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Abstract Long terminal repeat (LTR) retrotransposons

make up substantial parts of most higher plant genomes

where they accumulate due to their replicative mode of

transposition. Although the transposition is facilitated by

proteins encoded within the gag-pol region which is

common to all autonomous elements, some LTR retro-

transposons were found to potentially carry an additional

protein coding capacity represented by extra open reading

frames located upstream or downstream of gag-pol. In this

study, we performed a comprehensive in silico survey and

comparative analysis of these extra open reading frames

(ORFs) in the group of Ty3/gypsy LTR retrotransposons as

the first step towards our understanding of their origin and

function. We found that extra ORFs occur in all three

major lineages of plant Ty3/gypsy elements, being the most

frequent in the Tat lineage where most (77 %) of identified

elements contained extra ORFs. This lineage was also

characterized by the highest diversity of extra ORF

arrangement (position and orientation) within the elements.

On the other hand, all of these ORFs could be classified

into only two broad groups based on their mutual simi-

larities or the presence of short conserved motifs in their

inferred protein sequences. In the Athila lineage, the extra

ORFs were confined to the element 30 regions but they

displayed much higher sequence diversity compared to

those found in Tat. In the lineage of Chromoviruses the

extra ORFs were relatively rare, occurring only in 50

regions of a group of elements present in a single plant

family (Poaceae). In all three lineages, most extra ORFs

lacked sequence similarities to characterized gene

sequences or functional protein domains, except for two

Athila-like elements with similarities to LOGL4 gene and

part of the Chromoviruses extra ORFs that displayed par-

tial similarity to histone H3 gene. Thus, in these cases the

extra ORFs most likely originated by transduction or

recombination of cellular gene sequences. In addition, the

protein domain which is otherwise associated with DNA

transposons have been detected in part of the Tat-like extra

ORFs, pointing to their origin from an insertion event of a

mobile element.
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Introduction

In higher plants, long terminal repeat (LTR) retrotranspo-

sons represent a major fraction of repetitive DNA. Even

small plant genomes such as those of Arabidopsis or rice

contain 5.6–17 % of LTR retrotransposons and this pro-

portion increases along with increasing genome size

(Pereira 2004; McCarthy et al. 2002; Zuccolo et al. 2007).

Amplification of a single family of elements can lead up to

a 60 % increase in nuclear DNA content (Neumann et al.

2006) and it has been well documented that differential

accumulation of LTR retrotransposons is one of the key

forces causing an extraordinary variation in genome size
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observed in higher plants (Hawkins et al. 2008). The

genomic accumulation of LTR retrotransposons is due to

their replicative mode of transposition involving tran-

scription of the parental element, reverse transcription of

the resulting RNA into cDNA and subsequent integration

of the new element copy into the genome. However, it is

not known why LTR retrotransposons are so successful in

colonizing plant genomes compared to other types of ret-

roelements like LINEs or SINEs that use the same mode of

transposition.

The replication of LTR retrotransposons is facilitated by

a set of proteins encoded by the gag-pol sequence located

in the internal region between the two direct terminal

repeats. The gag gene codes for proteins needed for the

assembly of virus-like particles and RNA packaging. The

pol gene encodes enzymes protease (Pro), reverse trans-

criptase/RNaseH (RT/RH) and integrase (INT). RT/RH

and INT convert retrotransposon RNA into DNA and

integrate it into the genome, respectively. The order of RT/

RH–INT domains within the pol gene is typical for Ty3/

gypsy elements, while the other major group of LTR ret-

rotransposons, Ty1/copia, has the INT domain located

upstream of the RT/RH. Translation of the gag-pol region

occurs from a single open reading frame (ORF) and indi-

vidual functional proteins are released from a precursor

polyprotein by the action of protease (Kumar and Ben-

netzen 1999; Havecker et al. 2004). Alternatively, in some

groups of elements the gag-pol region contains several

overlapping or adjacent ORFs and its translation is facili-

tated by translational recoding mechanisms including

ribosomal frameshifting and stop codon bypass (Gao et al.

2003; Forbes et al. 2007) or by RNA splicing (Steinbaue-

rová et al. 2008).

