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Abstract

Long terminal repeat retrotransposons (LTR-RTs) in plant genomes differ in abundance,
structure and genomic distribution, reflecting the large number of evolutionary lineages. Ele-
ments within lineages can be considered populations, in which each element is an individual
in its genomic environment. In this way, it would be reasonable to apply microevolutionary
analyses to understand transposable element (TE) evolution, such as those used to study
the genetic structure of natural populations. Here, we applied a Bayesian method to infer
genetic structure of populations together with classical phylogenetic and dating tools to ana-
lyze LTR-RT evolution using the monocot Setaria italica as a model species. In contrast to a
phylogeny, the Bayesian clusterization method identifies populations by assigning individu-
als to one or more clusters according to the most probabilistic scenario of admixture, based
on genetic diversity patterns. In this work, each LTR-RT insertion was considered to be one
individual and each LTR-RT lineage was considered to be a single species. Nine evolution-
ary lineages of LTR-RTs were identified in the S. jtalica genome that had different genetic
structures with variable numbers of clusters and levels of admixture. Comprehensive analy-
sis of the phylogenetic, clusterization and time of insertion data allowed us to hypothesize
that admixed elements represent sequences that harbor ancestral polymorphic sequence
signatures. In conclusion, application of microevolutionary concepts in genome evolution
studies is suitable as a complementary approach to phylogenetic analyses to address the
evolutionary history and functional features of TEs.

Introduction

Long terminal repeat retrotransposons (LTR-RTs) are the most abundant transposable ele-
ments (TEs) in flowering plants [1-3]. Most plant LTR-RTs are from the Copia and Gypsy
superfamilies according to the position of the protein domains in the polyprotein (pol) gene
[4]. These superfamilies have been divided into evolutionary lineages, a level of classification
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below superfamily and above family [4-8]. The Ale/Retrofit, Angela/Tork, Bianca, Ivana/
Oryco, Maximus/Sire and TAR/Tork lineages belong to the Copia superfamily, while CRM/CR,
DEL/Tekay, Galadriel, Reina and TAT/Athila belong to the Gypsy superfamily [5,6,8,9].
LTR-RT lineages are widespread in plant genomes and have been characterized by phyloge-
netic diversification studies using the reverse transcriptase (RT) coding region, which has been
proposed to be an efficient molecular marker due to its well-conserved sequence [5,6,8,10].
Sequence, genomic distribution and RNA expression profiles can vary significantly among
LTR-RT lineages, indicating distinct functional behaviors [4,6,8,11]. Evolutionary analyses
have shown that the proliferation of LTR-RT's varies among lineages in different plant species
as a result of the dynamics between the insertion of new copies and removal by recombination
events [12]. Moreover, lineages show distinct activities of amplification over evolutionary time
depending on the scale and the timeframe [6]. Recently, the diversity of LTR-RT insertions has
allowed lineages to be divided into clusters according to their specific sequence features [10].
However, this approach has not been systematically applied because most studies have focused
on the evolutionary relationships between lineages.

Analogous to ecological communities, TEs in plant genomes differ in abundance and rich-
ness; thus, the mobilome, lineages, clusters and element insertions can be compared to com-
munities, species, populations and individuals, respectively (Fig 1) [13]. Therefore, it can be
assumed that the elements evolve similar to a species, as they are under the same differentia-
tion processes, such as natural selection and genetic drift [14]. Consequently, it would be rea-
sonable to apply methods that are frequently used to study the microevolutionary process of
natural populations to TE evolution analyses. In this context, we analyzed plant LTR-RT line-
age evolution using a Bayesian population genetic structure approach associated with classical
phylogenetic tools to generate a more comprehensive understanding of the evolution and rela-
tionships within LTR-RT's lineages. To achieve this aim, we used the STRUCTURE software,
which is the most widely used Bayesian tool to identify patterns of population genetic struc-
tures, population admixture and hybridization events of natural populations [15-21]. STRUC-
TURE implements a Bayesian model-based clustering method using multilocus genotype data
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Fig 1. Hierarchical levels of the classification of TEs and the equivalent population genetics terminology used in this work. Shapes represent lineages, and
colors represent the genetic information of a TE insertion. Elements with the same color belong to the same population (cluster). Elements with only one color

are 100% membership, and elements with more than one color are admixed.

https://doi.org/10.1371/journal.pone.0214542.9001
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to identify genetic structures by assigning individuals to populations (clusters). Each STRUC-
TURE model assumes a different number of populations (Ks), each with different allele fre-
quencies in each locus. The method simultaneously computes the likelihood of a given
individual being originated in each population and the population allele frequencies [22]. Dif-
ferent from a phylogeny or a haplotype network, by applying this method, each individual is
assigned to one or more populations according to the most probabilistic scenario of admixture
based on genetic diversity patterns (Fig 1). Once the most likely model (the number of Ks) is
determined, the level of membership of each individual to each population can be determined
to understand the proportion of admixture of each individual. Therefore, admixture is defined
as the proportion of the individual’s genome that originates from each population. One-hun-
dred percent membership individuals are those assigned exclusively to one population, and
admixed individuals are those assigned to two or more populations. In our approach, we eval-
uated the most likely number of populations that explain the genetic variability of each
LTR-RT lineage and surveyed whether LTR-RT insertions were 100% membership or admixed
elements.

The present study was performed using the monocot Setaria italica (L.) P. Beauv. species,
also known as foxtail millet, a Poaceae crop model species that is used to investigate many
aspects of plant architecture, genome evolution and C4 photosynthetic physiology [23]. The S.
italica genome has been sequenced and annotated [24,25]. At least 40% of the S. italica genome
is composed of TEs, and LTR-RTs are the most abundant order of TEs, ranging from 25% to
30% of the total nuclear content [24,25]. Of these LTR-RTSs, 22.1% are from Gypsy and 7.2%
are from Copia superfamilies [25]. Although S. italica TEs have been previously annotated
[24-26], the diversity and evolutionary history of the lineages are still poorly understood.

Based on the genetic variability and chromosome location of the elements, our integrated
analysis revealed distinct population structures among lineages, reinforcing the concept that
LTR-RT lineages have differential diversification histories and timeframes. The identification
of different patterns of genetic structures was possible due to the assignment of admixed ele-
ments, which harbor ancestral sequence polymorphisms and cannot be identified by classical
phylogenetic approaches. Our results demonstrate that application of microevolutionary anal-
ysis tools can contribute to tracking the evolutionary history of the plant mobilome.

Materials and methods
Identification, classification and genome distribution of LTR-RT's

The reference genome sequence v2.1 of S. italica inbred Yugul was obtained from the Phyto-
zome database [24]. Searches for putative full-length LTR-RT's were performed using the
LTR_STRUC tool [27] with default parameters. Lineage classification of the S. italica LTR-RTs
was performed using BLASTn [28] (cut-off e-value < le-10) and a reference database contain-
ing 152 sequences of RT domains from representative canonical elements of each lineage pre-
viously identified in 25 plant species, including 105 from monocot, 46 from eudicot and one
from a conifer species [5,8] (S1 Table). In addition, the BLASTn search results were surveyed
for false negatives using the NCBI Conserved Domain Search tool [29]. Predicted elements
without RT domains were not used in the following analyses. Ninety-seven elements had two
or three RT domains (hereafter called ‘host/nested elements’) and were appropriately divided
using the NCBI Conserved Domain Search tool and the internal LTRs, which were identified
using BLASTn. These elements were further independently analyzed. The elements were
named according to the superfamily (RLC: Retrotransposon with LTRs of the Copia superfam-
ily and RLG: Retrotransposon with LTRs of the Gypsy superfamily), the lineage name and an
identifier number proposed during the LTR_STRUC program prediction (S1 File). For host/
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nested elements, we included a letter at the end of the element name (a, b and ¢) to differenti-
ate host from nested elements. ‘a’ indicates host elements, and ‘b’ and ‘c’ indicate nested ele-
ments. Family classification was performed using the nucleotide sequences of RT domains, the
CD-HIT-EST tool from the CD-HIT Suite web server [30], and the 80-80-80 rule, which con-
siders sequences that share 80% identity and 80% coverage over at least 80 bp to be members
of the same family [4].

The chromosomal location of the elements was determined by BLASTn using the putative
full-length elements as queries and the S. italica genome v2.1 as the database. The first nucleo-
tide of the BLASTn first hit was considered to be the coordinate of each element. The chromo-
some lengths and relative centromere positions were obtained from the Phytozome database
and S. italica genome [24], respectively.

