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Abstract Transposable elements are the most abundant
components of plant genomes and can dramatically induce
genetic changes and impact genome evolution. In the
recently sequenced genome of tomato (Solanum lycopersi-
cum), the estimated fraction of elements corresponding to
retrotransposons is nearly 62%. Given that tomato is one
of the most important vegetable crop cultivated and con-
sumed worldwide, understanding retrotransposon dynam-
ics can provide insight into its evolution and domestication
processes. In this study, we performed a genome-wide in
silico search of full-length LTR retroelements in the tomato
nuclear genome and annotated 736 full-length Gypsy and
Copia retroelements. The dispersion level across the 12
chromosomes, the diversity and tissue-specific expression
of those elements were estimated. Phylogenetic analysis
based on the retrotranscriptase region revealed the presence
of 12 major lineages of LTR retroelements in the tomato
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genome. We identified 97 families, of which 77 and 20
belong to the superfamilies Copia and Gypsy, respectively.
Each retroelement family was characterized according to
their element size, relative frequencies and insertion time.
These analyses represent a valuable resource for compara-
tive genomics within the Solanaceae, transposon-tagging
and for the design of cultivar-specific molecular markers in
tomato.
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Introduction

Autonomous long terminal repeat (LTR) retroelements
are mobile genetic entities ranging in size from 3500 to
22,000 bp that multiply via RNA intermediates and inhabit
eukaryotic genomes (Kumar and Bennetzen 1999). They
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are present in high copy number in most plant genomes,
encompassing more than 75% of the nuclear genome of
some species (Sanmiguel and Bennetzen 1998; Kumar and
Bennetzen 1999; Li et al. 2004). Each LTR retroelement
is a functional unit composed of two modules, structurally
and functionally different: (a) two LTRs carrying regula-
tory sequences and flanking the coding region; and (b) an
internal portion encoding gag and pol genes required to
complete the retrotransposition. The gene gag encodes a
structural core protein named GAG, whereas the gene pol
encodes a polyprotein that includes a Proteinase (AP), an
RNAse H (RH), a Retrotranscriptase (RT), and an Integrase
(IN) (Kumar and Bennetzen 1999; Havecker et al. 2004).
LTR retroelement copies encoding the entire repertoire of
proteins are denominated “full- length” (Domingues et al.
2012; Gao et al. 2014), being potentially autonomous and
able to retrotranspose and insert themselves in new loca-
tions in the genome.

In response to internal and/or environmental signals,
regulatory sequences in the 5’'LTR prompt the transcription
of the internal portion and specific sequences of both LTRs
into polycistronic mRNA molecules that are processed and
exported to the cytoplasm to be translated similarly to other
transcripts. In the cytoplasm, cumulus of GAG, GAG-
Pol and mRNAs are formed and assembled into Virus-
like Particles, which undergo a maturation process where
polycistronic proteins are cleaved and activated by the AP
and mRNAs are retrotranscribed into cDNAs by the RT.
Then, the IN recognizes the LTR extremes in the mRNA
and conforms a Pre-integration Complex that is released
to the cytoplasm and imported into the nucleus, where it is
integrated into a new location in the host genome (Voytas
and Boeke 2002; Wilhelm and Wilhelm 2001). This pro-
cess completes the intracellular life cycle of an LTR retro-
element creating a new copy of itself. At insertion time, a
retrotransposon is assumed to share high level of similarity
with their parental copy. Older insertions might accumulate
mutations, undergo homologous recombination, lose their
function, and end up as a genomic fossil. The increasing
number of sequenced eukaryotic genomes in recent dec-
ades revealed a great complexity of LTR retroelement pop-
ulations and a close relationship with their host genome.

A considerable effort was made over the last years to
classify transposable elements. One of the most accepted
methods was the hierarchical classification system that
subdivided them into Classes, Orders, Superfamilies and
Families (Wicker and Keller 2007), although the delimi-
tation of families has been questioned (El Baidouri and
Panaud 2013). LTR retroelements belong to Class I, Order
LTR retroelements and encompass two evolutionary dis-
tinct Superfamilies based on protein sequence and order:
Gypsy and Copia (Wicker and Keller 2007). In addition, an
intermediate taxonomic category between Superfamily and
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Family, termed “lineages”, was proposed to include those
families that were evolutionary related and share structural
and functional features. In plants, six lineages (Athila, Tat,
Galadriel, Reina, CRM/CR, and Del/Tekay) were identified
in the Superfamily Gypsy; and seven lineages (TAR/Tork,
Angela/Tork, GMR/Tork, Maximus/Sire, Ivana/Oryco,
Ale/Retrofit, and Bianca) in the Superfamily Copia (Wicker
and Keller 2007; Du et al. 2010; Llorens et al. 2011). This
classification system was successfully used in retroelement
classification of several plant species (Wicker and Keller
2007; Du et al. 2010; Llorens et al. 2011; Domingues et al.
2012; Xu et al. 2017).