While the gag-pol-encoded proteins are considered

sufficient to accomplish the LTR retrotransposon replica-

tion and transposition, a number of elements have been

found to carry an additional protein coding capacity. For

example, fragments of ATPase, 1,4-b-xylan endohydrolase

and 1,3-b-glucanase sequences were identified within the

maize element Bs1 (Jin and Bennetzen 1994; Elrouby and

Bureau 2001), demonstrating the ability of plant retro-

transposons to transduce cellular genes. In these cases, the

gene sequences were found to generate fusion open reading

frames with the truncated gag sequences. However, in

several groups of elements there are additional reading

frames that are separate from the gag-pol region (hereafter

termed ‘‘extra ORFs’’ or ‘‘eORFs’’). They occur in ele-

ments from two of the seven evolutionary lineages defined

for Ty1/copia (Wicker and Keller 2007) and appear to be

even more frequent and diverse in Ty3/gypsy elements,

differing in their location (50 or 30 from the gag-pol) as well

as in their orientation within the elements. The best doc-

umented are the eORFs located at 30 regions of elements

from the Athila lineage that were suggested to encode Env-

like proteins analogous to retroviral env genes (Peterson-

Burch et al. 2000; Wright and Voytas 2002). Whereas these

eORFs are in the same orientation as the gag-pol genes,

several elements were identified including Retand from

Silene latifolia, RIRE2 from rice or Grande1 from maize

that contained ORFs located 30 of pol and in the opposite

(antisense) orientation (Kejnovsky et al. 2006; Ohtsubo

et al. 1999; Martı́nez-Izquierdo et al. 1997). These elements

belong to the Tat lineage of Ty3/gypsy retrotransposons,

which also includes a group of Ogre retrotransposons with

eORFs located at 50 sequence regions (Neumann et al.

2003; Macas and Neumann 2007). The same position was

reported for eORFs in the rice RIRE3 and RIRE8 elements

representing the lineage of plant Chromoviruses (Kumekawa

et al. 1999).

Most of the eORFs identified so far showed no detect-

able similarity to known genes. Moreover, it should be

noted that their nucleotide sequences are relatively heter-

ogeneous, and it is mainly their location that appears to be

conserved in some Ty3/gypsy families. On the other hand,

the repeated presence of eORFs in groups of related ele-

ments raise questions about their origin and eventual evo-

lutionary importance. These questions have been difficult

to address, however, due to only scattered information

about the occurrence and sequence composition of the

eORFs. Therefore, in this work we performed a systematic

in silico survey of eORFs in Ty3/gypsy elements identified

in available seed plant (Spermatophyta) genomic sequence

data. The elements were detected and classified based on

their structure and sequence similarities, and a number of

novel elements containing eORFs were identified in all

three Ty3/gypsy evolutionary lineages (Tat, Athila and

Chromovirus; Lloréns et al. 2008). A comparative analysis

of nucleotide and putative protein sequences of all eORFs

was performed and analyzed in the context of element

structure and evolution.

Methods

Input data

Seed plant (Spermatophyta) genomic DNA sequences used

for analysis were obtained from GenBank and from plant

genome sequencing projects listed below. In summary, the

available sequence data accounted for 1.6 Mbp for gym-

nosperms, 0.12 Mbp for magnoliids, 8.5 Gbp for eudicot-

yledons and 4.1 Gbp for monocotyledons (99.9 % of

which were from Poaceae) taxa. The GenBank sequences

(7,230 entries) were downloaded via NCBI Entrez server

(http://www.ncbi.nlm.nih.gov/entrez/) and were limited to

sequences at least 5 kb long, excluding data from species
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that were downloaded as whole genome sequencing pro-

jects. These included Arabidopsis thaliana (TAIR release

9, http://www.arabidopsis.org/), Eucalyptus grandis (v1.0

8X, http://eucalyptusdb.bi.up.ac.za/), Medicago truncatula

(Medicago_3.0, http://medicago.org/genome), Nicotiana

tabacum (http://www.pngg.org/tgi/), Solanum lycopersicum

(v2.30, http://mips.helmholtz-muenchen.de/plant/tomato/),

and the following species that were downloaded via Phyto-

zome project web (http://www.phytozome.net): Aquilegia

coeruela (8x unmapped genome assembly), Arabidopsis

lyrata (JGI v1.0; Hu et al. 2011), Brachypodium distachyon

(GI v1.0 8x, International Brachypodium Initiative 2010),

Carica papaya (Ming et al. 2008), Cucumis sativus (Csati-

vus_122), Glycine max (Glyma1; Schmutz et al. 2010),

Manihot esculenta (Cassava4), Mimulus guttatus (v1.0),

Oryza sativa (MSU 6.0; Ouyang et al. 2007), Populus

trichocarpa (JGI v2; Tuskan et al. 2006), Prunus persica

(v1.0), Ricinus communis (TIGR/JCVI v0.1), Setaria italica

(v1 8.3x), Sorghum bicolor (v1.0; Paterson et al. 2009), Vitis

vinifera (March 2010 release 12x; Jaillon et al. 2007), Zea

mays (4a.53; Schnable et al. 2009).