Phylogenetic reconstructions and times of insertion estimates

The amino acid sequences of the RT domains were aligned using the ClustalW tool imple-
mented in the BioEdit program [31], and the structures and boundaries of all alignments were
confirmed by manual inspection. Phylogenetic relationships were inferred using Bayesian Evo-
lutionary Analysis by Sampling Trees (BEAST) version 1.6.1 and Bayesian Evolutionary Analy-
sis Utility (BEAUti, v1.6.1) [32]. We used the Relaxed Clock (uncorrelated lognormal) model
and Birth-death process tree prior. The Tracer 1.6 tool [33] was used to evaluate the behavior
of the Markov chain Monte Carlo chains of each lineage and determine the effective sample
size of the chain length. Thus, we used a chain length of 10,000,000 for the Ale/Retrofit, Ivana/
Oryco, Maximus/Sire, TAR/ Tork and Reina; 20,000,000 for the CRM/CR and DEL/Tekay; and
30,000,000 for the Angela/Tork and Tat/Athila LTR-RT lineages. Jones-Taylor-Thornton
(JTT) was used as a substitution model with 4 gamma categories as proposed for the Find Best
DNA/Protein Model tool of the MEGA 7 software [34].

The time of insertion of LTR-RT elements was estimated using the 5’ and 3’ LTR diver-
gences and the molecular clock equation T = k/2r, where T is the time of insertion, k is the
divergence between LTR sequences (p-distance), and r is an evolutionary rate of 1.3 x 10~ sub-
stitutions per site per year as proposed for grass intergenic regions [35]. The LTR divergence
values were calculated using the LTR sequences from the LTR_STRUC predictions, the iden-
tity of which was calculated by a BLAST2seq tool [27] search with the default parameters and
the equation ‘divergence = 1 -BLAST2seq identity’. Kruskal-Wallis nonparametric analysis of
variance was used to rank the time of insertion means between the 100% membership and
admixed elements, which were identified as described below. We used a nonparametric test
because the data did not conform to normality according to the Shapiro-Wilks modified nor-
mality test (P < 0.05). Both tests were performed using the InfoStat statistical package (www.
infostat.com.ar).

Population genetic structure analysis

To infer the patterns of element differentiation, we used the Bayesian clustering approach as
implemented in the STRUCTURE v2.3.4 program [22]. This analysis is carried out using an
input matrix of genotype data, with individuals in rows and loci in columns. This analysis pro-
duces an output file for each K (number of populations) tested, containing the statistics com-
puted, including the log probability of data Pr (X | K) [22], and the percentage of membership
of each individual to each population identified. It is recommended to carry out several runs
for each K and to compute ad hoc statistics, such as AK [36], to determine the most probable
number of populations. Here, we independently analyzed the lineages using RT amino acid
sequences. STRUCTURE input matrixes were prepared with the same amino acid alignment
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used for the phylogenetic reconstruction with some modifications: (i) only the variable align-
ment positions were analyzed because STRUCTURE is designed to analyze genotypes from
variable molecular data; (ii) each position of the alignment was considered to be an individual
locus; (iii) both the amino acids and stop codons were considered to be alleles and coded by
numbers from 1 to 21; (iv) all elements were treated as homozygotes because the S. italica
genome has very low levels of heterozygous sites, 0.01% [24]; and (v) gaps were replaced by -9,
which is used by convention to code for a ‘missing value’ in the STRUCTURE program input
matrix. Analyses were performed with the admixture model, correlated allele frequencies and
non-linked marker parameters because LTR-RT insertions can recombine and all the RT
amino acid positions in each sequence are putatively equally linked. We tested the number of
populations (K) from 1 to 10 and performed 10 runs at each K using 50,000 iterations for
burn-in, followed by 100,000 iterations. For Ale/Retrofit and DEL/Tekay, in which the most
probable K was close to 10 in the first run, we increased K to 15. AK [36] was estimated using
the STRUCTURE HARVESTER program [37]. To produce graphical displays of the STRUC-
TURE results, we averaged the runs of each K using the CLUMPAK program [38]. Elements
that were assigned to more than one cluster (cut-off > 1% of membership) were considered
admixed elements.

Results
LTR retrotransposon prediction and classification

The genome sequence of S. italica inbred Yugul was surveyed to predict full-length LTR-RT's
using the LTR_STRUC program [27]. We first identified 2,298 putatively full-length LTR-RTs,
which encompassed 5.7% of S. italica genome according to its genome size of 396.7 Mb [24]. A
BLASTn search showed that all the elements annotated in our study have already been anno-
tated in the S. italica genome database available in the Phytozome repository (data not shown).
To validate the LTR_STRUC prediction and to assign the elements to LTR-RT lineages, we
performed a BLASTn search against a reference RT database (S1 Table). NCBI Conserved
Domain Search analysis confirmed the absence of false negatives in the BLASTn search. RT
domains were identified in 1,838 elements (Table 1), of which 97 showed two or three RTs,
indicating that they harbored nested LTR-RTs. Thus, the LTRs and RT's of the host/nested ele-
ments were further independently analyzed (S2 Table). In total, 1,939 elements were identified,
including 1,167 (60%) elements from the Gypsy superfamily and 772 (40%) from the Copia
superfamily.

LTR-RTs had 10.7 kb, 2.2 kb, 24.2 kb of mean, minimum and maximum lengths, respec-
tively, with LTRs of 1.2 + 0.9 kb (Table 1). The Gypsy superfamily was the longest superfamily,
with 12,111 + 3,014 bp (mean + SD), while the Copia superfamily had a length of 7,473 + 1,581
bp. For Copia elements, the distribution of the times of insertion ranged from zero to 6.15
(1.20 £ 1.19) mya (millions of years ago), and for Gypsy elements, the distribution of the times
of insertion ranged from zero to 7.30 (1.32 + 1.20) mya. These data indicated a very recent
burst of LTR-RT transposition (S1 Fig), before 3 mya, as previously reported in S. italica and
other monocots, such as maize, rice, sorghum, sugarcane and members of the Triticaceae fam-
ily species [5,6,12,24,26,35,39-42]. In addition, there were 206 (11%) LTR-RT insertions older
than 3 mya from both Copia and Gypsy elements. These insertions are probably antecedents of
the transpositional burst that originated most of the current S. italica insertions.

From the eleven previously characterized LTR-RT lineages [8], S. italica elements were
assigned to five (Ale/Retrofit, Angela/Tork, Ivana/Oryco, Maximus/Sire and TAR/Tork) and
four (CRM/CR, DEL/Tekay, Reina and TAT/Athila) lineages belonging to the Copia and Gypsy
superfamilies, respectively. We were not able to identify the Bianca and Galadriel lineages in
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Table 1. Summary of the S. italica full-length LTR retrotransposon prediction and classification.

N TE length LTR length Number of families
Mean * SD (bp) Total (kb) Min-Max (bp) Mean + SD (bp)

Copia superfamily 678 7,473 £ 1,581 5,552 2,234-16,900 1,067 + 496 97
Ale/Retrofit 114 5,410 + 1,795 617 2,234-16,530 204 + 69 64
Angela/Tork 496 7,969 £ 874 4,455 2,429-14,586 1,285 £ 293 9
Bianca 0 - - - - -
Ivana/Oryco 29 5,799 + 2,146 174 4,561-16,900 338 £90 14
Maximus/Sire 15 10,286 + 1,596 154 6,413-12726 1,390 + 447
TAR/Tork 24 6,103 £ 978 153 4,876-10,237 769 £183

Gypsy superfamily 1,064 12,111 + 3,014 13,201 3,534-24,193 1,314 + 1,011 90
CRM/CR 143 6,854 + 430 1,049 5,378-8,925 651 +106 5
DEL/Tekay 229 13,175 + 1,930 3,070 5,541-24,193 3,005 £ 902 12
Galadriel 0 - - - - -
Reina 43 5,546 + 0,997 238 3,534-9,530 328 £ 51 31
TAT/Athila 649 13,380 + 1,533 8,844 4,497-20,944 937 £304 42

Host/nested elements 197 19,515 + 2,785 1,737 8,257-22,972 * *

Total 1,939 10,661 + 3,902 20,490 2,234-24,193 1,216 = 853 187

“The LTR length and number of families of the host and nested elements were counted within the corresponding lineage. More details of the host/nested elements can
be found in S2 Table.

https://doi.org/10.1371/journal.pone.0214542.t001

the S. italica genome. In terms of sequence numbers, the TAT/Athila and Angela/Tork lineages
were the most abundant within the Gypsy and Copia superfamilies, with 714 and 583 copies,
respectively. Host/nested elements represented all the identified lineages, mostly belonging to
Angela_Tork and TAT_Athila (S2 Table).

