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Vertical, transgenerational transmission of genetic material occurs through reproduction of living organisms. In addition
to vertical inheritance, horizontal gene transfer between reproductively isolated species has recently been shown to be an
important, if not dominant, mechanism in the evolution of prokaryotic genomes. In contrast, only a few horizontal
transfer (HT) events have been characterized so far in eukaryotes and mainly concern transposable elements (TEs).
Whether these are frequent and have a significant impact on genome evolution remains largely unknown. We performed
a computational search for highly conserved LTR retrotransposons among 40 sequenced eukaryotic genomes repre-
senting the major plant families. We found that 26 genomes (65%) harbor at least one case of horizontal TE transfer
(HTT). These transfers concern species as distantly related as palm and grapevine, tomato and bean, or poplar and peach.
In total, we identified 32 cases of HTTs, which could translate into more than 2 million among the 13,551 monocot and
dicot genera. Moreover, we show that these TEs have remained functional after their transfer, occasionally causing
a transpositional burst. This suggests that plants can frequently exchange genetic material through horizontal transfers

and that this mechanism may be important in TE-driven genome evolution.

[Supplemental material is available for this article.]

Transposable elements (TEs) are mobile genomic DNA sequences
that are found in almost all living organisms (Finnegan 1985).
They so densely populate the genomes of many eukaryotic species
that they are often the major components, as in human (>50%)
(Prak and Kazazian 2000) or bread wheat (>95%) (Bennetzen
2000). In this regard, TEs have been shown to have a major impact
on both structural and functional modifications of genomes
(Bennetzen 2000; Feschotte 2008). They are usually classified into
two distinct types. Class I elements (retrotransposons) transpose
via an RNA intermediate through a copy and paste mechanism,
whereas class II elements (transposons) transpose through a cut-
and-paste mechanism (Wicker et al. 2007). Both classes comprise
various types (orders and superfamilies in Wicker’s classification).
Although most of these types can be found in all the plant ge-
nomes sequenced so far, LTR retrotransposons represent by far the
major genomic constituents in the kingdom. In this regard, LTR
retrotransposons have been shown to strongly impact genome
structure (Piegu et al. 2006), whereas several reports have dem-
onstrated their putative functional impact as epigenetic mediators
(Kobayashi et al. 2004).

TEs achieve their transposition cycle within their host and are
thus considered to be lineage specific because, like genes, they are
inherited vertically from one generation to another. However,
unlike genes, they do not encode any information essential for
their host, and their insertion into genes can in some cases have
a negative effect on fitness. This “selfish” and potentially delete-
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rious nature has raised the question of their persistence in
eukaryotic lineages, especially after it was shown that TEs are
strictly controlled by several silencing pathways (Slotkin and
Martienssen 2007; Rigal and Mathieu 2011) and efficiently elimi-
nated from their host genomes through deletions (Vitte and Panaud
2005). Horizontal transfers could allow TEs to escape this process
by transposing into a new “naive” host genome, therefore ensur-
ing their long-term survival. However, although horizontal gene
transfers are very common in Bacteria (Rocha 2013), evidence of
HTTs in eukaryotes remains scarce, although recent reports suggest
their potential impact in genome evolution (Schaack et al. 2010).
Three criteria have been defined for the detection of HTTs: patchy
distributions of TEs in phylogenies; identification of TEs exhibiting
high sequence similarity between distantly related taxa; and phylo-
genetic incongruence between the host and TEs (Gilbert et al. 2010;
Kuraku et al. 2012; Wallau et al. 2012; Walsh et al. 2013). An exhaus-
tive search for HTTs that meet these three criteria in a wide taxonomic
range thus requires a comprehensive set of genomic resources. Next-
generation sequencing (NGS) has made available full genome se-
quences for many organisms, enabling genome-wide comparative
surveys for a large panel of evolutionary lineages. Using such resources,
we surveyed HTTs across the plant kingdom, and we show that they
are very frequent and widespread among monocots and dicots.