Identification of Ty3/gypsy LTR retrotransposons

Computer analyses were performed using custom BioPerl

(http://www.bioperl.org/) and R (http://www.r-project.org/)

scripts or the external programs specified below run on a

Debian Linux server (16 CPUs, 72 GB RAM). Identifica-

tion of all types of intact LTR retrotransposons was done

using LTR_FINDER (Xu and Wang 2007) with the fol-

lowing parameters differing from the program defaults:

maximum length of LTRs set to 7 kb, LTRs had to include

terminal ‘‘TG’’ and ‘‘CA’’ dinucleotides, PBS detection

threshold (minimal tRNA match) was 12 bp and target site

duplications were required to surround the elements. The

identified LTR retrotransposon sequences were subjected

to FASTY (Pearson et al. 1997) similarity search against

our comprehensive database of Gag-Pol protein domains

derived from elements representing all major lineages of

plant retrotransposons (Wicker and Keller 2007; Lloréns

et al. 2008). The sequences that gave hits of at least 50 %

similarity over 80 % of domain length to all three, Gag, RT

and INT domains and produced the best hits to entries from

Ty3/gypsy retrotransposons were selected as Ty3/gypsy

elements. These elements were further processed using the

cd-hit program (Li et al. 2001, 2002) in order to detect and

eliminate identical elements that originated from dupli-

cated sequences present in the analyzed input DNA data.

Detection and analysis of extra ORFs

Open reading frames of at least 300 bp in length were

identified in retrotransposon internal sequences (the regions

located between the LTRs) using the getorf program

(EMBOSS, http://emboss.sourceforge.net/) and examined

for their location relatively to the ORFs containing Gag and

INT domains within the same element. All ORFs (regard-

less of their frame and orientation) located upstream of the

Gag-containing ORF were collected as 50 eORFs, whereas

those located downstream of the ORF including INT

domain were designated 30 eORFs. Special care was taken

to exclude false 50 eORFs that originated by nonsense or

frameshift mutations within a relatively variable 50 end of

the Gag-coding region. These cases were revealed by

comparison to previously characterized full-length gag

genes. In addition, ORFs present at sequence regions

comprised of tandem repeats were identified using Tandem

Repeats Finder (Benson 1999) and excluded because their

occurrence was due to the lack of stop codons in these low

complexity sequence regions.

In order to efficiently handle the large numbers and

sequence diversity of identified eORFs, their sequences

were subjected to the similarity-based clustering analysis

as described by Novák et al. (2010). This procedure

employs graph-based representation of sequence similari-

ties, that results in the clustering of overlapping sequences

and allows one to identify representatives for each group

according to their high numbers of overlaps to other

sequences within the same group. These statistics were

combined with a manual examination of the cluster graphs

using SeqGrapheR program (Novák et al. 2010), resulting

in the selection of a limited set of typical eORFs (Online

Resource 1) as well as the corresponding elements of

which they were found for further analysis (complete ele-

ments are provided in Online Resource 2 and their internal

regions in Online Resource 3). Newly identified elements

were labeled by abbreviated species name and number (for

example, Sb1 is the element #1 from Sorghum bicolor)

while previously described elements are shown under their

respective names. Phylogenetic relationships of the selec-

ted elements including their assignment to basic lineages of

Ty3/gypsy retrotransposons (Lloréns et al. 2008) were

assessed based on sequence similarities of their RT

domains as described by Neumann et al. (2011). Phylo-

genetic trees presented on Figs. 1, 3, 4 and 5 were solely

based on this analysis of RT domain similarities.

Similarities of protein sequences obtained by conceptual

translations of eORFs were detected using FASTA (Pearson

and Lipman 1988). In order to reveal subtle similarities or

short conserved motifs in diverged sequences, eORFs were

also examined using MEME and MAST programs (The

MEME suite, http://meme.sdsc.edu/meme/; MEME param-

eters: motif width 5–60 amino acids, motif p value \ 1e-05;

MAST parameters: sequence E value \ 0.1, motif

p value \ 0.0001). Similarities to previously defined con-

served protein domains were detected by searching Pfam

Genetica (2011) 139:1543–1555 1545

123

http://www.arabidopsis.org/
http://eucalyptusdb.bi.up.ac.za/
http://medicago.org/genome
http://www.pngg.org/tgi/
http://mips.helmholtz-muenchen.de/plant/tomato/
http://www.phytozome.net
http://www.bioperl.org/
http://www.r-project.org/
http://emboss.sourceforge.net/
http://meme.sdsc.edu/meme/


26.0 (http://pfam.janelia.org/; Finn et al. 2010) and the

Conserved Domain Database (CDD, http://www.ncbi.nlm.

nih.gov/Structure/cdd/wrpsb.cgi; Marchler-Bauer et al. 2011).