Regarding the element lengths, TAT/Athila was the longest (13,380 + 1,533 bp, mean * SD)
lineage and Reina was the shortest (5,546 + 997 bp) lineage within the Gypsy superfamily. Max-
imus/Sire was the longest (10,286 * 1,596 bp) lineage and Ale/Retrofit was the shortest (5,410 £
1,795 bp) lineage within the Copia superfamily. Most of the element lengths were in accor-
dance with the monocot LTR-RT lineage sizes previously reported (S2 Fig) [5,8,43]. DEL/
Tekay and Maximus/Sire had the longest LTRs and Reina and Ale/Retrofit had the shortest
LTRs for the Gypsy and Copia superfamilies, respectively. We also clustered the elements in
families according to the parameters of the 80-80-80 rule [4]. Ale/Retrofit had the highest and
TAR/Tork had the lowest number of families (Table 1).

Evolutionary relationships

To compare the patterns of the LTR-RT sequence diversification, the RT amino acid sequences
were independently aligned for each lineage and analyzed using the Bayesian clustering
method implemented in the STRUCTURE software [22]. The clustering patterns were com-
pared with phylogenetic trees reconstructed using Bayesian inference of phylogeny as imple-
mented in the BEAST software [32], and the LTR-RT time of insertions estimated according
the LTR divergence. Preliminary phylogenetic reconstructions using amino acid and nucleo-
tide alignments showed no significant differences in the sequence grouping patterns (data not
shown). Below, we show that the STRUCTURE analyses identified different patterns of genetic
structure among lineages, with variable numbers of clusters and proportions of admixed ele-
ments, but no apparent relationships among the LTR-RT superfamilies, copy number and
sequence divergence.
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https://doi.org/10.1371/journal.pone.0214542.9002

Maximus/Sire was the only lineage without admixed elements. The tree topology and popu-
lation genetic structure were fully concordant and separated the elements into three clusters
(K = 3) (Fig 2 and S3 Table). The times of insertion showed that the elements of the blue clus-
ter are younger than the elements of the pink and green clusters (Table 2). The tree branch
lengths and number of families of each clade were congruent with the time of insertion of
LTR-RT clades, reinforcing that there are different timeframes among clusters.

Five lineages—Angela/Tork, Ivana/Oryco, and TAR/Tork from Copia and CRM/CR and
TAT/Athila from Gypsy-were structured into two major clusters (K = 2, S3 Table), with few
admixed elements and different levels of membership. In general, the clustering patterns and
times of insertion were congruent with the tree topologies. For example, in the TAR/Tork tree,
the youngest clade only had elements with 100% membership in the STRUCTURE analysis
(blue cluster, Fig 3 and Table 2). The oldest clade contained mostly elements with 100% mem-
bership (pink cluster) and one admixed element (RLCsiTAR_Tork_0029_2). RLCsiTAR_-
Tork_0029_2 was basal-branched in the tree, was the only member of its family and was 4.23
million years (my) old, the second oldest element of the TAR/Tork lineage (Fig 3).

The Ivana/Oryco tree also showed two clades. Both clades mostly contained sequences with
100% membership elements and two admixed elements (S3 Fig). The admixed elements had

contrasting profiles in terms of the percentage of membership and time of insertion. RLCsilva-
na_Oryco_1956_2 was relatively old (1.92 my), basal-branched within its clade and had a high
level of admixture (66% and 34% from pink and blue clusters, respectively). By contrast,
RLCsilvana_Oryco_0434_14 had identical LTRs, was terminal-branched and displayed a low
level of admixture (98% and 2% from blue and pink clusters, respectively), features that
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Fig 3. Evolutionary relationships of the TAR/Tork lineage elements. (A) Bayesian phylogenetic tree based on RT amino acid sequences.
Posterior probability values below 0.7 are not shown. (B) STRUCTURE plot (colored bars, bottom axis) based on RT sequences, showing the
percentage of membership of the elements in the clusters and time of insertion (dotted bars, upper axis) based on the LTR sequences. In both
the tree branches and plots, each color represents a cluster. The numbers at the end of the name of the elements indicate the family. The tree
and STRUCTURE plot were based on an amino acid alignment with 251 positions. mya: millions of years ago; my: millions of years.
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indicate recent transposition activity. For the CRM/CR lineage tree, both clades exhibited
admixed elements with different percentages of membership (54 Fig). The basal-branched ele-
ments had higher levels of admixture. Angela/Tork and TAT/Athila, the most abundant line-
ages, had tree topologies and patterns of clusterization similar to those observed for the CRM/
CR lineage (S5 and S6 Figs). For these lineages, the admixed elements were older than the
100% membership ones (Table 2).

Lastly, the Ale/Retrofit, DEL/Tekay and Reina lineages had more complex structure patterns
of genetic variation, with 13, 10 and five clusters, respectively (S3 Table), and many admixed
elements with different levels of membership. All the Reina clusters had 100% membership
and admixed elements, except for the orange cluster, which contained exclusively admixed ele-
ments (Fig 4). All the admixed elements were basal-branched on the phylogenetic tree. Inter-
estingly, insertions with sequence signatures from more than two clusters were identified. For
example, 54%, 28%, 15% and 3% of the allelic variation of the RLGsiREINA_1263_14 element
was attributed to the blue, green, orange and pink clusters, respectively. There was no differ-
ence in the time of insertion between the 100% membership and admixed elements (Table 2).
Most of the DEL/Tekay and Ale/Retrofit lineage elements were admixed (S7 and S8 Figs).
These elements were mostly located at basal positions on the trees and, similar to Reina, there
was no difference in the time of insertion between all 100% membership and the admixed ele-
ments (Table 2). As observed for Reina, some DEL/Tekay and Ale/Retrofit elements showed
admixture of several clusters. The extreme case was the element RLGsiDEL_Tekay_1456_10,
which showed sequence signatures from eight out of the 10 clusters proposed to explain the
genetic structure in this lineage.

To rule out that the observed patterns of clusterization are side effects of the level of
sequence divergence within lineages, the mean sequence distances for each lineage were
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Fig 4. Evolutionary relationships of the Reina lineage elements. (A) Bayesian phylogenetic tree based on RT amino acid sequences. Posterior probability values below
0.7 are not shown. (B) STRUCTURE plot (colored bars, bottom axis) based on RT sequences, showing the percentage of membership of the elements in the clusters and
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calculated (Fig 5). Lineages with different clustering patterns showed similar levels of sequence
divergence, and vice versa, corroborating the robustness of our Bayesian population genetic
structure approach.

Genomic distribution of S. italica LTR elements

To obtain an overview of the S. italica LTR-RTs genome distribution, we analyzed their loca-
tion on chromosomes. Elements belonging to the lineages Ale/Retrofit, Ivana/Oryco, Maxi-
mus/Sire and TAR/Tork from Copia and Reina from Gypsy were evenly distributed along the
genome, displaying a density of between 1 and 5 elements / 5 Mpb (Fig 6). Although the mem-
bers of the DEL/Tekay and TAT/Athila lineages from the Gypsy superfamily were also widely
distributed along chromosomes, they had a slightly higher density in pericentromeric regions.
By contrast, most of the elements from the Angela/Tork and CRM/CR lineages were concen-
trated in pericentromeric and centromeric regions, displaying over 25 insertions / 5 Mb in the
case of Angela/Tork.

To investigate whether the genetic structure of the LTR-RT population correlates with the
genomic location, we analyzed the genomic distribution of the admixed and 100% member-
ship elements separately for the most abundant lineages, Angela/Tork and TAT/Athila (S9
Fig). The TAT/Athila lineage showed similar patterns of chromosomal distribution for single
cluster elements as well as for admixed elements. By contrast, the Angela/ Tork lineage elements
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Fig 5. Pairwise distances (mean + SD) between copies of the S. italica LTR-RT lineages. Each texture represents a
different pattern of clusterization obtained via the population genetic structure analyses.
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with 100% membership from the pink cluster and admixed were mainly located in euchro-
matic regions; however, elements with 100% membership from the blue cluster were concen-
trated in centromeric and pericentromeric regions. For both lineages, admixed elements were
evenly distributed and, as mentioned above, older than the 100% membership elements.