Results

We conducted an ab initio search for HTTs among 40 angiosperm
species belonging to 36 monocot and eudicot genera for which
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high-quality genome sequences are available (Fig. 1; Supplemental
Table 1). We focused on LTR retrotransposons (LTR-RTs), class I TEs
constituting the largest portion of the TE repertoire of plant ge-
nomes (Wicker et al. 2007). First, we retrieved full-size elements
from genome sequences (see Methods). Around 300,000 elements
were clustered into distinct families following our recently pub-
lished method (El Baidouri and Panaud 2013). HTT candidates
were detected by applying a 90% identity threshold within either
the monocot or dicot classes and an 85% identity threshold be-
tween these classes (to take into account their greater divergence
time). The former value corresponds to a date of ~3 My (using an
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average LTR-RT divergence rate of 1.6 X 10~® substitutions/site/
year estimated in plants) (Ma and Bennetzen 2004). It is lower than
the divergence times between the genera in our data set (5 My for
the two Arabidopsis species, >150 My for the monocot-dicot split),
ensuring the detection of horizontally, as opposed to vertically,
inherited TE sequences. Thirty-two families containing elements
from at least two distinct genera were identified (Supplemental
Data 1), suggesting at least 32 horizontal transfers, based on their
patchy distribution in the plant phylogenetic tree (Table 1; Fig. 1).
Among these, BG12 was previously described by our group using
a different approach (Roulin et al. 2009).
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Figure 1. Horizontal transposon transfers (HTTs) identified in our survey of 40 fully sequenced plant genomes. The 40 species used in this study
together with the color-coded families to which they belong are positioned in the monocot/dicot phylogenetic tree obtained from APG3 (http://
www.mobot.org/MOBOT/research/APweb/) (see Supplemental Table 1 for details). Each HTT is represented by a line connecting the species involved (red
line, transfer between classes [BC]; green line, transfer between orders [BO]J; blue line, transfer between genera [BG]).
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Table 1. Description of HTTs identified in the survey of 40 plant genomes

HTTs between classes or between orders?

HTT Species LTR-RT identity (%) Gene’s identity based on CDS (%) Incongruence Validation
BC1 Grapevine/palm 86 80 (£3) + +
BO1 Clementine/grapevine 95 82 (£3) + +
BO2 Clementine/grapevine 94 82 (¥3) + +
BO3 Grapevine/poplar 93 82 (£3) + +
BO4 Grapevine/poplar 90 82 (£3) + +
BO5 Castor bean/grapevine 92 82 (£3) + n.a.
BO6 Grapevine/peach 92 82 (£3) + +
BO7 Peach/poplar 92 81 (£3) + +
BO8 Common bean/tomato 94 79 (4) + +
HTTs between genera®

HTT Species LTR-RT identity (%) Gene's identity based on Ks (%) Incongruence Validation
BG1 Arabidopsis lyrata/ Thellungiella 92 70 (£8) n.a. n.a
BG2 Arabidopsis lyrata/Capsella 91 75 (£7) n.a. n.a
BG3 Arabidopsis lyrata/Capsella 91 75 (£7) n.a. n.a.
BG4 Millet/sorghum 91.5 69 (£11) + +
BG5S Millet/sorghum 90 69 (x11) n.a. +
BG6 Millet/sorghum 91 69 (£11) n.a. +
BG7 Millet/sorghum 93 69 (£11) n.a. +
BG8 Millet/rice 91.5 39 (£12) + +
BG8 Millet/sorghum 90 69 (£11) + +
BG8 Rice/sorghum 95 37 (£11) + +
BG9 Maize/millet 93 62 (£15) n.a. +
BG9 Maize/sorghum 97 85 (x7) n.a. +
BG9 Millet/sorghum 93 69 (x11) n.a. +
BG10 Maize/sorghum 91.5 85 (7) n.a. +
BG11 Maize/millet 91 62 (£15) + +
BG12 Rice/sorghum 95 37 (£11) + n.a
BG13 Common bean/pigeon pea 91 68 (+9) n.a. n.a.
BG14 Medicago/soybean 90 45 (£11) n.a. +
BG15 Pigeon pea/soybean 93 70 (£13) n.a. n.a
BG16 Pigeon pea/soybean 90 70 (£13) n.a. n.a
BG17 Lotus/pigeon pea 92 56 (£10) n.a. n.a
BG18 Cassava/jatropha 90.5 46 (£11) n.a. n.a.
BG19 Apple/peach 90 66 (£9) + +
BG20 Apple/peach 91 66 (£9) n.a. +
BG21 Apple/peach 95 66 (+9) n.a. +
BG22 Apple/peach 90 66 (£9) n.a. +
BG23 Apple/peach 95 66 (£9) n.a. +

(n.a.) Not available.