Similarities to proteins in NCBI non-redundant protein

sequences (nr) database and Swissprot protein sequences

(Swissprot) database were detected using BLASTP (http://

blast.ncbi.nlm.nih.gov/Blast.cgi). Transmembrane domains

were identified using TMpred with values [500 consid-

ered as significant (http://www.ch.embnet.org/software/

TMPRED_form.html; Hofmann and Stoffel 1993).

Results

Identification and phylogenetic classification of plant

Ty3/gypsy elements carrying extra ORFs

A total of 12.6 Gbp of sequence data representing seed

plant (Spermatophyta) sequences available from GenBank

and genome assemblies of extensively sequenced species

was screened for LTR retrotransposons using LTR_FIN-

DER program (Xu and Wang 2007). Over 88,000 potential

elements were retrieved based on their structural and

sequence features including the presence of intact LTRs,

primer binding sites and target site duplications. Ty3/gypsy

elements were then selected based on best similarities of

their gag-pol regions to the database of conserved coding

domains including representative sets of both, Ty1/copia

and Ty3/gypsy sequences. Due to this selection procedure,

only the elements containing complete coding regions were

included, removing non-autonomous elements that lacked

their gag-pol sequences. A set of 18,172 unique Ty3/gypsy

elements was finally assembled and used for further anal-

ysis consisting of the identification of open reading frames

of at least 300 bp located upstream (50 eORFs) or down-

stream (30 eORFs) of the gag-pol. Such eORFs were

identified in all three lineages of Ty3/gypsy retrotranspo-

sons, being the most frequent in Tat where 77 % of ele-

ments carried eORFs (Table 1). The presence of eORFs

was further investigated with respect to the phylogenetic

relationships of the elements that were estimated by ana-

lyzing the similarities of their reverse transcriptase (RT)

domains (Fig. 1). This analysis revealed that locations of

eORFs are mostly conserved within groups (clades or

Fig. 1 Distribution of eORFs in

Ty3/gypsy elements. A

phylogenetic tree inferred from

a sequence comparison of

reverse transcriptase domains

shows three major lineages of

Ty3/gypsy retrotransposons

with the locations of eORFs

upstream (50) or downstream
(30) of the gag-pol region

distinguished by color shading.

The names show positions of

previously described

retrotransposons while all other

branches represent the elements

identified in this study
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families) of elements. For example, in Chromoviruses there

were only 50 eORFs detected which were confined to a

subset of elements represented by the Tekay clade but

missing in the Reina and CRM clades defined by Gorinsek

et al. (2004). On the contrary, the location of eORFs in the

Athila lineage was exclusively on the 30 end. Both types of

arrangements were identified in the Tat lineage where most

retrotransposons included 30 located eORFs whereas Ogre-

like elements were characterized by eORF located

upstream of the gag-pol or in both, 50 and 30 regions

(Figs. 1, 2). As the eORFs shared varying degrees of

sequence similarities, they were clustered to groups of

similar sequences in order to identify typical elements for a

more detailed analysis described below. The list of these

representative elements is provided as Online Resource 4

along with their full-length nucleotide sequences (Online

Resource 2) and protein sequences of corresponding

eORFs (Online Resource 1).

Tat lineage

Of the three basic lineages of Ty3/gypsy retrotransposons,

the Tat lineage was found to have the highest proportion of

elements carrying eORFs (Table 1) as well as the highest

variation in eORF arrangement within the elements

(Fig. 2). There were four groups of elements categorized

according to similarities in protein sequences obtained by

conceptual translations of their eORFs, the occurrence of

Table 1 Proportions of elements containing extra ORFs in major lineages of plant Ty3/gypsy retrotransposons

Lineage Total identified

elements

Elements with 50 eORFs only Elements with 30 eORFs only Elements with both, 50 and 30 eORFs

Number Proportion (%) Number Proportion (%) Number Proportion

Tat 10,877 291 3 7,465 69 550 5 %

Athila 1,698 0 – 953 56 0 –

Chromovirus 5,597 1,756 31 0 – 0 –

Fig. 2 Schematic

representation of various types

of eORF arrangements within

Ty3/gypsy elements. Open

reading frames are represented

by rectangles and their positions

above or below the lines
correspond to their forward or

reverse orientation,

respectively. Sequence

similarities between eORFs are

highlighted by colors and

hatching. Details about depicted

elements can be found in the

Online Resource 4, except for

Ogre-SL which represents a

consensus sequence

reconstructed from Silene
latifolia shotgun sequencing

data (Macas et al. 2011)
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short conserved motifs in these sequences and phylogenetic

relationships estimated from similarities of the element

RT-coding domains (Fig. 3; Online Resource 5).