Nuclear genomes of different organisms contain diverse
numbers of transposable element families and copy num-
bers per family (Hua-Van et al. 2011; Biémont and Vieira
2006; Feschotte and Pritham 2007). Each retroelement
family exhibits a differential amplification among gen-
era or even within a single plant species (Du et al. 2010).
Currently, the most popular definition of LTR families is
based on sequence identity, where two elements belong to
the same family if they share>80% sequence identity in
>80% of their coding region, their LTR or both (Wicker
et al. 2007). A family can contain various elements that
have been rendered defective from point mutations or small
insertions or deletions (indels), and may or may not retain
sufficient DNA identity for family membership. The high
diversification rate of retroelement families with repeated
transpositional bursts may lead to an overestimation of
the family number when using such definition based on
sequence identity (El Baidouri and Panaud 2013). Instead,
a classification based on a clustering strategy based on the
nucleotide sequence of LTR has been proposed, which may
be particularly useful when the analysis includes defec-
tive copies that accumulated several types of mutations (EI
Baidouri and Panaud 2013). In our research, we employed
LTR sequences and the phylogenetic relations of amino
acid sequences of RT and RH as strategy to delimitate ret-
roelement families.

The availability of a high-quality assembly of the nuclear
genome of tomato (Solanum lycopersicum cv. Heinz 1706)
and transcriptomic data from different tissues enables the
characterization and analysis of LTR retroelement fami-
lies in this economically important species (The Tomato
Genome Consortium 2012). We focused on the characteri-
zation of full- length Copia and Gypsy LTR retroelements
to identify potentially active retroelement families in the
tomato genome based on sequence identity, evolution-
ary affiliations, insertion time and different tissue expres-
sion. To date only a few active elements were described in
the genus Solanum (Pearce et al. 1996; Cheng et al. 2009;
Paz et al. 2015). These results provide a valuable resource
for the S. lycopersicum genome annotation and compara-
tive genomics within the Solanaceae, and may be useful to
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discover active LTR retroelements for transposon-tagging
and molecular marker design in tomato. In addition, the
importance of accurate and full-length LTR retroelement
annotation is increasingly recognized as a priority in plant
genome sequencing projects to minimize the inaccuracy of
gene annotation and facilitate functional gene studies.

Materials and methods
Data mining

The nuclear genome sequence of the Solanum lycoper-
sicum cv. Heinz 1706 (ITAG2.3) was obtained from the
Sol Genomics Network (http://solgenomics.net/). De novo
LTR retroelements were identified with the online software
LTR-finder (http://tlife.fudan.edu.cn/ltr_finder/; Xu and
Wang 2007) with the following parameters: (1) Minimal
distance between LTRs: 3500 bp; (2) ps_scan algorithm to
detect protein domains of RT, IN and RH if they are identi-
fied; (3) conserved domain prediction PBS (primer binding
sequence) which was conducted assigning as a reference
genome the database of “Arabidopsis thaliana (2004)”; (4)
presence of conserved sequences, such as conserved end-
ings TG-CA; and (5) at least two of the sites conserved
TSR (terminal repeated sequences), PBS and PPT (poly
purine tract terminal).

The sequence between the two putative LTRs (internal
region) was subsequently analyzed by searching for con-
served domains in the Conserved Domains databases at
NCBI. Structurally full-length elements were defined as
those containing both LTRs and an internal portion encod-
ing for all the typical proteins of Gypsy and Copia super-
families (Fig. S1A) Full-length elements were annotated
and the amino acid sequences of the RT and RH for phylo-
genetic analyses were extracted from the domain alignment
provided in the output of Conserved Domains database in
the same manner as described in Fig. S1A. Truncated ele-
ments and fragments were not considered in this study (Fig.
S1B). Retroelement families were defined by LTR sequence
clustering in a similar manner as described by (El Baidouri
and Panaud 2013) and by evolutionary relationships based
on a phylogeny tree of RT and RH.

Spatial distribution and diversity of full-length
retroelements

The physical locations of Gypsy and Copia retroelements
were mapped to the tomato chromosome sequences. To
determine the spatial distribution pattern of each Super-
family, the frequency of Gypsy and Copia retroelements
was calculated as the number of elements in non-overlap-
ping 50-Mb windows in each chromosome and in the total

genome. Spatial patterns of the retroelements were esti-
mated based on the standardized Morisita (Krebs 1999)
distribution indexes. This index falls into three critical
values between —1 and 1 indicating: uniform (index value
<0), random (index value =0), and clustered (index value
>0).

The indexes of diversity commonly employed to char-
acterize ecological communities were used to measure
the diversity of the identified retroelements. In this case,
retroelement families were considered as species, and the
host genome as the habitat. The specific diversity index of
Shannon—Weaver (Shannon and Weaver 1949) was deter-
mined using the formula: H'=—2X Pi In Pi; with Pi=S/N
and where S=number of individuals within a species and
N=total number of individuals in the sample. This index
ranges between 0.5 and 5 in most natural systems. H' varies
between 2 and 3 in most natural systems; H' <2 indicates
low diversity; H' >3, high diversity; while H' > 5 is indica-
tive of very high diversity.

To estimate the richness within a retroelement commu-
nity, the Margalef diversity index was employed (Margalef
1958). This index is based on the numerical distribution of
individuals of different species depending on the number of
individuals in the sample. This index takes into account the
number of different species in a given area and is strongly
dependent on sampling size. The formula employed was
Dmg=(S—1)/In N Values of Dmg <2 are considered low
diversity zones, whereas values of Dmg>5.0 are consid-
ered high diversity zones. Intermediate ranges are consid-
ered normal.