®Average identity between best pairs of all CDS is given with standard error.

PAverage identity between homologs of 20 genes is given together with standard error.

Transfers were confirmed by comparing sequence identity
between elements with the average identity of gene sequences
between the species. For intra-family transfers, we used the K value
of a set of 20 highly conserved genes previously used for phylo-
genetic studies in monocots and dicots (Zhang et al. 2012). TE
sequence identity was always higher than the K value (Table 1;
Supplemental Table 2), thus meeting the high similarity criterion
for HTTs. For more distant transfers (inter-order or inter-monocot/
dicot), potential saturation of synonymous sites made the use of K
values inappropriate. Instead, we calculated genome-wide se-
quence identity between all annotated genes for each group of
species involved (see Methods) and compared these values to those
of the transferred LTR-RTs (Table 1; Fig. 2). Distributions of pairwise
sequence identities between the closest gene homologs were al-
ways unimodal (Fig. 2). We concluded that sequence identity at the
peak of the distribution should be a good indicator of overall ge-

nomic divergence. Peak values were always lower than 90% (our
threshold for the detection of LTR-RT HTTs).

Finally, we checked phylogenetic incongruence for the 32
HTTs. Sequences homologous to horizontally transferred elements
were identified in the NCBI nucleotide databases, excluding
the species involved in the transfer, and a tree built including these
sequences. Fifteen trees showed incongruence (Supplemental
Fig. 1). For the remaining 17, BLAST searches showed no homol-
ogous sequences from taxonomic groups more closely related
than the two species involved in the transfer. The presence in the
plant genomes of the elements detected in silico was tested by
PCR amplification and sequencing for 22 HTTs. Transfers were
confirmed in all cases (Supplemental Fig. 2). Overall, we identified
one HTT between a monocot and a dicot species (between palm
tree and grapevine, labeled BC), eight between distinct orders
within either the dicots or monocots (BO), and 23 between
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Figure 2. Comparison between the sequence identity of LTR-RTs and the genomic distance between the species involved in BC and BO transfers. In
each panel, the top graph represents the sequence identity along the complete length of the LTR-RTs involved in the transfer in both species as indicated,
with the red line representing the detection threshold (85% and 90% identity for BC and BO HTTs, respectively). The histogram (in blue) represents the
distribution of pairwise gene identity based on CDS comparisons (see Methods). Numbers of CDS pairs analyzed are as indicated (n). Arrows correspond to

average sequence identity between the transferred LTR-RTs.

genera of the same family (in both monocots and dicots, BG) (see
Fig. 1).

Our approach only allowed detection of HTTs for LTR-RTs. We
focused our study on this particular type of TEs because of their
prevalence in plant genomes and because they are the most easily
characterized and precisely annotated. However, we could not
exclude that HTTs may concern other TEs such as transposons.
However, the identification of such events at the whole genome
scale would require initial genome-wide pairwise comparisons to
identify highly identical sequences and characterization of the
horizontally transferred DNA identified. For our 40 genomes, this
would necessitate 780 comparisons (40 X 39/2), which we esti-
mated would require nearly 2 yr of computation time on a 400-
core cluster. We nevertheless performed comparisons a posteriori