Group A corresponded to the phylogenetically and

structurally distinct clade of Ogre elements that is char-

acterized by the conserved occurrence of forward-oriented

50 eORFs in their sequences. The Ogres were previously

identified in a variety of dicot species and were found to

possess several specific features in addition to the eORFs,

including the presence of an intron within their gag-pol

region, primer binding sites with similarity to tRNAArg and

extremely long LTRs (Macas and Neumann 2007). In the

present study, we have identified Ogre-like elements in

additional plant families (Malvaceae, Myrtaceae) and

found detectable similarities between all Ogre 50 eORF

proteins, including those from relatively distant taxa

(Fig. 3). No similarity to known gene sequences available

from the NCBI and Swissprot protein databases was found

that could clearly indicate the origin of Ogre eORFs.

However, partial but significant (e value 1e-5–1e-23)

similarities of most eORFs were detected to the plant

mobile domain (PMD) by searching conserved domain

databases Pfam and CDD (Finn et al. 2010; Marchler-

Bauer et al. 2011). The PMDs are characterized by several

conserved charged/polar residues and were reported to be

associated with MULE transposases as well as being

present as stand-alone domains in some plant genomes

(Babu et al. 2006).

Although the characteristics described above were valid

for a majority of group A elements, there were two notable

exceptions. The first one was the previously described

Glycine max element GmOgre (Laten et al. 2009) that in

addition to a 50 eORF included also a 30 eORF (Fig. 2) with

no detectable similarity to any other eORF from the Tat

lineage (Fig. 3). However, similarities to 30 eORFs of the

elements from the Cyclops/Calypso group of the Athila

lineage were detected (the highest similarity was to the

element Gt1 with 38 % identities/46 % similarities of their

predicted protein sequences). The second exception inclu-

ded the element Ogre-SL from Silene latifolia that lacked a

50 ORF but contained a 30 eORF in reverse orientation

(Fig. 2) sharing protein similarity (including the presence

of PMD) with the Ogre 50 eORFs (Fig. 3).

Group B consisted of elements carrying 30 eORFs in

reverse orientation (Fig. 2) identified in diverse taxa

including monocot and dicot species. Interestingly, these

eORFs shared similarities to PMD and protein motifs 1 and

2 with 50 eORFs from group A (Fig. 3) that points to a

common origin. The groups C and D elements also con-

tained reverse-oriented 30 eORFs, but they had no simi-

larity to those in groups A and B. On the other hand,

elements of groups C and D shared three short protein

motifs and similarity to the CDD database entry

pfam04195 (gypsy-related protein domain). Sequence

diversity of eORFs differed between these groups, being

higher in C than in D. However, this difference could be at

least in part due to a generally higher sequence similarity

of group D elements that mostly occurred in closely related

taxa (Poaceae family, with the exception of Silene latifolia

element Retand, Fig. 3). It should be noted that in both

groups there was considerable variability in eORF length,

probably due to mutation-caused fragmentation of origi-

nally longer reading frames.

Athila lineage

In this lineage, eORFs were located in 30 regions and ori-

ented in a forward direction (Fig. 2), except for the reverse-

oriented eORF of the Pp1 element. The eORFs occurred in

elements from a wide range of species including gymno-

sperm, dicot and monocot plants (Fig. 4). There was con-

siderable diversity revealed in eORF putative protein

sequences, with no sequences or short motifs found to be

conserved across all elements. This feature was best evi-

dent for a group of closely related Sorghum bicolor ele-

ments Sb9, Sb10 and Sb11 with highly similar RT domain

sequences but no similarities between their eORFs. On the

other hand, sequence similarities and shared motifs were

observed within some groups including elements from

different species. In the case of the Athila4 clade, there was

similarity detected to the conserved domain pfam03078

that has been previously proposed as a typical motif of

Athila-like eORFs. The majority of eORFs lacked any

similarity to known gene sequences, however, significant

similarities (e values of 6e-66 and 6e-49, respectively)

Fig. 3 Extra ORFs identified in the Tat lineage of Ty3/gypsy

elements. The elements are arranged based on their positions within

a phylogenetic tree inferred from sequence similarities of their RT

domains (left panel; bootstrap values are shown for the major nodes

only). Newly identified elements are labeled by abbreviated species

names and element numbers (for their details see Online Resource 4).