Discussion

In recent years, the sequencing of several genomes has produced a considerable amount of
data. Sequence analyses corroborate the hypothesis that TEs are diverse and dynamic genetic
entities that evolve under similar evolutionary processes but with variable timeframes among
lineages [8,12,39,44]. By using phylogenetic trees, haplotype networks and time of insertion
estimates, the study of LTR-RTs has traditionally addressed lineage diversity and classification.
Here, we propose a new approach to investigate the genetic structure of TEs and the evolution-
ary history of the different LTR-RT lineages by using S. italica as a model species. The model-
based clustering approach implemented in the STRUCTURE software provides different
results from those of phylogenetic analyses. Although STRUCTURE software clustering may
seem redundant to phylogenetic analyses at first glance, there are three main advantages of
using STRUCTURE. First, STRUCTURE provides, with statistical support, the number of
populations that explain the genetic diversity of a set of sequences. On the other hand, with
phylogenetic trees, it is very difficult to decide which clades can be considered to be sequence
populations. The grouping of sequence populations using trees usually obeys arbitrary criteria,
without statistical support. Second, STRUCTURE analyses propose admixed elements that
harbor genetic information from more than one population. Moreover, admixture data are
quantitative because the percentage of admixture is informed. Third, the Bayesian clustering
implemented by STRUCTURE is less computationally time-consuming than Bayesian
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inferences of phylogenies, allowing the user to spend less time running programs and more
time on data interpretation.

LTR retrotransposon lineage richness and abundance

The richness and abundance of LTR-RT elements have been associated with plant genome size
variation [6,9], suggesting that they are a source of genomic diversity [45]. The fine-scale diver-
sity of the Setaria italica LTR-RT lineages has not been previously analyzed because published
studies have focused on the diversity of the Copia and Gypsy superfamilies [24-26]. Yadav

et al. identified 2,608 putative full-length LTR-RT's in the S. italica genome, with 1,038 (40%)
and 1,570 (60%) from the Copia and Gypsy superfamilies, respectively [26]. Those LTR-RT's
were identified using the LTR_FINDER tool, which detects structural features, as well as pro-
tein domains, as an automatic validation step of the prediction [46]. Here, we used an alterna-
tive and well-reported tool for LTR-RT discovery in plants, LTR_STRUC [10,43,47-56]. This
tool predicts LTR-RT elements based on the identification of structural terminal features,
LTRs, primer binding sites, polypurine tracts and ORFs [27]. This approach allowed us to
identify 2,298 putative LTR-RTs elements, out of which 1,939 were further validated by a man-
ual RT domain search. Although we predicted a smaller number of elements, we predicted
similar percentages of putatively full-length elements from the Gypsy and Copia superfamilies.
We attribute the discrepancy between our results and Yadav et al. [26] to the differences in the
tool algorithms and our manual validation.

Our data showed that the S. italica genome harbors nine LTR-RT lineages, five from the
Copia superfamily and four from the Gypsy superfamily. Almost 60% of the putatively full-
length LTR-RTs in the S. italica genome belong to the Gypsy superfamily, which is in agree-
ment with previous studies on this species and other grass genomes, such as maize, sorghum,
sugarcane and rice [11,24,25,40,57,58].

As described for rice, sorghum and sugarcane [6,8,12], Angela/Tork and TAT/Athila were
the most abundant lineages in S. italica, with more than six-hundred putatively full-length
copies each. By contrast, although Reina was well represented in the S. italica genome, it was
reported to be a scarce lineage in other grass species [8,12]. The abundance of elements from
the CRM/CR lineage was similar to those predicted in maize and rice [6]; however, this lineage
was absent in sugarcane [8]. Interestingly, the absence of the Bianca and Galadriel lineages in
S. italica, as well as in sugarcane and Brachiaria decumbens [8,59], suggests that these lineages
were extinct or are under extinction in Panicoideae genomes. This hypothesis is reinforced by
the low copy number reported in non-Panicoideae monocot species, such as rice and banana
[5,60]. These contrasting abundances of LTR-RT lineages indicate that the pattern of accumu-
lation greatly differs among lineages and species.

Element abundance has been associated with the spatial distribution of LTR-RTSs in rice,
sorghum and sugarcane [8,12], which in turn, can be related to lineage-specific functional
properties [6,8,9,12]. In grasses, elements from the Copia superfamily preferentially accumu-
late in euchromatic regions, showing a wide distribution along chromosomes, while TEs from
the Gypsy superfamily exhibit a heterochromatic-associated distribution [8,40]. The chromo-
somal arrangement of S. italica LTR-RT lineages was diverse, varying from widespread to cen-
tromeric distributions, with no clear correlation between location pattern and TE superfamily.
However, the most abundant lineages, Angela/Tork, CRM/CR, DEL/Tekay and TAT/Athila,
displayed pericentromeric and centromeric accumulation (Fig 6). CRM/CR elements from the
Gypsy superfamily are believed to have played a role in centromere evolution [6,9,59,61,62].
The successful mobilization mechanism of the TAT/Athila lineage, evidenced by its high copy
number, might be correlated with its preferential pericentromeric and centromeric insertion
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Fig 6. Distribution of LTR-RT lineages in S. italica chromosomes. The nine chromosomes are represented by vertical bars. Black arrows indicate
centromeric regions, as previously described [24].
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pattern in other Panicoideae genomes (Fig 6 and [12]). Regarding the Angela/Tork lineage,
centromeric and pericentromeric distributions were previously reported in the eudicot Cheno-
podium quinoa [63]. To the best of our knowledge, this is the first work to report the centro-
meric genomic distribution of Angela/Tork LTR-RT elements in grasses. DEL/Tekay has been
described to be broadly distributed around and within centromeric regions in sorghum and
sugarcane and widely distributed in rice [8,12].

Are LTR retrotransposons individuals within a genomic population?

The LTR-RT lineages identified in S. italica displayed clustering patterns with distinct levels of
admixture, varying from well-structured to highly admixed lineages. The Maximus/Sire lineage
had three fully independent clusters, each harboring elements with specific genetic signatures
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and no admixture. Furthermore, Angela/Tork, CRM/CR, TAT/Athila, TAR/Tork and Ivana/
Oryco had an intermediary genetic structure, displaying two clusters and few admixed ele-
ments. Lastly, the Reina, DEL/Tekay and Ale/Retrofit lineages contained from five to 13
clusters and a high level of admixture, with insertions assigned to up to eight clusters. The evi-
dence collected from the genetic structures and phylogenetic reconstructions allowed the iden-
tification of admixed elements that maintained the genetic signatures from more than one
cluster and were mostly basal-branched in the phylogenies compared to the 100% membership
elements (Figs 3 and 4 and S3-S8 Figs). Together, these features suggest that the admixed ele-
ments identified in S. italica represent insertions that harbor ancestral polymorphic sequence
signatures. It is worth mentioning that sequences harboring ancestral polymorphisms do not
necessarily have the most divergent LTRs and, consequently, are the oldest elements in a line-
age. Admixed elements can be both young due to recent mobilization and carry ancestral
sequence signatures from more than one population, harboring more genetic diversity than
the 100% membership elements in their internal coding sequences. This observation is in
agreement with the absence of correlation between the time of insertion and the degree of
admixture for most of the lineages (Table 2) and the finding that old and young LTR-RTSs can
participate in reshuffling, originating young insertions by pairwise recombination during
reverse transcription of a co-package of elements transcripts [64]. ‘Resurrection’ of LTR-RTs
has been shown in A. thaliana during an in vivo mobilization wave [64], as well as in yeast and
plant species using phylogenetic analyses [6,65-67]. In this context, new elements evolve in a
single generation and increase the LTR-RT diversity [64]; thus, recombination among
LTR-RTs can bias time of insertion calculated by the LTR divergence due to template switch-
ing during reverse transcription of LTR-RT mRNAs. This mechanism might, at least in part,
be overestimating the time of insertion calculated here.

Species living within an ecological community can have different population genetic struc-
tures [68,69]. These differences may be due to the intrinsic and extrinsic characteristics of spe-
cies’ life histories, different rates of gene flow, inbreeding, genetic drift and local adaptation
[70]. Analogously, the differences in the genetic structure and copy number observed among
the LTR-RT lineages within the S. italica genome, which reflect different levels of evolutionary
success, are the result of the host genome and lineage characteristics, such as the chromosomal
location, impact on the expression of host genes, transcriptional and transpositional activities,
among others.