among species for which we detected HTTs of LTR-RTs (see
Methods; Supplemental Table 3). For the most distant pairwise
comparisons (the inter-monocot/dicot and the eight inter-order
transfers), searches yielded the LTR-RT sequences identified using
the initial detection procedure, together with ribosomal and mi-
tochondrial sequences, confirming the first results. The BG trans-
fers involve species from the same family, which are more closely
related than those involved in the BC and BO transfers, and full
genome comparisons yielded too many hits to be analyzed in
extenso. We nevertheless completed such analysis for the BG8
transfer that involves rice and millet. BG8 was chosen because
previous studies had identified the transfer of a class II element
between these two species (Diao et al. 2006). The whole-genome
comparison yielded similar results as the BO and BC transfers, and
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we could in addition detect the sequence of the previously iden- which strongly suggests that horizontally transferred LTR-RTs have
tified transposon among the many other highly conserved se- remained transpositionally active, with two cases showing a sig-
quences. Moreover, we identified a second transposon that may nificant increase in copy number (BG10 and BG11) (Fig. 3).
have been horizontally transferred between the two species (Sup- Based on our analysis of 40 plant species, we estimated the
plemental Table 3). total number of LTR-RT horizontal transfers that may have oc-
The transpositional activity of horizontally transferred LTR- curred among dicots and monocots within the last 3 million years.
RTs was surveyed by determining their copy numbers in their host The species belong to 36 genera, 18 families, 14 orders, and two
genome and tentatively dating their insertion by comparing their classes (monocots and eudicots). Our study therefore consisted of
LTR sequences (Fig. 3; Supplemental Table 6). Thirty families were 776 pairwise comparisons: 256 monocot/dicot, 467 inter-order, 12
repeated with 1-400 complete copies, the remaining two were inter-family, and 41 intra-family (the four intra-genus comparisons
single copy in both species. All 32 families harbor the LTR-RT gag- in Arabidopsis, Cucumis, Citrus, and Solanum were not taken into
pol domains, suggesting that they may be functional (Supple- account). To test whether this data set was representative, we es-
mental Fig. 3). Furthermore, sequence divergence between the two timated the total number of these four types of taxonomic com-
LTRs of each copy was always lower than the average sequence parisons by analyzing 1000 random draws of 36 genera among the
divergence between the elements from the two species (Fig. 3), 13,551 in monocots and dicots (see Methods; Fig. 4). Only the
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Figure 3. Transpositional activity of horizontally transferred LTR-RTs. Concentric circles represent the time scale for insertion dates: from 6 My (center)
to present (outer circle). For each HTT, the red line illustrates the estimated date of the transfer (based on percent identity between the LTR-RTs involved in
the transfer). For each species, the insertion date of each element (illustrated by the percent identity between both its LTR sequences) is represented as blue
circles. Graphs are plotted with R (library plotrix) and edited with lllustrator.
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we analyzed are parasitic, and we can ex-
clude this as the only cause of HTTs in
plants. Other studies suggest that some
pathogens may act as horizontal transfer
vectors (Sun et al. 2013). We show that
HTTs are more frequent in closely related
taxonomic groups (one inter-monocot/dicot
transfer versus 29 intra-family transfers). If
the latter hypothesis is true, HTTs may be
favored by pathogens with narrower in-
fectious spectra. In any case, because they
are widespread in plants, there is a need to
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knowledge on the putative mechanisms of
the transfers (see above). In addition, one
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periods, should have had an impact on
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Figure 4. Distributions of the four types of comparisons based on the simulation of 1000 random
draws of 36 genera. The dotted lines represent the number of each of the comparison types in our

sample of 36 genera from which sequenced genomes were analyzed.

between-genera comparisons were overrepresented, and we cor-
rected the estimation accordingly. We thus estimate that more
than 2 million HTTs may have occurred in monocots and dicots
within the last 3 million years (see Methods for a detailed de-
scription of the computation).

Discussion

Our discovery leads to a reconsideration of LTR-RT biology: these TEs
have long been considered as genomic components inherited ex-
clusively vertically. They are often compared to retroviruses, which
are presumed to have derived from LTR-RTs and acquired an enve-
lope gene, allowing horizontal transmission within or between
populations through contamination (and to a lesser extent vertically
through sexual reproduction of their host) (Eickbush and Malik
2002). The occurrence of millions of HTTs in flowering plants in
arecent past suggests that LTR-RTs may also have a strong propensity
to be transmitted between distinct species. The mechanisms of these
HTTs are not yet fully understood. We found several cases of multiple
HTTs between the same species (e.g., five between sorghum and
millet and five between apple and peach) (Table 1; Fig. 1). This sug-
gests either that this mechanism should enable the transfer of several
TE families at once, or that these multiple transfers result from pro-
longed sympatric distributions. The proximity of species, as in par-
asitism, has been proposed to favor HT'Ts in both plants and animals
(Mower et al. 2004; Gilbert et al. 2010). However, none of the species

known, and consequently, the sympatric
relationships between the species that
belong to the 13,551 monocots and dicots
genera cannot be established. Neverthe-
less, our estimation exceeds by several
orders of magnitude the number of HTTs
documented until now in both plants and
animals (Wallau et al. 2012).