The central panel is a dot-plot representation of mutual similarities of

putative eORF protein sequences determined using FASTA (Pearson

et al. 1997) and displayed as shades of gray according to the scale

above the plot (darker color corresponds to higher similarity). The

order of eORF sequences is the same along the horizontal and vertical
axes of the plot. In the right panel, ‘‘?’’ marks the presence of various

eORF features as specified above each column. The presence of

eORFs in 50 element regions and in forward orientation is distin-

guished from the 30 and reverse orientation in the rest of the elements

(blank space; the ‘‘-’’ mark in the case of Ogre-VV denotes the lack

of any eORF). Furthermore, the presence of a plant mobile domain

(PMD) and various short sequence motifs is also indicated (for motif

sequences see Online Resource 5). Origin of the elements is provided

in the ‘‘Taxonomy’’ panel, distinguishing eudicots (eud) and mono-

cots (mon) and specifying plant families as follows: B Brassicaceae;

C Caryophyllaceae; F Fabaceae; Ma Malvaceae; My Myrtaceae; Ph
Phrymaceae; P Poaceae; Ra Ranunculaceae; Ro Rosaceae; Sa
Salicaceae; So Solanaceae; V Vitaceae

c
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were detected for Pt1 and Cs1 elements to A. thaliana

LOGL4 protein (cytokinin riboside 50-monophosphate

phosphohydrolase; Kuroha et al. 2009). As the eORFs in

Athila-like elements are considered analogous to retroviral

env genes, we searched their inferred protein sequences for

the presence of transmembrane domains that are charac-

teristic for Env-like proteins (Wright and Voytas 2002).

Although the transmembrane domains were predicted in

most eORFs, the predictions fell below the threshold score

for several groups of elements (Fig. 4).

Chromoviruses

In the lineage of plant Chromoviruses, the identified eORFs

were confined to 50 regions of the elements and were in the

same (forward) orientation as the gag-pol ORF (Fig. 2).

Their occurrence was limited to a subset of elements within

the Tekay clade identified in grass (Poaceae) genomes

including previously described retrotransposons Retrosat2,

RIRE3, RIRE8 and FRetro3 (Kumekawa et al. 1999; Gao

et al. 2009). On the other hand, no eORFs were detected in

the clades of centromeric (CRM) and Reina-like Chrom-

oviruses (Fig. 5). The identified eORFs showed varying

degrees of mutual similarities of their putative protein

sequences, including a set of five conserved sequence

motifs with scattered occurrence across all eORFs, sug-

gesting a common origin. Significant partial sequence

similarity was found for a subset of eORFs to 24 residues

representing the N-terminal end of the histone H3 proteins

(Fig. 5). In a part of the eORFs proteins, this similarity also

corresponded to their N-terminal regions, whereas it was

located internally in the rest of eORFs (Fig. 6). It should be

noted that although the similarity to H3 varied between

individual eORFs, there were some conserved positions

that corresponded to the residues which are frequently

targeted by epigenetic histone H3 modifications, including

lysine K9 (Fig. 6).

Discussion

A systematic survey of plant Ty3/gypsy elements per-

formed in this study revealed that they frequently contain

extra open reading frames in addition to the common gag-

pol region and that the positions of these eORFs are con-

served in groups of related elements. Thanks to the avail-

ability of sequence data from a wide range of plant taxa it

was also possible to investigate the diversity of eORFs

present in elements belonging to the same retrotransposon

lineages or clades occurring in different species. However,

it should be noted that the taxon sampling was not even

across all groups of seed plants, leaving some taxa poorly

covered while some extensively studied families like

Poaceae represented substantial portions of the sequence

data. An additional limitation of our approach was imposed

by the method employed for LTR retrotransposon identi-

fication that required a number of structural and sequence

features to be preserved in element sequences in order to be

detected. It is likely that these requirements biased the

identification procedure towards recently active elements

that have not yet accumulated mutations eventually

obscuring these features. On the other hand, such approa-

ches that mostly rely on structural features of LTR retro-

transposons instead of their sequence similarities are well

suited for the identification of novel elements and have

been successfully used in a number of studies (McCarthy

et al. 2002; Macas and Neumann 2007; Neumann et al.

2011). Moreover, high mutation frequency in older ele-

ments, should they be included in the analysis, would

hamper eORF identification due to the occurrence of

multiple frameshift and nonsense mutations.

A relatively large number of novel elements containing

eORFs were identified, including representatives of all

three major lineages of plant Ty3/gypsy retrotransposons.

The highest proportion of elements carrying eORFs was

found in the Tat lineage, which also exhibited remarkable

variability in eORF sequences and in their localization

within the elements. Sequence similarities detected

between 50 eORFs from the group A and 30 eORF from the

group B elements (Fig. 3) strongly suggest that eORFs in

these two groups are of common origin. Since the elements

of group B include both, dicot and monocot species as

opposed to group A made of the distinct clade of Ogre-like

elements confined to a subset of dicot taxa, it appears more

likely that the 30 located eORFs represent the ancestral

type. This is supported by the observation of the same type

of eORF arrangement in the remaining two groups (C and

D) and by the occurrence of hyper-variable regions within

30 UTRs of Tat elements (Macas et al. 2009) that may

promote the integration of foreign sequences. On the other

hand, the presence of a plant mobile domain (Babu et al.

