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Abstract

A significant proportion of plant genomes is consists of transposable elements (TEs), especially LTR retrotransposons (LTR-
RTs) which are known to drive genome evolution. However, not much information is available on the structure and evolution-
ary role of TEs in the Passifloraceae family (Malpighiales order). Against this backdrop, we identified, characterized, and
inferred the potential genomic impact of the TE repertoire found in the available genomic resources for Passiflora edulis, a
tropical fruit species. A total of 250 different TE sequences were identified (96% Class I, and 4% Class II), corresponding
to~19% of the P. edulis draft genome. TEs were found preferentially in intergenic spaces (70.4%), but also overlapping genes
(30.6%). LTR-RTs accounted for 181 single elements corresponding to ~ 13% of the draft genome. A phylogenetic inference
of the reverse transcriptase domain of the LTR-RT revealed association of 37 elements with the Copia superfamily (Angela,
Ale, Tork, and Sire) and 128 with the Gypsy (Del, Athila, Reina, CRM, and Galadriel) superfamily, and Del elements were
the most frequent. Interestingly, according to insertion time analysis, the majority (95.9%) of the LTR-RTs were recently
inserted into the P. edulis genome (< 2.0 Mya), and with the exception of the Athila lineage, all LTR-RTs are transcription-
ally active. Moreover, functional analyses disclosed that the Angela, Del, CRM and Tork lineages are conserved in wild
Passiflora species, supporting the idea of a common expansion of Copia and Gypsy superfamilies. Overall, this is the first
study describing the P. edulis TE repertoire, and it also lends weight to the suggestion that LTR-RTs had a recent expansion
into the analyzed gene-rich region of the P. edulis genome, possibly along WGD (Whole genome duplication) events, but
are under negative selection due to their potential deleterious impact on gene regions.

Keywords Passiflora - Passion fruit - Genome evolution - Mobile genetic elements - Reverse transcriptase

Introduction

First described in maize by Barbara McClintock in the mid-
dle of the twentieth century [1], transposable elements (TE)
are DNA segments that have the ability to move within the
genome [2]. TEs are often found in eukaryotic genomes,
with little-known exceptions [3, 4] and, for many years, were
considered ‘junk DNA’ or ‘selfish DNA parasites’, without
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any benefit, until they were discovered to cause substan-
tial and deleterious mutations. Because of their mutagenic
potential, genomes have evolved and created diverse mecha-
nism to suppress their activity (see [5]). On the other hand,
genome-scale studies have revealed that TEs play a key role
in genome function, chromosome evolution, speciation and
diversity [4, 6].

Long terminal repeat retrotransposons (LTR-RT) are the
predominant order of mobile genetic elements found in plant
genomes [7], accounting for 97.7% of all TEs and 61.8%
of the of Solanum lycopersicum genome [8] and consisting
of 62.9% of all TEs and 41.7% of the Pinus taeda, loblolly
pine genome [9]. LTR-RTs are also responsible for genome
expansion in some species, such as Capsicum annuum, with
the accumulation of LTR-RTs and their derivatives [7, 10].
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Structurally, these elements have long terminal repeats at
both 5" and 3’ ends in direct orientation that are responsible
for controlling the transposition mechanism [2] and down-
stream located genes [11]. Autonomous LTR-RTs also have
internal domains that encode for proteins related to their
transposition: GAG (Group-specific Antigen) and POL (syn-
thesized as a polyprotein containing PROT, Aspartic Pro-
teinase; INT, Integrase, RT, Reverse Transcriptase and RH,
RNAse H). In some cases, they even include functional ENV
(Envelope) proteins [12]. Some LTR-RTs have a chromodo-
main (Chromatin Organization Modifier Domain, CHD) of
40-50 amino acids involved in chromatin remodeling and
gene expression regulation in eukaryotes [13, 14].

LTR-RTs are divided into five superfamilies based on
alignments and phylogenetic inference according to the
domains of the GAG and POL proteins [15, 16]. Three
superfamilies are found only in Metazoans (Bel-Pao, Retro-
virus and ERV), and the other two (Copia and Gypsy) tend
to be the most common in plants. Copia and Gypsy elements
differ mostly in the organization of their internal domains
[3, 17]. The Copia superfamily is further subdivided into
evolutionary lineages (Angela, Ale, Bianca, Ivana, Oryco,
Retrofit, Sire, Tork and Maximus), as are those belonging to
the Gypsy superfamily (Athila, CRM, Del, Galadriel and
Reina). These lineages share relationships in both sequence
similarity and molecular organization, and their identifica-
tion and characterization are central to understanding the
transposition mechanism and evolutionary history of the
LTR-RT system [7, 18, 19].