The clusterization patterns proposed by the STRUCTURE program were consistent with
the phylogenetic inferences, which provides information about how biological entities evolved
from common ancestors. Additionally, genetic structure clustering, by statistically grouping
entities based on shared genetic signatures, describes how populations are shaped, especially
when admixture occurs [15]. In addition, identification of admixed insertions could guide the
selection of candidate insertions for further analyses. In line with this, admixed elements could
help to identify groups of sequences with high levels of genetic diversity to understand the pat-
terns of TE diversification. Moreover, abundant groups of young single cluster elements could
be interesting candidates for applications that require elements with transcriptional and trans-
positional potential. Thus, our results showed that the STRUCTURE program is suitable as a
complementary approach to phylogenetic analyses to address the evolutionary history and
functional features of TEs.

Conclusions

The use of a Bayesian clustering method developed to identify the genetic structure of natural
populations to study the evolution of TEs sheds light on the population architecture of the
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elements within each LTR-RT lineage. These results allowed us to unravel the evolutionary his-
tory of the elements that determined the current genetic diversity, validating the analytical
power of the application of microevolutionary concepts in genome evolution studies.
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genetic tree based on RT amino acid sequences. Posterior probability values below 0.7 are not
shown. The numbers at the end of the branches indicate the insertion code. (B) STRUCTURE
plot (colored bars, bottom axis) based on RT sequences, showing the percentage of the mem-
bership of the elements to the clusters and time of insertion (dotted bars, upper axis) based on
the LTR sequences. In both the tree branches and plots, each color represents a cluster. The
numbers at the end of the name of the elements indicate the family. The tree and STRUC-
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ago; my: millions of years.
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$4 Fig. Evolutionary relationships of the CRM/CR lineage elements. (A) Bayesian phyloge-
netic tree based on RT amino acid sequences. Posterior probability values below 0.7 are not
shown. The numbers at the end of the branches indicate the insertion code. (B) STRUCTURE
plot (colored bars, bottom axis) based on RT sequences, showing the percentage of the mem-
bership of the elements to the clusters and time of insertion (dotted bars, upper axis) based on
the LTR sequences. In both the tree branches and plots, each color represents a cluster. The
numbers at the end of the name of the elements indicate the family. The tree and STRUC-
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S5 Fig. Evolutionary relationships of the Angela/Tork lineage elements. (A) Bayesian phylo-
genetic tree based on RT amino acid sequences. Posterior probability values below 0.7 are not
shown. The numbers at the end of the branches indicate the insertion code. (B) STRUCTURE
plot (colored bars, bottom axis) based on RT sequences, showing the percentage of the mem-
bership of the elements to the clusters and time of insertion (dotted bars, upper axis) based on
the LTR sequences. In both the tree branches and plots, each color represents a cluster. The
numbers at the end of the name of the elements indicate the family. The tree and STRUC-
TURE plot were based on an amino acid alignment with 227 positions. n/a: not analyzed-
nested elements in which LTRs cannot be identified. mya: millions of years ago; my: millions
of years.

(EPS)

S6 Fig. Evolutionary relationships of the TAT/Athila lineage elements. (A) Bayesian phylo-
genetic tree based on RT amino acid sequences. Posterior probability values below 0.7 are not
shown. The numbers at the end of the branches indicate the insertion code. (B) STRUCTURE
plot (colored bars, bottom axis) based on RT sequences, showing the percentage of the mem-
bership of the elements to the clusters and time of insertion (dotted bars, upper axis) based on
the LTR sequences (mya). In both the tree branches and plots, each color represents a cluster.
The numbers at the end of the name of the elements indicate the family. The tree and STRUC-
TURE plot were based on an amino acid alignment with 191 positions. n/a: not analyzed-
nested elements in which LTRs cannot be identified. mya: millions of years ago; my: millions
of years.

(EPS)

S7 Fig. Evolutionary relationships of the DEL/Tekay lineage elements. (A) Bayesian phylo-
genetic tree based on RT amino acid sequences. Posterior probability values below 0.7 are not
shown. The numbers at the end of the branches indicate the insertion code. (B) STRUCTURE
plot (colored bars, bottom axis) based on RT sequences, showing the percentage of the mem-
bership of the elements to the clusters and time of insertion (dotted bars, upper axis) based on
the LTR sequences. In both the tree branches and plots, each color represents a cluster. The
numbers at the end of the name of the elements indicate the family. The tree and STRUC-
TURE plot were based on a 172 amino acid alignment. n/a: not analyzed-nested elements in
which LTRs cannot be identified. mya: millions of years ago; my: millions of years.

(EPS)

S8 Fig. Evolutionary relationships of the Ale/Retrofit lineage elements. (A) Bayesian phylo-
genetic tree based on RT amino acid sequences. Posterior probability values below 0.7 are not
shown. The numbers at the end of the branches indicate the insertion code. (B) STRUCTURE
plot (colored bars, bottom axis) based on RT sequences, showing the percentage of the mem-
bership of the elements to the clusters and time of insertion (dotted bars, upper axis) based on
the LTR sequences. In both the tree branches and plots, each color represents a cluster. The
numbers at the end of the name of the elements indicate the family. The tree and STRUC-
TURE plot were based on an amino acid alignment with 246 positions. mya: millions of years
ago; my: millions of years.

(EPS)

S9 Fig. Distribution of the STRUCTURE clusters for the Angela/Tork and TAT/Athila
LTR-RT lineages in S. italica chromosomes. The nine chromosomes are represented by verti-
cal bars. Black arrows indicate centromeric regions according to Bennetzen et al. [24].

(EPS)
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S1 File. LTR retrotransposons annotated in this study.
(FAS)

Author Contributions
Conceptualization: Vanessa Fuentes Suguiyama, Cibele Biondo, Nathalia de Setta.

Formal analysis: Vanessa Fuentes Suguiyama, Luiz Augusto Baciega Vasconcelos, Maria Mag-
dalena Rossi, Cibele Biondo, Nathalia de Setta.

Funding acquisition: Nathalia de Setta.
Supervision: Nathalia de Setta.

Writing - original draft: Vanessa Fuentes Suguiyama, Maria Magdalena Rossi, Cibele
Biondo, Nathalia de Setta.

Writing - review & editing: Vanessa Fuentes Suguiyama, Maria Magdalena Rossi, Cibele
Biondo, Nathalia de Setta.

References

1.  Kumar A, Bennetzen JL. Plant retrotransposons. Annu Rev Genet. 1999; 33: 479-532. https://doi.org/
10.1146/annurev.genet.33.1.479 PMID: 10690416

2. Feschotte C, Jiang N, Wessler SR. Plant transposable elements: where genetics meets genomics. Nat
Rev Genet. 2002; 3: 329-341. https://doi.org/10.1038/nrg793 PMID: 11988759

3. Baidouri ME, Panaud O. Comparative genomic paleontology across plant kingdom reveals the dynam-
ics of TE-driven genome evolution. Genome Biol Evol. 2013; 5: 954-965. https://doi.org/10.1093/gbe/
evt025 PMID: 23426643

4. WickerT, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, et al. A unified classification system
for eukaryotic transposable elements. Nat Rev Genet. 2007; 8: 973-982. https://doi.org/10.1038/
nrg2165 PMID: 17984973

5. Wicker T, Keller B. Genome-wide comparative analysis of copia retrotransposons in Triticeae, rice, and
Arabidopsis reveals conserved ancient evolutionary lineages and distinct dynamics of individual copia
families. Genome Res. 2007; 17: 1072—-1081. https://doi.org/10.1101/gr.6214107 PMID: 17556529

6. DuJ, Tian Z, Hans CS, Laten HM, Cannon SB, Jackson SA, et al. Evolutionary conservation, diversity
and specificity of LTR-retrotransposons in flowering plants: insights from genome-wide analysis and
multi-specific comparison. Plant J. 2010; 63: 584—598. https://doi.org/10.1111/j.1365-313X.2010.
04263.x PMID: 20525006

7. Llorens C, Futami R, Covelli L, Dominguez-Escriba L, Viu JM, Tamarit D, et al. The Gypsy database
(GyDB) of mobile genetic elements: release 2.0. Nucleic Acids Res. 2011; 39: 70-74. https://doi.org/10.
1093/nar/gkq1061 PMID: 21036865

8. Domingues DS, Cruz GMQ, Metcalfe CJ, Nogueira FTS, Vicentini R, Alves CS, et al. Analysis of plant
LTR-retrotransposons at the fine-scale family level reveals individual molecular patterns. BMC Geno-
mics. 2012; 13: 1-13. https://doi.org/10.1186/1471-2164-13-1