Phylogenetic analyses

The evolutionary relationships of all full-length LTR ele-
ments were analyzed. Reference sequences from previously
characterized retrotransposons were included (Table S1).
Protein sequences were aligned in Seaview using Mus-
cle (Gouy et al. 2010). Maximum likelihood phylogenetic
analyses based on the amino acid sequence of the RT and
RH were performed with RAXML version 7.2.8, under the
JTT+TI model. A hundred rapid bootstrap inferences were
done with RAXML.

The sequence of one member per family was submit-
ted to the DDBJ database (http://www.ddbj.nig.ac.jp),
accession numbers LC012610-LC012706. Additionally,
full-length LTR retroelement sequences were submitted to
Gypsy Database (http://www.gydb.org).

Estimation of insertion time for LTR retrotransposons
in tomato

Insertion time was estimated according the method
described by Ma et al. (2004). CLUSTAL multiple
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alignment method from MEGA4 (Tamura et al. 2007) was
used to align all LTR pairs. Kimura two-parameter method
was used to calculate the distance (d) estimations and the
SE for all LTR pairs, under the complete deletion option
(Tamura et al. 2007). The rate variation among sites was
modeled with a gamma distribution (shape parameter =8).
SE estimates were obtained by using the analytical formula
option in MEGA4. Insertion times were estimated by using
the following equation: t=d/2r. The rate (r) of neutral evo-
lution of 1.3 x 10~® substitutions per site per year was used
(Ma et al. 2004).

Expression analysis

To estimate transcript abundance of the retroelements,
we analized RNA-seq data publicly available at the
NCBI Sequence Read Archive (SRA), accession number
SRP068096 that includes data from different tissues, organs
and developmental stages from S. lycopersicum cv. Micro-
Tom. For our analysis we selected root (SRR3095831),
leaf (SRR3095793), bud (SRR3095829) and seed from
fruits at the following ripening stages: immature green
(SRR3095785), mature green (SRR3095826), breaker
(SRR3095782), orange (SRR3095790) and red ripe
(SRR3095828). Raw reads were first filtered to remove
ribosomal RNA contamination using SILVA database
(Quast et al. 2013) and HISAT2 (Kim et al. 2015) with-
no-spliced-alignment setting. The same program was used,
with default settings, to map clean reads to the tomato
genome (ITAG2.3) obtained from the Sol Genomics Net-
work (http://solgenomics.net/). The number of reads that
mapped to each of the retroelements was used to estimate
transcript abundance expressed as FPKM (fragments per
kilobase of transcript per million mapped reads).

As a complementary approach to evaluate the expression
of the retroelements, BLAST searches against EST nucle-
otide databases of S. lycopersicum (NCBI Taxid: 4081)
were performed. We examined 351 independent biopro-
jects and 303,958 ESTs from S. lycopersicum available at
NCBI databases (http://blast.ncbi.nlm.nih.gov/BlastAlign.
cgi). Analyses were conducted using as a query the full-
length LTR sequences from most representative elements
of each family (copies with only one open reading frame
and with the highest similarity between both LTR). Posi-
tive matches were considered when at least one high qual-
ity sequence exhibited at least 80% of similarity with the
full-length LTR query sequence, score values >200 and
E-value <1073? (Wicker et al. 2007; Vicient 2010; Marcon
et al. 2015). Correlation analysis between the number of
positive matches and frequency of each retroelement fam-
ily was performed by Pearson correlation analysis using the
software InfoStat version 2012 (Di Rienzo et al. 2017).

Results

Number and distribution of full-length LTR
retroelements in the tomato genome

The analysis of the S. lycopersicum genome using the
software LTR-Finder returned 1859 hits of putative LTR
retroelements. A further evaluation of their integrity and
presence of all constitutive proteins yielded 736 structur-
ally full-length retroelements, 331 (44%) corresponding to
the Superfamily Copia and 405 (56%) to the Superfamily
Gypsy (Table S2). Across the 12 tomato chromosomes, the
Copia:Gypsy ratio varied from 0.4 to 1.3 (Table 1).

Despite the variable number of retroelements per chro-
mosome, ranging from 26 to 134, there were no significant

Table 1 Distribution,
frequency, and density of
the 736 full-length LTR

Chromosome No. of LTR retrotrans-
posons [Copia; Gypsy] Copia:Gypsy

Ratio Density per 10 million of Chromosome size (bp)

bp total [Copia/Gypsy]

retroelements identified in the

o b ChO1 134 [58; 76]

gencoél(;mosomes of the tomato Cho2 37 [20: 17]
Ch03 52 [15; 37]
Cho04 56 [28; 28]
Ch05 44 [25; 19]
Ch06 26 [10; 16]
Ch07 65 [31; 34]
Ch08 81 [40; 41]
Ch09 74 [34; 40]
Ch10 50 [26; 24]
Chl1 53 [21; 32]
Chl12 64 [23; 41]
Total 736 [331; 405]