These elements are frequently found in heterochromatic
regions, such as regions harboring centromeres, that show
very low recombination rates, but others can be found
spreading over the chromosome. Some retrotransposon
families are found in gene-rich regions where there is strong
control, given the deleterious effects that TEs can cause on
genes. Thus, large LTR-RTs and TE families with high copy
numbers are less tolerated in these regions, and are generally
removed due to their large impacts on genome structure. TEs
can disrupt genes and influence gene expression and genome
evolution, as well as diversity. A number of other roles and
impacts are related to the activity of LTR-RTSs, such as alter-
native splicing, epigenetic control, transduction, duplication,
recombination and many other nuclear processes [20, 21].
Elucidating the contribution of LTR-RTs to genome struc-
ture and function is therefore essential for understanding the
evolutionary plasticity of genomes.

Passiflora (Passifloraceae, Malpighiales) is a Neotropi-
cal genus accounting for hundreds of species with wide-
spread distribution in the American continent, including
the Amazonian and Andean regions. Population pressure
in all these regions is high, raising considerable concern
about conserving Passiflora diversity. The species are
highly variable in morphological terms, with substantial
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variation in genome size (0.212 pg in P. organensis up to
2.68 pgin P. quadrangularis, [22]). Taxonomically speak-
ing, they are grouped into four subgenera: the ancestral
Astrophea (57 species); Decaloba (220); Deidamioides
(13); and the recent Passiflora subgenus (240), which
contains several self-incompatible species [23]. Popularly
known as passionflowers or passion fruits, the cultivated
species of Passiflora are of economic importance world-
wide for both juice production and in natura consumption.
In Brazil in particular, P. edulis is the main cultivated spe-
cies. Despite the interesting attributes of the genus Pas-
siflora and the economic relevance of P. edulis, during the
last decade only a few studies have been conducted to shed
light on its transcriptome [24] and genome structure [25].

Our research group has conducted several genetic and
genomic studies to enrich our knowledge of P. edulis
[26-30], including a study by Santos and co-workers [31]
that sequenced some 10,000 BES (BAC-end sequences of
up to 1000 bp), generating approximately 6.2 Mb of data.
Among those sequences, 9.6% were similar to plant genes.
Interestingly, it was found that 19.6% of the sequences
consisted of repetitive elements, most of which (94.4%)
are transposable elements. Additionally, we further
sequenced over 100 large-inserts from a P. edulis genomic
library using a long-read sequencing platform, constituting
a gene-rich fraction of the P. edulis genome, and represent-
ing the most comprehensive genomic resource for the spe-
cies so far [32]. Furthermore, a draft genome assembled
from short-reads is also publicly available at GenBank [25,
33].

Therefore, this scenario prompted us to perform a fur-
ther and detailed analysis of the TE repertoire to advance
our knowledge of P. edulis genome structure and evolution.
We were able to generate a comprehensive atlas of 250
TE sequences using the standard nomenclature and clas-
sification [3] in order to facilitate information exchange.
Importantly, the LTR-RT order was analyzed at lineage
level. In addition, the transcriptional profile of the P. edu-
lis TE repertoire and the presence of LTR-RT lineages in
wild Passiflora species were also characterized. Compil-
ing our results with the available genomic data, we found
that TEs are preferentially found in intergenic spaces,
although some overlapped gene sequences. Together with
the predicted recent activity and abundance of LTR-RTs
characterized herein, our data suggests a recent expansion
of these elements into the analyzed gene-rich region of the
P. edulis genome, which may have occurred along WGD
events. However, we hypothesize that a strong negative
selection, as a rule, is acting on these elements to prevent
deleterious impacts on host fitness. Remarkably, this is the
first detailed characterization of mobile genetic elements
in Passifloraceae, the passionflower family.
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Methods

Identification and characterization of P. edulis
transposable elements

The P. edulis TE repertoire was determined in silico using
the gene-rich genome fraction as a template [32] and the
draft genome assembly [25].