9. Zhao M, Ma J. Co-evolution of plant LTR-retrotransposons and their host genomes. Protein Cell. 2013;
4:493-501. https://doi.org/10.1007/s13238-013-3037-6 PMID: 23794032

10. Cruz GMQ, Metcalfe CJ, Setta N, Cruz EAO, Prata Vieira A, Medina R, et al. Virus-like attachment sites
and plastic CpG Islands: landmarks of diversity in plant Del retrotransposons. PLoS One. 2014; 9:
€97099. https://doi.org/10.1371/journal.pone.0097099 PMID: 24849372

11. Setta N, Monteiro-Vitorello CB, Metcalfe CJ, Cruz GMQ, Del Bem LE, Vicentini R, et al. Building the
sugarcane genome for biotechnology and identifying evolutionary trends. BMC Genomics. 2014; 15: 1—
17. https://doi.org/10.1186/1471-2164-15-1

12. Setta N, Metcalfe CJ, Cruz GMQ, Ochoa EA, Van Sluys M-A. Noise or symphony: comparative evolu-
tionary analysis of sugarcane transposable elements with other grasses. In: Marie-Angéle Grandbas-
tien JMC, editor. Plant Transposable Elements. 1st ed. 2012. pp. 169-192. https://doi.org/10.1007/978-
3-642-31842-9

13. Jurka J, Bao W, Kojima KK. Families of transposable elements, population structure and the origin of
species. Biol Direct. 2011; 6: 1-16. https://doi.org/10.1186/1745-6150-6-1

PLOS ONE | https://doi.org/10.1371/journal.pone.0214542 May 20, 2019 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214542.s013
https://doi.org/10.1146/annurev.genet.33.1.479
https://doi.org/10.1146/annurev.genet.33.1.479
http://www.ncbi.nlm.nih.gov/pubmed/10690416
https://doi.org/10.1038/nrg793
http://www.ncbi.nlm.nih.gov/pubmed/11988759
https://doi.org/10.1093/gbe/evt025
https://doi.org/10.1093/gbe/evt025
http://www.ncbi.nlm.nih.gov/pubmed/23426643
https://doi.org/10.1038/nrg2165
https://doi.org/10.1038/nrg2165
http://www.ncbi.nlm.nih.gov/pubmed/17984973
https://doi.org/10.1101/gr.6214107
http://www.ncbi.nlm.nih.gov/pubmed/17556529
https://doi.org/10.1111/j.1365-313X.2010.04263.x
https://doi.org/10.1111/j.1365-313X.2010.04263.x
http://www.ncbi.nlm.nih.gov/pubmed/20525006
https://doi.org/10.1093/nar/gkq1061
https://doi.org/10.1093/nar/gkq1061
http://www.ncbi.nlm.nih.gov/pubmed/21036865
https://doi.org/10.1186/1471-2164-13-1
https://doi.org/10.1007/s13238-013-3037-6
http://www.ncbi.nlm.nih.gov/pubmed/23794032
https://doi.org/10.1371/journal.pone.0097099
http://www.ncbi.nlm.nih.gov/pubmed/24849372
https://doi.org/10.1186/1471-2164-15-1
https://doi.org/10.1007/978-3-642-31842-9
https://doi.org/10.1007/978-3-642-31842-9
https://doi.org/10.1186/1745-6150-6-1
https://doi.org/10.1371/journal.pone.0214542

9-PLOS |ONE

Population genetic structure of plant LTR retrotransposon lineages

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Venner S, Feschotte C, Biémont C. Dynamics of transposable elements: towards a community ecology
of the genome. Trends Genet. 2009; 25: 317-323. https://doi.org/10.1016/}.tig.2009.05.003 PMID:
19540613

Porras-Hurtado L, Ruiz Y, Santos C, Phillips C, Carracedo A, Lareu MV. An overview of STRUCTURE:
applications, parameter settings, and supporting software. Front Genet. 2013; 4: 1—13. https://doi.org/
10.3389/fgene.2013.00098 PMID: 23755071

Santos ESL, Cerqueira-Silva CBM, Mori GM, Ahnert D, Mello DLN, Pires JL, et al. Genetic structure
and molecular diversity of cacao plants established as local varieties for more than two centuries: the
genetic history of cacao plantations in Bahia, Brazil. PLoS One. 2015; 10: e0145276. https://doi.org/10.
1371/journal.pone.0145276 PMID: 26675449

Wu FQ, Shen SK, Zhang XJ, Wang YH, Sun WB. Genetic diversity and population structure of an
extremely endangered species: the world’s largest Rhododendron. AoB Plants. 2014; 7: plu082. https://
doi.org/10.1093/aobpla/plu082 PMID: 25477251

Chitwood J, Shi A, Mou B, Evans M, Clark J, Motes D, et al. Population structure and association analy-
sis of bolting, plant height, and leaf erectness in spinach. HortScience. 2016; 51: 481—-486. https://doi.
org/10.21273/HORTSCI.51.5.481

Shiposha V, Catalan P, Olonova M, Marques |. Genetic structure and diversity of the selfing model
grass Brachypodium stacei (Poaceae) in Western Mediterranean: out of the Iberian Peninsula and into
the islands. Peerd. 2016; 4: €2407. https://doi.org/10.7717/peer].2407 PMID: 27651993

Lépez A, Bonasora MG. Phylogeography, genetic diversity and population structure in a Patagonian
endemic plant. AoB Plants. 2017; 9: pIx017. https://doi.org/10.1093/acbpla/plx017 PMID: 28567240

Ribeiro PL, Pereira ACS, Borba EL, Giulietti AM. Genetic and morphological diversity and evidence of
hybridization in the “sempre-vivas” (Comanthera, Eriocaulaceae) endemic to the Chapada Diamantina,
Bahia, Brazil. Flora. 2017; 238: 60—71. https://doi.org/10.1016/j.flora.2017.09.013

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155: 945-959. PMID: 10835412

Doust AN, Kellogg EA, Devos KM, Bennetzen JL. Foxtail millet: a sequence-driven grass model sys-
tem. Plant Physiol. 2009; 149: 137-141. https://doi.org/10.1104/pp.108.129627 PMID: 19126705

Bennetzen JL, Schmutz J, Wang H, Percifield R, Hawkins J, Pontaroli AC, et al. Reference genome
sequence of the model plant Setaria. Nat Biotechnol. 2012; 30: 555-561. https://doi.org/10.1038/nbt.
2196 PMID: 22580951

Zhang G, Liu X, Quan Z, Cheng S, Xu X, Pan S, et al. Genome sequence of foxtail millet (Setaria italica)
provides insights into grass evolution and biofuel potential. Nat Biotechnol. 2012; 30: 549-554. https://
doi.org/10.1038/nbt.2195 PMID: 22580950

Yadav CB, Bonthala VS, Muthamilarasan M, Pandey G, Khan Y, Prasad M. Genome-wide development
of transposable elements-based markers in foxtail millet and construction of an integrated database.
DNA Res. 2015; 22: 79-90. https://doi.org/10.1093/dnares/dsu039 PMID: 25428892

McCarthy EM, McDonald JF. LTR_STRUC: a novel search and identification program for LTR retrotran-
sposons. Bioinformatics. 2003; 19: 362—367. https://doi.org/10.1093/bioinformatics/btf878 PMID:
12584121

Altschul SF, Gish W, Miller W, Myers EW, Lipman D. Basic local alignment search tool. J Mol Biol.
1990; 5: 403—410. https://doi.org/10.1016/S0022-2836(05)80360-2

Marchler-Bauer A, Bryant SH. CD-Search: protein domain annotations on the fly. Nucleic Acids Res.
2004; 32: 327-331. https://doi.org/10.1093/nar/gkh454 PMID: 15215404

Huang Y, Niu B, Gao Y, Fu L, Li W. CD-HIT Suite: a web server for clustering and comparing biological
sequences. Bioinformatics. 2010; 26: 680-682. https://doi.org/10.1093/bioinformatics/btq003 PMID:
20053844

Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symp Ser. 1999; 41: 95-98.

Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012; 29: 1969-1973. https://doi.org/10.1093/molbev/mss075 PMID: 22367748

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior summarization in bayesian phylo-
genetics using Tracer 1.7. Syst Biol. 2018; 67: 901-904. https://doi.org/10.1093/sysbio/syy032 PMID:
29718447

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGAG: molecular evolutionary genetics analy-
sis version 6.0. Mol Biol Evol. 2013; 30: 2725-2729. https://doi.org/10.1093/molbev/mst197 PMID:
24132122

Ma J, Devos KM, Bennetzen JL. Analyses of LTR-retrotransposon structures reveal recent and rapid
genomic DNA loss in rice. Genome Res. 2004; 5: 860—-869. https://doi.org/10.1101/gr.1466204

PLOS ONE | https://doi.org/10.1371/journal.pone.0214542 May 20, 2019 18/20


https://doi.org/10.1016/j.tig.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19540613
https://doi.org/10.3389/fgene.2013.00098
https://doi.org/10.3389/fgene.2013.00098
http://www.ncbi.nlm.nih.gov/pubmed/23755071
https://doi.org/10.1371/journal.pone.0145276
https://doi.org/10.1371/journal.pone.0145276
http://www.ncbi.nlm.nih.gov/pubmed/26675449
https://doi.org/10.1093/aobpla/plu082
https://doi.org/10.1093/aobpla/plu082
http://www.ncbi.nlm.nih.gov/pubmed/25477251
https://doi.org/10.21273/HORTSCI.51.5.481
https://doi.org/10.21273/HORTSCI.51.5.481
https://doi.org/10.7717/peerj.2407
http://www.ncbi.nlm.nih.gov/pubmed/27651993
https://doi.org/10.1093/aobpla/plx017
http://www.ncbi.nlm.nih.gov/pubmed/28567240
https://doi.org/10.1016/j.flora.2017.09.013
http://www.ncbi.nlm.nih.gov/pubmed/10835412
https://doi.org/10.1104/pp.108.129627
http://www.ncbi.nlm.nih.gov/pubmed/19126705
https://doi.org/10.1038/nbt.2196
https://doi.org/10.1038/nbt.2196
http://www.ncbi.nlm.nih.gov/pubmed/22580951
https://doi.org/10.1038/nbt.2195
https://doi.org/10.1038/nbt.2195
http://www.ncbi.nlm.nih.gov/pubmed/22580950
https://doi.org/10.1093/dnares/dsu039
http://www.ncbi.nlm.nih.gov/pubmed/25428892
https://doi.org/10.1093/bioinformatics/btf878
http://www.ncbi.nlm.nih.gov/pubmed/12584121
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/gkh454
http://www.ncbi.nlm.nih.gov/pubmed/15215404
https://doi.org/10.1093/bioinformatics/btq003
http://www.ncbi.nlm.nih.gov/pubmed/20053844
https://doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748
https://doi.org/10.1093/sysbio/syy032
http://www.ncbi.nlm.nih.gov/pubmed/29718447
https://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
https://doi.org/10.1101/gr.1466204
https://doi.org/10.1371/journal.pone.0214542

9-PLOS |ONE

Population genetic structure of plant LTR retrotransposon lineages

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Mol Ecol. 2005; 14: 2611-2620. https://doi.org/10.1111/j.1365-
294X.2005.02553.x PMID: 15969739

Earl DA, VonHoldt BM. STRUCTURE HARVESTER: a website and program for visualizing STRUC-
TURE output and implementing the Evanno method. Conserv Genet Resour. 2012; 4: 359-361. https:/
doi.org/10.1007/s12686-011-9548-7

Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose |. CLUMPAK: a program for identify-
ing clustering modes and packaging population structure inferences across K. Mol Ecol Resour. 2015;
15: 1179-1191. https://doi.org/10.1111/1755-0998.12387 PMID: 25684545

Baucom RS, Estill JC, Leebens-Mack J, Bennetzen JL. Natural selection on gene function drives the
evolution of LTR retrotransposon families in the rice genome. Genome Res. 2009; 19: 243-254. https:/
doi.org/10.1101/gr.083360.108 PMID: 19029538

Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood J, Gundlach H, et al. The Sorghum
bicolor genome and the diversification of grasses. Nature. 2009; 457: 551-556. https://doi.org/10.1038/
nature07723 PMID: 19189423

SanMiguel P, Gaut BS, Tikhonov A, Nakajima Y, Bennetzen JL. The paleontology of intergene retro-
transposons of maize. Nat Genet. 1998; 20: 43—45. https://doi.org/10.1038/1695 PMID: 9731528

Gao L, McCarthy EM, Ganko EW, McDonald JF. Evolutionary history of Oryza sativa LTR retrotranspo-
sons: a preliminary survey of the rice genome sequences. BMC Genomics. 2004; 18: 1—18. https://doi.
org/10.1186/1471-2164-5-18

Beulé T, Agbessi MDT, Dussert S, Jaligot E, Guyot R. Genome-wide analysis of LTR-retrotransposons
in oil palm. BMC Genomics. 2015; 16: 1-14. https://doi.org/10.1186/1471-2164-16-1

Rebollo R, Horard B, Begeot F, Delattre M, Gilson E, Vieira C. A snapshot of histone modifications
within transposable elements in Drosophila wild type strains. PLoS One. 2012; 7: e44253. https://doi.
org/10.1371/journal.pone.0044253 PMID: 22962605

Huang Z, Zhong XJ, He J, Jin SH, Guo H Du, Yu XF, et al. Genome-wide identification, characterization,
and stress-responsive expression profiling of genes encoding LEA (Late Embryogenesis Abundant)
proteins in Moso bamboo (Phyllostachys edulis). PLoS One. 2016; 11: e0165953. https://doi.org/10.
1371/journal.pone.0165953 PMID: 27829056

Xu Z, Wang H. LTR_FINDER: an efficient tool for the prediction of full-length LTR retrotransposons.
Nucleic Acids Res. 2007; 35: 265—-268. https://doi.org/10.1093/nar/gkm286 PMID: 17485477

Chaparro C, Gayraud T, De Souza RF, Domingues DS, Akaffou S, Vanzela ALL, et al. Terminal-repeat
retrotransposons with GAG domain in plant genomes: a new testimony on the complex world of trans-
posable elements. Genome Biol Evol. 2015; 7: 493-504. https://doi.org/10.1093/gbe/evv001 PMID:
25573958

Dupeyron M, de Souza RF, Hamon P, de Kochko A, Crouzillat D, Couturon E, et al. Distribution of Divo
in Coffea genomes, a poorly described family of angiosperm LTR-retrotransposons. Mol Genet Geno-
mics. 2017; 292: 741-754. https://doi.org/10.1007/s00438-017-1308-2 PMID: 28314936

LiF, Fan G, Wang K, Sun F, Yuan Y, Song G, et al. Genome sequence of the cultivated cotton Gossy-
pium arboreum. Nat Genet. 2014; 46: 567-572. https://doi.org/10.1038/ng.2987 PMID: 24836287

de Castro Nunes R, Orozco-Arias S, Crouzillat D, Mueller LA, Strickler SR, Descombes P, et al. Struc-
ture and distribution of centromeric retrotransposons at diploid and allotetraploid Coffea centromeric
and pericentromeric regions. Front Plant Sci. 2018; 9: 1-14. https://doi.org/10.3389/fpls.2018.00001

Ochoa Cruz EA, Cruz GMQ, Vieira AP, Van Sluys MA. Virus-like attachment sites as structural land-
marks of plants retrotransposons. Mob DNA. 2016; 7: 1-10. https://doi.org/10.1186/s13100-016-0058-
8

Xu'Y, Du J. Young but not relatively old retrotransposons are preferentially located in gene-rich euchro-
matic regions in tomato (Solanum lycopersicum) plants. Plant J. 2014; 80: 582-591. https://doi.org/10.
1111/tpj.12656 PMID: 25182777

YinH, DuJ, WudJ, Wei S, XuY, Tao S, et al. Genome-wide annotation and comparative analysis of long
terminal repeat retrotransposons between Pear species of P. bretschneideriand P. communis. Sci
Rep. 2015; 5: 1-15. https://doi.org/10.1038/srep17644 PMID: 26631625

Zhang Q-J, Gao L-Z. Rapid and recent evolution of LTR retrotransposons drives rice genome evolution
during the speciation of AA-genome Oryza species. G3. 2017; 7: 1875-1885. https://doi.org/10.1534/
g3.116.037572 PMID: 28413161

Zhou M, Hu B, Zhu Y. Genome-wide characterization and evolution analysis of long terminal repeat ret-
roelements in moso bamboo (Phyllostachys edulis). Tree Genet Genomes. 2017; 13: 1-12. https://doi.
org/10.1007/s11295-017-1114-3