2006) in A and B group eORFs favors their origin from an

insertion event of a transposable element over the trans-

duction of a gene fragment. There were also several

exceptions from the sequence organization typical of group

A found in elements that clearly belonged to this group

according to phylogenetic analysis of their RT sequences

(Fig. 3). They included Ogre-SL from Silene latifolia

where the eORF was arranged as in the group B elements

(Fig. 2). A similarity search using this eORF protein

sequence was performed in order to identify additional

Ogre-like elements with a sequence organization similar to

Ogre-SL. This search yielded only one partial element that

was identified in the genomic sequence (GenBank acces-

sion AP011970.1, position 1-3516) of Jatropha curcas

(Euphorbiaceae). However, due to the lack of a RT
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domain, this element could not be included in the tree

shown in Fig. 3. On the other hand, it was found that in the

population of Ogre-like elements from Vitis vinifera

showing high similarities of their RT domains to Ogre-SL

(see the element Ogre-VV on Fig. 3) there were no eORFs

detected.

A unique eORF organization was also found for GmOgre

which contained a 50 eORF sequence that was similar to

those from other Ogre elements, while its 30 eORF showed

partial similarity to eORFs located at a similar position in

elements from the Athila lineage (Du et al. 2010 and our

results). In addition, the similarity of GmOgre 30 eORF to

Ty1/copia SIRE-like elements was detected by Laten et al.

(2009) using PSI-BLAST, although this similarity appears

to be limited to a few short regions when the direct com-

parison of predicted protein sequences is performed

Fig. 4 Extra ORFs identified in the Athila lineage. The figure layout

is as described for Fig. 3. In this lineage, eORFs were located in 30

regions and arranged in forward orientation, except for Pp1 (eORF in

reverse orientation). In the right panel, presence of short protein

motifs (specified in Online Resource 5) in eORFs is indicated, as well

as the similarity to LOGL4 gene and the presence of putative

transmembrane domains (column ‘‘TM domain’’). Taxonomy: gym,

gymnosperms; eud eudicots; mon monocots; A Amaranthaceae;

B Brassicaceae; E Euphorbiaceae; F Fabaceae; Ma Malvaceae; Ph
Phrymaceae; Pi Pinaceae; P Poaceae; Ra Ranunculaceae; Ro
Rosaceae; Ru Rutaceae; Sa Salicaceae; So Solanaceae; V Vitaceae
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(data not shown). It seems that the Tat/Ogre-like elements

containing this 30 eORF are rather exceptional because all

identified elements belonged to the same family as GmOgre

and were detected in the Glycine max genome only. It is of

interest that Athila-like (Calypso and Gm1) and SIRE-like

elements are also present in the G. max genome, suggesting

the possibility of insertion- or recombination-based capture

of their sequences by the ancestral GmOgre elements.

The 30 position and forward orientation of eORFs in the

Athila lineage have previously led to the designation of

Fig. 5 Extra ORFs identified in the Chromovirus lineage. The figure

layout is as described for Fig. 3. In this lineage, all eORFs were

located in 50 regions and arranged in forward orientation. In the right
panel, presence of short protein motifs (specified in Online Resource

5) in eORFs is indicated. All eORFs with partial similarity to histone

H3 are indicated in the column ‘‘H3’’, while eORFs where this

similarity corresponded to their N-terminal regions are marked in the

column ‘‘N-terminal H3’’. Alignment of these sequences is provided

in Fig. 6. Taxonomy: eud eudicots; mon monocots; B Brassicaceae;

F Fabaceae; P Poaceae; So Solanaceae
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this group as endogenous retroviruses, supposing that the

eORFs represented envelope-like genes (Wright and

Voytas 2002; Peterson-Burch et al. 2000). Since the ret-

roviral env genes as well as Athila-like 30 eORFs have

heterogeneous sequences, this hypothesis was supported

only indirectly by the common presence of transmembrane

domains encoded by these sequences and by RNA splicing

resembling that of genuine animal-infecting retroviruses.