The last 20 yr of genomic studies in plants have demonstrated
the impact of TEs on the structure, evolution, and function of
eukaryotic genomes (Feschotte 2008; Rebollo et al. 2012). The
question of their survival and evolutionary success has often been
raised, as their putative mutagenic and therefore deleterious nature
should theoretically result in elimination. Recent studies have
shown that TEs are in fact efficiently silenced by several epigenetic
pathways and subsequently quickly eliminated through deletion
from their host genomes, providing an explanation for their limited
negative biological impact, but certainly not for their long-term
survival in most lineages. Our results provide a possible answer to
this paradox because we show that transferred elements remain
transpositionally active in both species. We propose that HTTs
provide an escape route from silencing and elimination and are thus
essential for their survival in plants.

40 60 80 100

nb_BG

Methods

Identification and characterization of HTTs

Genome sequences from 40 angiosperm species were downloaded
mainly from Phytozome v9.0 (http://www.phytozome.net/) (the
complete list with all sources is given in Supplemental Table 1). Full-
size LTR-RT elements were identified in these genomes (by in silico
analysis using LTRharvest prediction software, http://www.zbh.uni-
hamburg.de/?id=206) (Ellinghaus et al. 2008). Default parameters
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were used except for the following: -xdrop 37 -motif tgca -motifmis
1 -minlenltr 100 -maxlenltr 3000 -mintsd 2. A total of approxi-
mately 300,000 copies were obtained and merged into one multi-
FASTA database. To detect HTT candidates, we used a clustering
strategy that we described previously for LTR-RT family classifica-
tion (El Baidouri and Panaud 2013). This method, based on an all-
against-all comparison of LTR-RT sequences, was used to retrieve
elements sharing high sequence identity (>90% within monocots or
dicots and >85% between monocots and dicots because of the
greater divergence time between these classes) between different
species. As a first step, a nucleotide BLAST (all against all) of these
elements was performed using the following parameters: -r 2 (re-
ward for nucleotide match), -e 1e-20 (E-value), -F F (Filter = false),
and -m 8 (for tabular output). The second step consisted of clus-
tering sequences (based on the BLAST results) using SiLiX software
(http://Ibbe.univ-lyon1.fr/SiLiX) (Miele et al. 2001) in order to de-
fine highly similar LTR-RT copies. About 124,000 distinct clusters
were obtained. The vast majority of these clusters contain several
copies of the same LTR-RT family from a single species. This is what
is expected in the case of a vertical TE transmission. However, 32
clusters contain LTR-RT elements that share high sequence simi-
larity and belong to at least two different species. All potential
candidates were validated by checking that the LTR-RT sequences
were located on large contigs and not on isolated, short sequences in
genome assemblies, and that high sequence identity was limited to
the elements themselves—to eliminate possible contamination or
annotation errors. These elements are our HTT candidates. Sequence
identity between the elements involved in HTTs was computed after
alignment using the SeaView software (Galtier et al. 1996). Phy-
logenies of the elements were built using the maximum likelihood
method.

Estimation of genomic distances

Gene identities were computed following two methods. (1) For BG
HTTs, aset of 20 genes (Zhang et al. 2012) was used to determine an
average K value for each species pair involved in the transfer.
Ka./Ks were computed using K,/K; calculator software (Table 1;
Supplemental Table 2; Zhang et al. 2006). (2) For the BO and BC
HTTs between more distantly related species, in which K values
are subject to caution due to potential saturation of sites, full
genome comparisons of the complete gene sets were performed
using a BLASTN homology search procedure (Fig. 2). For each pair
of species involved in HTT, a nucleotide BLAST was performed
(BLAST 2.2.26+) using all coding DNA sequence (CDS) of one spe-
cies as a query against all CDS of the other species, with the default
parameters. Multi-FASTA files of CDS primary transcripts were
retrieved from Phytozome v9.0 (http://www.phytozome.net). The
best hit for each BLAST was selected and a filter was applied on
the percentage of query coverage (>60%). The distribution of the
sequence identity of best hits was plotted and genomic distance
considered to correspond to the percentage identity at the mode
of the distribution.