0.8 14.9 [6.5/8.4] 90,304,244
1.2 7.4 [4.0/3.4] 49,918,160
0.4 8.0 [2.3/5.7] 64,840,714
1.0 8.7 [4.4/4.4] 64,064,312
1.3 6.8 [3.8/2.9] 65,021,438
0.6 5.6 [2.2/3.5] 46,041,636
0.9 10.1 [4.9/5.2] 65,268,621
1.0 12.9 [6.3/6.5] 63,032,657
0.9 10.9 [5.0/5.9] 67,662,091
1.1 7.7[4.0/3.7] 64,834,305
0.7 9.9 [3.9/6.0] 53,386,025
0.6 9.8 [3.5/6.3] 65,486,253
0.8 9.7 [4.4/5.3] 759,860,456
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differences in their density (X2 test, df=1; Table 1). In fact,
the number of retroelements was significantly correlated
with chromosome length (Pearson correlation r=0.89;
p<0.0001). However the analysis of spatial pattern of dis-
persion of retroelements using standardized Morisita Index
revealed that, in most cases, both Gypsy and Copia retro-
elements exhibited a clustered distribution (Fig. 1). Excep-
tions to this rule were found for either Copia or Gypsy ele-
ments in chromosomes with low number of retroelements
(chromosomes 5, 6, 10, 11 and 12), and with a spatial
pattern of distribution tending to be uniform or random

(Fig. 1).

Family delimitation and evolutionary relationships
of full-length LTR retroelements

The 736 full-length LTR retroelements identified in the
tomato genome were grouped in 97 families based on evo-
lutionary tendencies of the RT sequences (Fig. 2 and Fig.
S2 and Fig. S3) and on LTR sequence identity. However,

the phylogenetic analyses alone were sufficient to classify
the tomato LTR retroelements at the Superfamily, line-
age, and Family levels. This analysis was also performed
using RH sequences yielding same results (Fig. S4 and
S5). Families were also compared with LTR retroelements
previously described in tomato (Table S3).Families exhib-
ited differences in frequency (number of elements) and
sequence length (Fig. 3; Table S3). A total of 77 and 20
families belonged to the superfamilies Copia and Gypsy,
respectively. Most families (49% of Copia and 63% of
Gypsy) had multiple members, while the rest were mono-
typic with only one member (Table S3). Comparisons
among the 97 families of LTR retroelements also revealed
differences in family diversity, where Copia retroelements
(H"=3.69; Dm=13.26) were more diverse than Gypsy
ones (H’=1.05; Dm=2.66).

Phylogenetic trees constructed based on protein align-
ments of the RT domain revealed that the tomato Gypsy
elements belonged to five of the six main lineages defined
within Gypsy (Athila, Tat, Galadriel, Reina and Del/Tekay;

-
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Fig. 1 Chromosomal distribution of complete Copia and Gypsy ret-
roelements in the S. lycopersicum genome (above and below the mid-
line of each chromosome, respectively). The standardized Morisita

Mb

Index and the type of distribution are shown on the right of each
chromosome. Approximate location of the centromeres are indicated
according to The Tomato Genome Consortium, (2012)
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«Fig. 2 Phylogenetic trees based on amino acid sequences of the
RT from 433 Gypsy (a) and 370 Copia (b) LTR retroelements,
respectively, including reference sequences (marked with asterisks,
Table S1). Retroelement families and known lineages are indicated by
vertical lines and brackets, respectively. Monotypic families are indi-
cated by green circles. Numbers above the branches represent boot-
strap support values >50%

Fig. 2a); whereas within the Superfamily Copia we iden-
tified seven well defined lineages (Sire/Maximus, Oryco/
Ivana, Retrofit/Ale, Bianca, TAR/Tork, Angela/Tork,
GMR/Tork; Fig. 2b). The number of retroelement fami-
lies per lineage was variable (Table S3; Fig. 3). Among the
Copia retroelements, the most family-rich lineage was Ret-
rofit/Ale with 50 families, followed by GMR, and Oryco/
Ivana with 9, and 8 families, respectively (Fig. 3c). Con-
trarily, all Gypsy lineages included less than 7 families
(Fig. 3c). However, the total number of retroelements per
Gypsy lineage exhibited a different trend, being Del/Tekay
the most numerous (>350 elements), with ~2 and ~three-
fold more retroelements than the Copia lineages GMR/Tork
and Retrofit/Ale, respectively (Fig. 3d). The remaining lin-
eages contained less than 50 retroelements each (Fig. 3d).

The lineages Del/Tekay and GMR/Tork included the two
most numerous families: GypsySL_01 and CopiaSL_37
with 318 and 49 copies, respectively (Fig. 3a). Together
they accounted for almost half of all full-length retroele-
ments identified in this work (Table S3). In the case of the
family-rich lineage Retrofit/Ale, most of the families (68%)
were monotypic or poorly populated (less than 10 mem-
bers). This trend in terms of proportion of monotypic fami-
lies and limited abundance was observed in other lineages,
such as Oryco/Ivana, Galadriel, Reina and Tat (Fig. 3a).
The lineage Sire/Maximus presented one family (Copi-
aSL_19) with more than 20 individuals, whereas the other
two families within this lineage were low frequency ones.
In contrast, the lineages Athila and Angela/Tork were each
represented by a single, scarcely populated family (Gyp-
sySL_04 and CopiaSL_monotypiclCh12_2s29).