PLOS ONE | https://doi.org/10.1371/journal.pone.0214542 May 20, 2019 19/20


https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1111/1755-0998.12387
http://www.ncbi.nlm.nih.gov/pubmed/25684545
https://doi.org/10.1101/gr.083360.108
https://doi.org/10.1101/gr.083360.108
http://www.ncbi.nlm.nih.gov/pubmed/19029538
https://doi.org/10.1038/nature07723
https://doi.org/10.1038/nature07723
http://www.ncbi.nlm.nih.gov/pubmed/19189423
https://doi.org/10.1038/1695
http://www.ncbi.nlm.nih.gov/pubmed/9731528
https://doi.org/10.1186/1471-2164-5-18
https://doi.org/10.1186/1471-2164-5-18
https://doi.org/10.1186/1471-2164-16-1
https://doi.org/10.1371/journal.pone.0044253
https://doi.org/10.1371/journal.pone.0044253
http://www.ncbi.nlm.nih.gov/pubmed/22962605
https://doi.org/10.1371/journal.pone.0165953
https://doi.org/10.1371/journal.pone.0165953
http://www.ncbi.nlm.nih.gov/pubmed/27829056
https://doi.org/10.1093/nar/gkm286
http://www.ncbi.nlm.nih.gov/pubmed/17485477
https://doi.org/10.1093/gbe/evv001
http://www.ncbi.nlm.nih.gov/pubmed/25573958
https://doi.org/10.1007/s00438-017-1308-2
http://www.ncbi.nlm.nih.gov/pubmed/28314936
https://doi.org/10.1038/ng.2987
http://www.ncbi.nlm.nih.gov/pubmed/24836287
https://doi.org/10.3389/fpls.2018.00001
https://doi.org/10.1186/s13100-016-0058-8
https://doi.org/10.1186/s13100-016-0058-8
https://doi.org/10.1111/tpj.12656
https://doi.org/10.1111/tpj.12656
http://www.ncbi.nlm.nih.gov/pubmed/25182777
https://doi.org/10.1038/srep17644
http://www.ncbi.nlm.nih.gov/pubmed/26631625
https://doi.org/10.1534/g3.116.037572
https://doi.org/10.1534/g3.116.037572
http://www.ncbi.nlm.nih.gov/pubmed/28413161
https://doi.org/10.1007/s11295-017-1114-3
https://doi.org/10.1007/s11295-017-1114-3
https://doi.org/10.1371/journal.pone.0214542

9-PLOS |ONE

Population genetic structure of plant LTR retrotransposon lineages

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Zhou M, Liang L, Hanninen H. A transposition-active Phyllostachys edulis long terminal repeat (LTR)
retrotransposon. J Plant Res. 2018; 131: 203-210. https://doi.org/10.1007/s10265-017-0983-8 PMID:
29110195

International Rice Genome Sequencing Project. The map-based sequence of the rice genome. Nature.
2005; 436: 793-800. https://doi.org/10.1038/nature03895 PMID: 16100779

Schnable PS, Ware D, Fulton RS, Stein JC, Wei F, Pasternak S, et al. The B73 maize genome: com-
plexity, diversity, and dynamics. Science. 2009; 326: 1112—-1115. https://doi.org/10.1126/science.
1178534 PMID: 19965430

Santos FC, Guyot R, do Valle CB, Chiari L, Techio VH, Heslop-Harrison P, et al. Chromosomal distribu-
tion and evolution of abundant retrotransposons in plants: Gypsy elements in diploid and polyploid Bra-
chiaria forage grasses. Chromosom Res. 2015; 23: 571-582. https://doi.org/10.1007/s10577-015-
9492-6 PMID: 26386563

Hribova E, Neumann P, Matsumoto T, Roux N, Macas J, Dolezel J. Repetitive part of the banana (Musa
acuminata) genome investigated by low-depth 454 sequencing. BMC Plant Biol. 2010; 10: 1-10.
https://doi.org/10.1186/1471-2229-10-1

Mizuno H, lto K, Wu J, Tanaka T, Kanamori H, Katayose Y, et al. Identification and mapping of
expressed genes, simple sequence repeats and transposable elements in centromeric regions of rice
chromosomes. DNA Res. 2007; 13: 267-274. https://doi.org/10.1093/dnares/dsm001 PMID: 17298954

Gao D, Jiang N, Wing RA, Jiang J, Jackson SA. Transposons play an important role in the evolution
and diversification of centromeres among closely related species. Front Plant Sci. 2015; 6: 1-11.
https://doi.org/10.3389/fpls.2015.00001

Kolano B, Bednara E, Weiss-Schneeweiss H. Isolation and characterization of reverse transcriptase
fragments of LTR retrotransposons from the genome of Chenopodium quinoa (Amaranthaceae). Plant
Cell Rep. 2013; 32: 1575-1588. https://doi.org/10.1007/s00299-013-1468-4 PMID: 23754338

Sanchez D, Gaubert H, Drost HG, Zabet NR, Paszkowski J. High-frequency recombination between
members of an LTR retrotransposon family during transposition bursts. Nat Commun. 2017; 8: 1-7.
https://doi.org/10.1038/s41467-016-0009-6

Jordan IK, McDonald JF. Evidence for the role of recombination in the regulatory evolution of Saccharo-
myces cerevisiae Ty elements. J Mol Evol. 1998; 47: 14-20. hitps://doi.org/10.1007/PL00006358
PMID: 9664692

Vicient CM, Kalendar R, Schulman AH. Variability, recombination, and mosaic evolution of the barley
BARE-1 retrotransposon. J Mol Evol. 2005; 61: 275-291. https://doi.org/10.1007/s00239-004-0168-7
PMID: 16034651

Sabot F, Schulman AH. Template switching can create complex LTR retrotransposon insertions in Triti-
ceae genomes. BMC Genomics. 2007; 8: 1-5. https://doi.org/10.1186/1471-2164-8-1

Kelly RP, Palumbi SR. Genetic structure among 50 species of the northeastern pacific rocky intertidal
community. PLoS One. 2010; 5: e8594. https://doi.org/10.1371/journal.pone.0008594 PMID: 20062807

Aparicio A, Hampe A, Fernandez-Carrillo L, Albaladejo RG. Fragmentation and comparative genetic
structure of four mediterranean woody species: complex interactions between life history traits and the
landscape context. Divers Distrib. 2012; 18: 226—235. https://doi.org/10.1111/j.1472-4642.2011.00823.
X

Orsini L, Vanoverbeke J, Swillen |, Mergeay J, De Meester L. Drivers of population genetic differentia-
tion in the wild: isolation by dispersal limitation, isolation by adaptation and isolation by colonization. Mol
Ecol. 2013; 22: 5983-5999. https://doi.org/10.1111/mec.12561

PLOS ONE | https://doi.org/10.1371/journal.pone.0214542 May 20, 2019 20/20


https://doi.org/10.1007/s10265-017-0983-8
http://www.ncbi.nlm.nih.gov/pubmed/29110195
https://doi.org/10.1038/nature03895
http://www.ncbi.nlm.nih.gov/pubmed/16100779
https://doi.org/10.1126/science.1178534
https://doi.org/10.1126/science.1178534
http://www.ncbi.nlm.nih.gov/pubmed/19965430
https://doi.org/10.1007/s10577-015-9492-6
https://doi.org/10.1007/s10577-015-9492-6
http://www.ncbi.nlm.nih.gov/pubmed/26386563
https://doi.org/10.1186/1471-2229-10-1
https://doi.org/10.1093/dnares/dsm001
http://www.ncbi.nlm.nih.gov/pubmed/17298954
https://doi.org/10.3389/fpls.2015.00001
https://doi.org/10.1007/s00299-013-1468-4
http://www.ncbi.nlm.nih.gov/pubmed/23754338
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1007/PL00006358
http://www.ncbi.nlm.nih.gov/pubmed/9664692
https://doi.org/10.1007/s00239-004-0168-7
http://www.ncbi.nlm.nih.gov/pubmed/16034651
https://doi.org/10.1186/1471-2164-8-1
https://doi.org/10.1371/journal.pone.0008594
http://www.ncbi.nlm.nih.gov/pubmed/20062807
https://doi.org/10.1111/j.1472-4642.2011.00823.x
https://doi.org/10.1111/j.1472-4642.2011.00823.x
https://doi.org/10.1111/mec.12561
https://doi.org/10.1371/journal.pone.0214542