Phylogenetic incongruences between horizontally transferred
LTR-RTs and species trees

For each transferred element, the reverse transcriptase domain was
used as a query for a homology search against the NCBI nr nucle-
otide database using the BLASTN algorithm and excluding the
species involved in the transfer. All sequences, including queries,
were aligned using Muscle, and a phylogenetic tree was built using
a maximum likelihood method and 100 bootstrap replicates.
Alignments and phylogenetic analyses were performed using
SeaView software on a LINUX platform.

Pairwise full genome comparisons

Validation of selected comparisons was carried out a posteriori by
whole-genome comparisons. The genomic sequences of the spe-
cies implicated in inter-order and inter-class HTTs were split into
small fragments of 1 kbp using splitter software from the EMBOSS
package (http://emboss.bioinformatics.nl/cgi-bin/emboss/help/
splitter). A BLAST2seq search was performed using the sequence
fragments of the two species implicated in an HTT event as query
and subject. All genomic regions that produced significant BLAST
hits (sequence identity >90% and HSP length >200 bp) were
retained for further analysis. Nucleotide BLASTN and protein
BLASTX searches for highly similar regions were performed against
the NCBI nr databases (http://www.ncbi.nlm.nih.gov), and hits
are reported in Supplemental Table 3.

Wet-lab validation of HTTs

For 22 HTTs, pairs of PCR primers were defined that should amplify
the LTR-RT sequences in both species (Supplemental Tables 4 and
5). PCR products were purified according to the manufacturer’s
instructions (MP Biomedicals) and sequenced on an Applied Bio-
systems (Life Technologies) 31301 sequencer. These sequences
were aligned with the original genomic sequences using ClustalW
in SeaView (Supplemental Fig. 2; Galtier et al. 1996).

Functional annotation of LTR-RT families involved in HTTs

For each transfer, one element per species was analyzed for the
presence of functional domains. Functional domains were defined
using the CDD tool for conserved domain annotation at NCBI
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Estimation of the number of HTTs among monocots and dicots

The complete list of the 13,551 genera of monocots and dicots
was built using the information available from The Plant List
(http://www.theplantlist.org) (The Angiosperm Phylogeny Group
2009). A complete taxonomic description of these 13,551 genera is
available upon request. To establish whether our sample of 40 spe-
cies is representative of the diversity of these taxa of flowering
plants, we carried out simulations of the representativity of
randomly drawn sets of species to correct for any bias. We dis-
tinguish four types of comparison: inter-monocot-dicot compar-
ison, named BC (between class); between-order (within class, BO);
between-family (within order, BF); and between-genera (within
family, BG). Our sample of 40 species necessitated (40 X 39)/2=780
pairwise comparisons, from which we ignored four that corre-
spond to intra-genus comparisons (melon/cucumber; Arabidopsis
thaliana/Arabidopsis lyrata; clementine/orange; and tomato/
potato). The remaining 776 comparisons could be classified into
256 BC, 467 BO, 12 BE, and 41 BG comparisons. We randomly drew
1000 samples of 36 genera from the complete list of the 13,551
genera. For each draw, we computed the number of BC, BO, BE, and
BG comparisons and plotted their distributions for the 1000 sam-
ples (Fig. 4). Values for our sample were compared with this dis-
tribution. These values fall within the mode of the distribution
for BC and BO. We therefore consider that our sample is not bi-
ased for these two types of comparisons, and a direct extrapola-
tion of the total number of HTTs among monocots and dicots can
be made (see below). In the case of BG, our sample is clearly bi-
ased, because it contains more species of the same family than if
randomly drawn, certainly because the first plant genome proj-
ects concerned cereal crops (that belong to the Poaceae family). We
therefore had to correct our estimation accordingly: The peak of
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the distribution corresponds to 25 BG comparisons. Our sample
contains 41 BG comparisons. We therefore corrected the total
number of BG HTTs by multiplying it by a factor of 25/41.
The 13,551 genera of monocots and dicots would necessitate
13,551 X 13,550/2 = 91,808,025 comparisons. These can be de-
clined into: 31,288,248 BC; 54,582,625 BO; 2,475,511 BF; and
3,461,641 BG comparisons. We found 1 BC, 8 BO, and 23 BG
HTTs. Our estimation for the total number of HTTs among
monocots and dicots is 1 X (31,288,248/256) + 8 X (54,582,625/
467) + 23 X (25/41) X (3,461,641/41) = 2,241,337 HTTs.
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