Insertion time

The analysis of insertion time of the 736 retroelements
revealed that 73% of them inserted in the last 2 MYA, and
16% within the last 0.5 MYA (Table S2). The compari-
son of the insertion time in both retroelement superfami-
lies suggests that most of Copy members are younger than
Gypsy ones (ANOVA, p<0.0001). The insertion time of
49% of Copia retroelements were estimated in less than 1.0
MYA (Fig. S6). Contrarily, a small fraction of Gypsy mem-
bers were inserted within the last 1.0 MYA (26%), while
most of them (60%) inserted between 1.0 and 2.5 MYA
ago. Likewise the fraction of retroelements with more than

2.5 MYA of insertion time is very small for both Copia and
Gypsy superfamilies (12.6 and 13.7% respectively).

The evaluation of the insertion time within each phylo-
genetic lineage also revealed differences on the dynamics
of full-length retroelements (Table 2). Out of 12 lineages of
potentially-active LTR retroelement identified in the tomato
genome, only 7 contained members inserted less than a
0.5 MYA (Retrofit/Ale, Sire/Maximus, Oryco/Ivana, Tork/
GMR, Tat, Galadriel and Del/Tekay). Other lineages exhib-
ited a burst of amplification in more ancient times. This is
the case of Sire/Maximus (72% of retroelements inserted
between 0.5 and 2.0 MYA); Oryco/lvana (72%, 1.0-3.0
MYA); Tork/Tar (78% inserted between 0.5 and 2.5 MYA);
Galadriel (66% inserted between 1.0 and 2.5 MYA); Reina
(100% inserted between 0.5 and 3.0 MYA). In the case of
the lineage Del/Tekay, despite the elevated number of ret-
roelements inserted very recently (30 retroelements earlier
than 0.5 MYA), the burst of amplification occurred more
anciently (79% inserted between 0.5 and 2.5 MYA).

Expression analysis

In order to estimate transcript levels of the retroelements,
we used RNAseq data publicly available derived from S.
lycopersicum roots, leaves, buds and seeds from fruits at
the following ripening stages: immature green, mature
green, breaker, orange and red ripe. Additionally, we
employed EST data sets from S. lycopersicum available in
NCBI. Our analysis revealed potential tissue-specific tran-
scriptional activity in at least 58 of the 97 families of ret-
roelements identified in this research (Table S4, Table S5).
We observed a positive correlation between the number of
families per lineage identified by both methods (Pearson
correlation=0.97; p<0.0001). In fact, the comparison of
both expression analyses showed that 29 of the expressed
families are common, whereas 8 and 27 families were iden-
tified solely by RNA-seq and EST analysis respectively
(Table S6).

RNA-seq-based analyses identified 30 families from 9
lineages (families belonging to Angela/Tork, Athila and
Reina were absent) with 59 retroelements copies with
potential expression activity in tomato (FPKM > 1). Posi-
tive correlations between the number of hits (copies with
FPKM>1) and the number of copies within each fam-
ily (Pearson correlation r=0.59; p<0.0001) and within
each lineage (Pearson correlation r=0.82; p<0.001) were
observed. Interestingly, most of the monotypic retroele-
ments did not show any expression activity, in contrast to
the highly numerous families of retroelements. Also, most
of the highly populated lineages such as Retrofit, GMR/
Tork, and Del/Tekay exhibited the highest values of hits
and expression levels (Table S7). However, not all cop-
ies of a family were expressed, with only a few copies
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«Fig. 3 Diversity, frequency, and mean lengths of complete Copia and
Gypsy retroelements in the S. lycopersicum genome. a Number of
complete retroelements per family. b Mean lengths of the LTR (grey)
and internal portion (In, white) of the retroelements in each family. ¢
Number of families of retroelements per lineage. d Total number of
retroelements per lineage

transcriptionally active. For example, the most populated
family GypsySL_01 exhibited only one active copy (<1%
active copies). Contrarily, families moderately populated
such as CopiaSL_37, CopiaSL_30, CopiaSL_19 and Gyp-
sySL_05 have 10, 30, 12 and 70% of their copies with some
level of expression.

Some of the families exhibited a trendy tissue-specific
expression (Fig. 4, Table S7). This is the case of Gyp-
sySL_05 (FPKMmax=2.0 in leaf and bud tissue), Gyp-
sySL_09 (FPKMmax =3.0 and 2.5 in SeedO and Seed RR
stages, respectively), CopiaSL_30 (FPKMmax=1.0, 1.7,
1.6 and 3.9 in Root, Leaf, Bud and Seed RR tissues respec-
tively), CopiaSL_37 (FPKMmax=1.2, 2.5, 1.9 and 1.6 in
Root, Leaf, Bud and Seed RR tissues respectively). Retrofit,
the most diverse lineage identified in this research, exhib-
ited 10 families potentially expressed in plant vegetative
tissues, being these values noticeably higher in some cases
such as CopiaSL_monotypclCh03_2s19 (FPKM =4.06 and
3.34 in bud and root tissues respectively) and CopiaSL_
monotypclCh10_2s56 (FPKM=9.63 in bud tissue). The
most markedly values of FPKM were registered in a mem-
ber of GMR/Tork lineage, particularly in one copy of Copi-
aSL_32 family, with high values in leaf (FPKM=47.15),
bud (FPKM =5.46), root (FPKM =3.66) and seed IG and
RR stages (FPKM =3.27 and 3.85 respectively) (Fig. 4).

Finally, a positive correlation was observed between the
families that are transcriptionally-active estimated by both
methods and the number of retroelements inserted in less
than 1.0 Mya (Table 3). The remaining class intervals do
not show significant differences.

