from G. max (Peterson-Burch et al.
2000), or Arabidopsis Endovir retroelements,
which exhibit 24% amino-acid identity to Sire-1
from soybean (Peterson-Burch et al. 2000). De-
spite its functional role in cellular infection, the
env gene displays a low degree of conservation in
its sequence, even among retroviruses (Laten et al.
1998; Wright and Voytas 1998). Therefore,
homology between Q. suber clones and env-like
sequences from HIV could suggest a horizontal
transmission of animal viruses at some point of the
evolutionary history in plants. Phylogenetic analy-
sis of Q. suber clones shows a marked discrepancy
between them, since almost all are clustered with
Cyclops-2, a Ty3-gypsy element identified in
Pisum sativum, whereas clone B3-1 is clustered
with gypsy and copia retroelements. Having in
mind that our isolation procedure of env-like se-
quences was based on the structure of copia
retrotransposons, the observed homologies of
those sequences (both with copia and gypsy ele-
ments) suggests the existence of a potential ances-
tral sequence of the env gene, prior to the
separation of Ty3-gypsy and Ty1-copia
retrotransposons, as it was pointed out for murine
leukemia and human T cell leukemia retroviruses.
These highly divergent human and murine retro-
viruses share a homologous env sequence (Kim
et al. 2004). On the other hand, if we consider that
the env gene of Q. suber retroelements was ac-
quired from a retrovirus, this means that its
introgression in LTR was made at least twice.
More recently, evidence confirming that the Sire-1
element acquired the env gene independently has
been presented (Pearce 2007). Moreover, the char-
acterization of the soybean retrotransposon Dias-
pora, lacking an env-like gene, points to a
relatively rapid transition between enveloped and
non-enveloped retroelements, considering that it
emerged from a lineage of a plant gypsy-like
retroelement with an env-like gene (Yano et al.
2005). The hypothesis of a more recent origin of
env-like sequences in Q. suber seems to be also
supported by the presence in clone B2-20 of one
(LTPL) of the 2 conserved motives (KRG and
LTPL) present in env genes of most
retrotransposons and retroviruses, which are very
important for virus adsorption and penetration, i.e.
its infectious potential (Lerat and Capy 1999). The
maintenance of such a motif demonstrates that env
genes have not accumulated mutations to the point
of not being identified as coding for transmembrane
domains, and/or are deleted as a result of hosts’
mechanisms. In fact, the Sire-1 endogenous retro-
virus family from Glycine max is also reported as

being evolutionarily young (Laten et al. 2003) and
as the phylogenetic analysis in this study shows,
there might be a homologous family to Sire-1 in
the genome of Q. suber. Moreover, it has been re-
ported that the transcription of env-like genes in
plant retrotransposons involves stop codon sup-
pression strategies, as in Sire-1 elements
(Havecker and Voytas 2003), or undergoes splic-
ing events, generating subgenomic products like
those from viruses, detected in Bagy-2 elements
(Vicient et al. 2001b). The putative env
polypeptides of Bagy-2 and Rigy-2 from barley
and rice, respectively, as well as the ones isolated
from Q. suber in this study, contain
transmembrane domains typical of retroviral env,
which raises the prospect of active retroviral
agents among plants (Vicient et al. 2001a; Hafez
et al. 2009). However, a few enveloped viruses
were described in plants, including members of
Bunyaviridae and Rhabdoviridae (van-
Regenmortel et al. 2000; Vandenheuvel et al.
2002). It will be interesting to discover if env
genes are involved in the production of virus-like
particles and how they overcome the plant cell
wall barrier.

In the Sire-1 element, the presence of a third

ORF has been reported. Its conceptual translation

results in a 22-kD peptide, which can be poten-

tially related to proteins that modify the molecular

size exclusion limit of plasmodesmata (Carrington

et al. 1996). The ambisense strategy of expression

is usual in plant viruses, including Toposvirus

(Bunyaviridae) especially for the expression of

movement-related proteins (Mumford et al. 1996).

Recent reports (Yano et al. 2005; Pearce 2007)

support a mixed model of horizontal and vertical

transmission, where retrotransposons represent

the legacy of an ancient retrovirus infection, fur-

ther transmitted by vertical forces. Altogether, the

data shows that env-like sequences might be more

important than it was previously reported. Cloning

and sequencing of a higher number of plant env-el-

ements will certainly help to clarify their origin.

Conclusions

In this study, we identified and characterized

env-like sequences in Q. suber. Homology analy-

sis of these sequences revealed similarities both

with copia and gypsy elements, suggesting the ex-

istence of a potential ancestral sequence of the env

gene, prior to the separation of Ty3-gypsy and

Ty1-copia retrotransposons.
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Accession numbers

Accession numbers of Q. suber clones: B2-2

(FJ269000); B2-5 (FJ269001); B2-11 (FJ269002);

B2-20 (FJ269003); B2-32 (FJ269004); B2-34

(FJ269005); B2-36 (FJ269006) and B3-1

(FJ269007); B3-6 (FJ269008); B3-8 (FJ269010);

B3-12 (FJ269011); B3-23 (FJ269014); B3-29

(FJ269015).
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