Initially, the REPET pipeline was used to classify and
annotate the TEs [34, 35] recognized in the gene-rich frac-
tion of the P. edulis genome, and further classify them into
evolutionary lineages. The P. edulis draft genome was then
screened for these elements using RepeatMasker [36], with
the aim of evaluating the order and expansion of evolution-
ary lineages.

Previously identified domains were annotated using
the Conserved Domain Database (CDD) [37] in NCBI’s
interface. The coordinates of all features of each element
were recorded in an Excel sheet and the information used
to create a schematic representation of each element in IBS
(Iustrator for Biological Sequences) [38].

Terminal inverted repeats (from DIRS and TIR ele-
ments) were recognized using the Einvert tool in the
EMBOSS open software suite [39]. TSDs (Target site
duplications—from LINE, SINE, LARD, TRIM and
TIR elements) were identified by comparing the 5’ and
3’ flanked sequences of each element using GenomeView
[40] in order to visualize the element location and its
flanking sequences.

To define genomic location, TE sequences were mapped
against the previously annotated P. edulis BAC sequences
[32]. To do this, we used the BWA-MEM alignment
algorithm [41]. TE locations (within intergenic or genic
regions) were examined using GenomeView, based on the
P. edulis gene models available at the CoGe website (https
://genomevolution.org/coge/Genomelnfo.pl?gid=52053).
All TE sequences identified in this study are available in
GenBank database.

Phylogenetic analysis of LTR-RT elements,
assignment to evolutionary lineages, naming
of sequences and structural features

The Repeat Explorer web server [42, 43] was used to
search for LTR-RT coding domains (GAG, PROT, INT,
RT, RH, CHDII, and CHDCR), based on minimum simi-
larity 60% and minimum identity 40%, and the proportion
of hit length to database sequence length was set to 0.8.
Passiflora edulis LTR-RTs were assigned to evolution-
ary lineages based on phylogenetic analysis. For complete
LTR-RT elements, phylogenetic analysis was based on the

translated RT domain. For incomplete LTR-RT elements,
lacking the RT domain, the GAG domain was used, as this
domain was the most frequent and conserved. Domains
from previously described lineages were retrieved from
the Gypsy Database (GyDB) [15] and domains from pre-
viously characterized LTR-RT lineages from sugarcane
[44] were used in phylogenetic analysis to assign P. edulis
elements to lineages. A total of nine Copia and six Gypsy
lineages were used to initially classify the LTR-RTs from
P. edulis. Phylogenetic inferences were then made for each
superfamily individually.

Translated domains were aligned using MUSCLE [45]
implemented in MEGA 7.0 [46], with default parameters,
and then manually verified and edited in order to correct
amino acids incorrectly aligned and remove alignment
blocks of low quality to obtain an optimal curated alignment
suitable for use in phylogenetic analysis. Model Generator
was used to find the best amino acid substitution model for
molecular evolution and gamma rate heterogeneity using the
Akaike Information Criterion (AIC) [47]. All phylogenetic
analyses were drawn using the highest-ranked substitution
model available. Phylogenetic trees were constructed using
RAxML [48], applying the Maximum Likelihood method
with 1000 bootstrap replicates. Only groups supported with
a high bootstrap value (> 50) were considered. Trees were
visualized using FigTree v1.4 [49] and edited using the
graphical editors Dendroscope [50] and TreeGraph 2 [51]
to generate an Image Format. The line colors indicate each
group representing a lineage.

Passiflora edulis LTR-RTs were assigned to evolutionary
lineages based on phylogenetic inferences. Only groups sup-
ported with a high bootstrap value (> 50) were considered.
On the basis of a proposed universal classification of TEs
[3], we were able to assign names to LTR sequences. We
standardized the name of P. edulis LTR-RT sequences, fol-
lowing the example of Domingues and co-workers [44] for
sugarcane sequences. Sequences were named ‘RLC’ (Copia)
or ‘RLG’ (Gypsy), ‘pe’ for ‘Passiflora edulis’ and the line-
age name, e.g. ‘Angela’. The BAC sequence within the ele-
ment was located (e.g. ‘Pe1K19’); then each sequence of the
same lineage and within the same BAC clone was numbered
sequentially. For instance, ‘RLC_peAngela_PelK19-1’ is
the first P. edulis Angela element found in BAC PelK19,
from the superfamily Copia.