Discussion

Transposable elements and repetitive DNA derived from
these represent one of the most outstanding genomic fea-
tures of plants (Huang et al. 2012). They are important bio-
logical entities because their activation greatly affects the
evolution of the host genome (Biémont and Vieira 2006).
Genomes change over time through insertions, deletions,
and recombination of transposable elements across differ-
ent chromosomes affecting their size and promoting the
generation of genetic diversity and the evolution of new
genes and regulatory networks (Bowen et al. 2003; Pritham
et al. 2007). Thus, the identification and classification of
full-length and potentially-active elements in a particular

species, such as tomato, allow comparative and integrative
approaches to understand its life cycle and impact on the
generation of genetic variability and on plant evolution.

Identification and distribution of full-length LTR
retroelements in the S. lycopersicum genome

Computational algorithms have been developed to iden-
tify transposable elements in genomes and they revealed
marked differences between species, in terms of copy
number, repertoire and level of breakdown (Le Rouzic
and Capy 2006; Bergman and Quesneville 2007; Pritham
2009). Most research has been oriented to identify and
classify plant retroelements employing the criterion pro-
posed by Ma et al. (2004) that subdivide LTR retroelements
in intact, solo, and truncated populations according to the
level of integrity of LTR sequences alone. From a func-
tional point of view, this criterion has limitations because
it does not contemplate the functional portion of the retro-
element that allows its mobility (El Baidouri and Panaud
2013). Thus, we chose a more stringent criterion of classi-
fication based on the presence of both LTR (intact elements
according Ma et al. 2004) and the presence of all constitu-
tive structural proteins to define full-length retroelements
(5'LTR-GagPol-3'LTR). Under this criterion, we identified
those retroelements, which are probably autonomous and
potentially active within the tomato genome.

A preliminary analysis of the genome of S. lycopersicum
cv. Heinz 1706 (ITAG version 2.40) revealed that the ret-
roelements accounted for approximately 62% (460 Mb) of
the genome and were mostly incomplete or truncated (The
Tomato Genome Consortium 2012). Recently, an in-depth
genome analysis reported the presence of 15,134 L retro-
elements (Xu and Du 2014) of which 2086 were found to
be intact according Ma et al. (2004). In our study, each ret-
roelement identified was thoroughly analyzed to identify all
constitutive parts of a full-length retroelements described
above and found 736 full-length retroelements. Thus, only
a small portion of the LTR retroelements inhabiting the
tomato genome contains all the structural and functional
components that allow their autonomous mobilization.

Of those full-length elements identified here, the over-
all ratio Copia:Gypsy was 0.8, indicating that both super-
families are similarly populated in this species. If the
analysis is performed including intact, solo and truncated
retroelements, this ratio decreases to 0.58 (Xu and Du
2014). This variation might be attributed to the ancient
radiation of Gypsy superfamily in the tomato genome
(Fig. S6). A comparison with other angiosperms shows
that this ratio is variable across plants: Solanum phureja,
3.5; Capsicum annum 2.3 (Paz RC, Yafiez Santos AM,
Andino NP; unpublished results); Glycine max, 1.4 (Du
et al. 2010); Zea mays, 1.6 (Schnable et al. 2009); Oryza
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30 (0.08)
57 (0.16)
89 (0.25)
66 (0.18)
71 (0.2)

22 (0.06)

0 (0.00)

2 (0.12)

5(0.36)
4(0.29)

0 (0.00)
2(0.29)

0 (0.00)

33 (0.25)
30 (0.23)
21(0.16)

0 (0.00)
3(0.18)

0 (0.00)
0 (0.00)
0 (0.00)
1 (1.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

4(0.14)
3(0.1)

3(0.07)
11 (0.26)
10 (0.23)
10 (0.23)

39 (0.38)
33(0.32)
15 (0.14)

[0.00-0.50]

2 (0.50)

2 (0.12)

2 (0.29)

(0.50-1.00]

0 (0.00)
1(0.25)
0 (0.00)
1(0.25)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

1(0.14) 2(0.14) 4(0.24)

1(0.14)

4(0.24)
3(0.18)

2 (0.07)
11 (0.38)

(1.00-1.50]

1(0.149) 2(0.14) 3(0.18)
2 (0.29)

0 (0.00)
0 (0.00)

0 (0.00)

18 (0.14)

6 (0.06)

(1.50-2.00]
(2.00-2.50]

4(0.24)

0 (0.00)
0 (0.00)
0 (0.00)
1 (0.07)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

1(0.14)

16 (0.12)

3(0.18)

1 (0.03)
7(0.24)
1 (0.03)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

3(0.07)

4(0.04)

1 (0.06)
1 (0.06)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

4(0.03) 3(0.43)

1 (0.06)
1 (0.06)

2(0.12)

4(0.04) 4 (0.09)

(2.50-3.00]
(3.00-3.50]

18 (0.05)

0 (0.00)

3(0.02)

1(0.02)
0 (0.00)

1 (0.01)

3(0.01)

1(0.14)

0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

0 (0.00)

0 (0.00)

3(0.02)

1 (0.01)

(3.50-4.00]
(4.004.50]
(4.50-5.00]
(5.00-5.50]

2 (0.01)

0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

2(0.02)

0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)
0 (0.00)

0 (0.00)
0 (0.00)
0 (0.00)
1(0.02)

0 (0.00)

0 (0.00)

2 (0.01)

0 (0.00)

0 (0.00)

1 (0.003)
1 (0.003)
1 (0.003)

0 (0.00)

1(0.01)

0 (0.00)

0 (0.00)

(5.50-6.00]
(6.00-6.50]

0 (0.00)

0 (0.00)

Bold numbers reflect classes of MYA with a frequency higher than 0.20 within each phylogenetic clade

sativa, 4.9 (Tian et al. 2009); and Sorghum bicolor, 3.7
(Paterson et al. 2009). However, with the exception of the
first two species analysis, the remainder studies were per-
formed analyzing intact, truncated and solo retroelement
copies. This reveals that retroelements expansion within a
genome is unique, and depends on the evolutionary pro-
cess within each different plant species.