However, the transmembrane domains are ubiquitous

across a broad spectrum of proteins (Krogh et al. 2001)

and their experimental evidence in the putative Env-like

proteins is missing. Some proteins encoded by 30 eORFs

even lack the predicted transmembrane domains (Fig. 4),

and the 30 eORFs themselves are lacking in a large part of

the elements (Table 1 and Yano et al. 2005; Marı́n and

Lloréns 2000). Moreover, the splicing observed in the

BAGY-2 has not been experimentally demonstrated in

other elements (Neumann et al. 2005). Taken together, the

designation of the 30 eORFs as putative envelope-like

genes is questionable. This view is further supported by

our finding that one group of elements acquired the eORF

from a cellular gene (LOGL4) of known catalytic function,

indicating that at least some elements from the Athila

lineage possess eORF which clearly does not have the

function of the retroviral Envelope protein. High sequence

diversity of the eORFs also suggests that they were

acquired independently from different sources and that

their function, if any, differs between various representa-

tives of the Athila lineage.

The smallest proportion of elements carrying eORF was

detected in the lineage of Chromoviruses (Table 1) where

eORFs were limited to 50 regions of one group of phylo-

genetically related elements (Fig. 5). The lack of 30 located

eORFs in Chromoviruses is due to the specific structure of

their gag-pol regions that are extended close to or within 30

LTRs (Neumann et al. 2011). The occurrence of 50 eORFs

in elements from only one plant family (Poaceae) and their

mutual similarities suggest a common origin.

Two fundamental questions arise with respect to the

widespread occurrence of eORFs in plant Ty3/gypsy ele-

ments, the first one concerning their origin and the second

regarding their expression and translation into proteins.

Fig. 6 Alignment of the N-

terminal region of A. thaliana
histone H3 protein with protein

sequences inferred from 50

eORFs of selected Chromovirus

elements. The residues targeted

by epigenetic modifications are

labeled by M (methylation),

A (acetylation) and

P (phosphorylation) according

to Loidl (2004) and UniProt

database (http://www.uniprot.

org/uniprot/P59226)
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Even the substantial volumes of genomic data available

from a variety of plant species which were screened for

similarities to the identified eORF sequences did not pro-

vide conclusive information about the origin of most of the

eORFs. However, in the case of Tat group A and B eORFs

containing plant mobile domains, it may be the case that

they are derived from an insertional event involving DNA

transposon (Babu et al. 2006), followed by degradation or

deletion of most of the original transposon sequence.

Transduction of cellular gene sequences which have been

well documented for retroviruses (Coffin et al. 1997) rep-

resent another potential mechanism of eORF origin in Ty3/

gypsy retrotransposons, as they are closely related to ret-

roviruses. However, the only cases where a clear similarity

pointing to such an event was found included the Athila-

like elements Cs1 a Pt1 (similarity to LOGL4 gene; Kuroha

et al. 2009) and the partial similarity to the histone H3

sequence found in some Chromoviruses (Figs. 5, 6). The

latter case resembles the chimeric nature of the ORF1 in

the Bs1 element which originated by the fusion of a

transduced cellular gene sequences with a truncated retro-

transposon ORF (Jin and Bennetzen 1994; Elrouby and

Bureau 2001).

The question of whether eORFs can be expressed and

translated into proteins is crucial for investigating their

potential importance for their carriers. While the eORFs

that are in the sense orientation are expressed as parts of

native retrotransposon transcripts originating from pro-

moters within the 50 LTR and spanning the whole internal

region (part of the 30 LTR as well), it is not clear if and how

they are translated into proteins. The 50 eORFs of Tat/Ogre

elements and Chromoviruses could actually be readily

translated as they represent the first ORFs preceding the

ones encoding Gag-Pol proteins (Fig. 2). However, trans-

lation of these proteins which are essential for retrotrans-

poson replication would be disabled unless some additional

mechanism that allows for the translation of the gag-pol

could be employed. A similar problem applies to the

translation of eORFs located downstream of the gag-pol

region within polycistronic gag-pol/30eORF transcripts.

Several mechanisms of translational recoding have been

described that could facilitate co-translation of separated

ORFs from LTR retrotransposon transcripts by ribosomal

frameshifting or stop codon bypass (Gao et al. 2003; For-

bes et al. 2007). In addition, transcript splicing has been

reported to have a role in the removal of intron sequences

that are located within gag-pol regions of Ogre elements

(Steinbauerová et al. 2008). The same mechanism was

proposed to allow translation of 30 eORFs of BAGY-2

(Athila lineage) by fusing it with the gag ORF (Vicient

et al. 2001). In the case of eORFs in the opposite orien-

tation relative to the gag-pol ORF, the generation of

additional, antisense transcripts are required for their

expression. Such antisense transcripts initiated in the 30

LTR and allowing the expression of a protein encoded by

reverse-oriented ORF were reported for the retroviruses

HTLVs (Barbeau and Mesnard 2011). There are indica-

tions that antisense promoters exist also in plant LTR ret-

rotransposons (Kato et al. 2005), however, it is yet to be

investigated if this mechanism is common in the elements

carrying eORFs.
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