Our results suggested that the distribution of full-
length LTR retroelements across the tomato chromo-
somes is clustered, in agreement with previous research
proposing that the distribution of retroelements in plant
genomes is non-random and they are commonly found in
clusters (Hua-Van et al. 2011). This skewed distribution
appears to respond to the integration affinity of different
types of retroelements within specific genomic environ-
ments under neutral selection and where they can escape
regions with genomic recombination and the epigenetic
control exerted by the host genome (Hua-Van et al. 2011;
Pereira 2004).

Diversity and phylogenetic analyses of full-length
retroelements in the tomato genome

Delimitation of retroelement families represents a great
challenge given their high rates of evolution, particularly
when truncated or incomplete copies are included in the
analyses. In this study, we identified 97 families of retro-
elements based on phylogenetic analyses of the RT protein.
Most families in the tomato genome belonged to Copia
(80%) and the remainder to Gypsy (20%). Retroelements
from the same family showed high levels of LTR identity
among them. In contrast, elements from different families
did not share any similarity in their LTR sequences. Simi-
lar results were previously reported (Ma et al. 2004; Nagaki
et al. 2004).

Ample variation in the number of retroelements per fam-
ily was observed in this study. The most extreme case is
the family GypsySL_01, which represents 40% of all the
identified full-length LTR retroelements, in contrast to the
47 monotypic families (48%). Analyses of the copy number
within each retroelement family in other plants species also
showed great variability because some families suffered
dramatic amplification in a similar manner to GypsySL_01.
This is the case of SNARE with more than 5000 copies and
five other families of retrotransposons with 100 copies in
the Glycine max genome (Du et al. 2010). In Zea mays,
five families of LTR retrotransposons represent ~80% of
the maize retrotransposon repertoire (Sanmiguel and Ben-
netzen 1998; Schnable et al. 2009). An extreme case has
been reported in the wild rice Oryza australiensis, where
the amplification of only three LTR retrotransposon fami-
lies doubled the size of its genome (Piegu et al. 2006).
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Fig. 4 Tissue-specific expression analysis based on RNA-seq analy-
sis of each retroelement family identified in tomato. Only maximum
values of FPKM (fragments per kilobase of transcript per million
mapped reads) per family were expressed. SeedIG seeds from fruits

Dynamics of full-length retroelements in the tomato
genome

The nucleotide identity between both LTR of a retroele-
ment is helpful to estimate its insertion time because two
LTRs of a single LTR retrotransposon are usually identi-
cal at the nucleotide sequence level upon integration (San-
miguel and Bennetzen 1998). In fact, it is widely accepted
that copies of retroelements inserted recently usually are
more structurally intact and complete, whereas older ones
contain a higher percentage of truncated elements and solo
LTRs (Ma et al. 2004). Thus, the more recent the integra-
tion, the more likely it is active today. All the copies of the

Table 3 Pearson correlation between insertion times of retroele-
ments and RNA-seq and EST expression analyses

MYA classes (IL-SL] Number of families with positive hits per

lineage

RNA-seq EST
[0.00-0.50] 0.94 (p<0.0001) 0.93 (p<0.0001)
(0.50-1.00] 0.75 (p<0.05) 0.72 (p<0.01)
(>1.00] ns ns

The values in parentheses correspond to the significance level of
Pearson statistic, whereas ns indicate not significant correlation
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retroelements identified in this study are intact and full-
length, with a high level of similarity between both LTR,
being hence potentially active. In fact, more than 90% of
them were inserted in the tomato genome within the last
2.5 Mya, 36% within the last 1 Mya and 16% within 0.5
Mya. Twenty-two copies of retroelements, mostly of the
Superfamily Copia, showed an insertion time of 0.0 Mya,
suggesting their very recent activation (Supplementary
Table 2). The relatively recent insertion times of the full-
length retroelements compared to the estimated insertion
times of intact retroelements (up to S MYA; Ma et al. 2004,
Du et al. 2010; Vitte et al. 2013), could be explained by
the fact that potentially autonomous full-length copies had
a more recent activation than those non-autonomous ele-
ments that only conserve intact LTR sequences.

The amplification timeframe of identified retroelements
varies dramatically in different, superfamilies, lineages
and families, having Copia retroelements higher activity
in the recent 0.5 Mya than Gypsy (Table 2). In this sense,
we observed several waves of LTR retrotransposon ampli-
fication events, with different temporal patterns of transpo-
sitional activity among lineages, being Retrofit/Ale, Tork/
GMR and Tat the most active recently (<1.0 Mya). Con-
trarily, despite several members of Del/Tekay lineage were
inserted recently, the peak of activity occurred within the
1.0-2.5 Mya ago. This suggests that retroelements were
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active in waves, rather than continuously within the tomato
genome. Similar behavior of LTR retroelements were
reported in different plant species (Wicker and Keller 2007;
Du et al. 2010; Wollrab et al. 2012; Beulé et al. 2015; Mar-
con et al. 2015; Yin et al. 2015).

The mechanisms behind bursts of amplification of only
a few retrotransposon families are poorly understood, and
the most accepted explanation is that those families were
able to escape stochastically from silencing cellular mech-
anisms of the host genome (Lucas et al. 1995; Hirochika
et al. 2000; Paz et al. 2015). Currently, several reports
suggest that most of the repertoire of retroelements from
a particular genome are in a quiescent state (Picault et al.
2009; Vicient 2010; Beulé et al. 2015). Several mecha-
nisms, in two major pathways, can control the activity of
retroelements in plants (Feschotte and Pritham 2007).
Those mechanisms include methylation of both DNA and
histones, as well as post-transcriptional silencing through
the siRNA pathway (Slotkin and Martienssen 2007). In
addition, RNA-directed DNA methylation (RADM), a pro-
cess that leads to chromatin modification through siRNA,
is also dependent on the number of copies of a given ele-
ment and the level of its transcription (Perez-Hormaeche
et al. 2008; Picault et al. 2009). In this sense, only 30% of
the retroelement families in tomato exhibited some level of
transcriptional activity (Table 3). Of those, only a few cop-
ies within each family were potentially expressed, mostly
with low to moderate levels of transcription (FPKM values
from 1 to 10) and occasionally with high levels of tran-
scription (FPKM > 10) (Fig. 4). Even though we observed
a positive correlation between the number of copies within
a particular family and the level of expression, the number
of positive hits are very low in high-copy number families
(1-10%) and high in low-copy number families (30-70%).

Probably, the highly repeated tomato families of LTR
retrotransposons such as GypsySL_01 or CopiaSL_37
may be the target of such silencing pathways, in contrast to
low-copy families such as GypsySL_05, CopiaSL_30 and
some monotypic families. In this sense, some experimen-
tal evidence suggests that the family GypsySL_01 is highly
methylated in sites CG and CNG and consequently silenced
(Wang et al. 2000).

Previously reported LTR retroelement families
in tomato genome

Nearly 64% of the retroelements described in this research
had been previously described (Table S3; Ganal et al. 1988;
Parniske et al. 1999; Araujo et al. 2001; Yang et al. 2005;
Wang et al. 2006; Tam et al. 2007; Salazar et al. 2007;
Jiang et al. 2009; Yin et al. 2013; Xu and Du 2014). The
remaining retroelements (~36%) had not been previously
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described, being this research its first characterization and
description.

Even though Gypsy retroelements are the most abundant
in the tomato genome, the first elements identified and the
most widely studied belong to the Superfamily Copia. The
family CopiaSL_32/Retrolyc contains the first retrotranspo-
son whose activation induced by stress was reported and it
is one of the best-characterized plant retroelements at the
structural and functional levels. It was first discovered in
Nicotiana tabacum (Tntl; Grandbastien et al. 1989). Later,
its presence was demonstrated in genomes of other Sola-
naceae and it is actually considered an ancestral retroele-
ment family widely dispersed in the family Solanaceae but
with low copy numbers (Manetti et al. 2007, 2009; and this
study), and several active members in different species of
Solanaceae (Grandbastien et al. 1989; Paz et al. 2015; Tam
et al. 2007). The family CopiaSL_37/Rider has also been
previously described and, in agreement with our findings, it
was found to be a high-copy number retrotransposon family
in the tomato genome that may still be active (Jiang et al.
2009).

Another family previously studied was the CopiaSL_
monotypiclChr03_2s19/ TAREI that exhibited a rare sin-
gle nucleotide mutation from ‘G’ to ‘A’ in the typical ‘TG’
at the ends of the two LTRs (Yin et al. 2013). In contrast
to our results, this family showed high copy numbers (354
copies) distributed along all tomato chromosomes with
a relative short burst of activity in the recent past (<1.7
Mya). This discrepancy between studies, in which 1 (this
work) or 354 (Yin et al. 2013) copies were identified, can
be explained by differences in the search strategy and con-
straints. Our search strategy excluded all LTR retroele-
ments that lack the typical TG at the end of the LTRs.

In the case of Gypsy retroelements, the family Gyp-
sySL_01 has been described as the largest family of ret-
rotransposons identified in tomato constituting about 2.5%
of its nuclear genome and a copy number ranging between
2000 and 4000, with most copies being truncated or incom-
plete (Ganal et al. 1988; Wang et al. 2006; Xu and Du
2014). Different terminology has been used to name this
family: PCRT1a (Ganal et al. 1988), TGRII (Yang et al.
2005), Jingling (Wang et al. 2006) and six different names
for subsets of the family SL_RT F319/SL_RT_F322/
SL_RT_F324/SL_RT_F325/SL_RT_F329/SL_RT_F159
(Xu and Du 2014). The distribution of the members of this
family in the tomato genome constituted pericentromeric
heterochromatin (Park et al. 2011), and experimental data
suggested that this family is silenced by methylation (Wang
et al. 2000).
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