Entire sequences of LTR-RTs were submitted for pairwise
comparisons with the blast2seq tool [52]. In addition, full
lengths elements were self-aligned using MUSCLE [45],
implemented in MEGA 7.0 [46], to confirm the presence of
the boundaries formed by long terminal repeats.

TSDs were identified by comparing the 4 to 6 bp of the 5’
and the 3' flanked sequences of each element using Genom-
eView [40], and to visualize each LTR-RT location and its
flanking sequences. An LTR-RT was considered a complete
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element only if it exhibited all the coding domains necessary
for its transposition (GAG, PROT, INT, RT and RH) and the
two long terminal repeats. Coordinates of all features of each
of the complete LTR-RTs were recorded in an Excel sheet and
the information used to create a schematic representation in
IBS [38].

In addition, to briefly investigate the evolutionary role of
LTR-RTs in P. edulis genome expansion, a WGD analysis was
performed based on transcriptome data previously obtained
from three RNA-seq libraries of shoot apexes of juvenile, veg-
etative and reproductive adult P. edulis plants (details provided
in [32]). For that, we employed the transdecoder pipeline (https
://github.com/TransDecoder/TransDecoder/wiki) coupled with
the WGDdetector pipeline [53] to predict the WGD events.

Estimation of LTR-RT insertion time

At each transposition cycle, an LTR-RT creates a new copy
of itself. It is assumed that both LTRs are often identical at
the time of transposition. Therefore, in this study, the inser-
tion time of intact LTR-RT copies was obtained based on
the supposition that LTRs are identical at the time of inte-
gration [54, 55]. This entailed aligning the 5" and 3' LTR
sequences of each element using MUSCLE [45]. The diver-
gence among LTRs (K) was obtained in MEGA 7.0 [46]
using the Kimura-2-parameter distance [56]. The insertion
time (7) for each full-length element was calculated accord-
ing to the formula: = K/2r [57], where ¢ is the insertion time
in Mya (million years ago), K is the number of nucleotide
substitutions per site and r is the nucleotide substitution rate.
For r we used the value 1.5x 1078, as reported for the Arabi-
dopsis chalcone synthase and alcohol dehydrogenase genes
[58], and used for dating LTR-RTs in Linum usitatissimun
[59], Vitis vinifera and Solanum spp. [60] and Eucalyptus
grandis [61].

In silico analysis of LTR-RT transcription

Herein, the assembled transcripts of the transcriptome data
previously obtained [32] were mapped against all full-length
LTR-RTs. Mapping was performed using the BWA-MEM
package [41], and transcripts similar to LTR-RTs were
assigned to a lineage based on Wicker criteria [3], i.e., 80%
coverage and 80% nucleotide identity. In addition, the num-
ber of transcripts associated with LTR-RTs was normalized
using the Cufflinks package [62] available in the Galaxy
suite [63].

RNA extraction and reverse transcriptase PCR
analysis

Plants in vegetative growth cultivated under greenhouse
conditions were used to collect leaf tissues. Total RNA
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was extracted with TRIzol (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions. Primers
were manually designed based on the sequences inside the
RT (reverse transcriptase) domain of the full-length LTR-
RT elements (Supplementary Table 1). Gene Runner [64]
was used to verify the quality of the primer sequences as
follows: primers from 18 to 22 bases in length; GC content
of 50-60%; absence of secondary structures, like dimers
or hairpins; T,, (melting temperature) from 58 to 62 °C.

To remove residual genomic DNA, total RNA prepara-
tion was then treated with DNAse (Promega, Madison, WI,
USA). One RNA pg was used to generate the first cDNA
strand using the SMARTer™ PCR cDNA Synthesis Kit
(Clontech Laboratories, Mountain View, CA, USA) fol-
lowing the manufacturer’s instructions. The reaction con-
tained 1 x M-MLYV RT buffer, 0.6 mM of each dNTP, 25 U
of RNasin® (Promega), 200 U of M-MLV RT (Promega)
and 0.25 pM of primer CDS. Diethylpyrocarbonate-treated
water (0.01%) was added to make up the final volume of
25 pL, and the reaction was incubated at 42° C for 1 h.

cDNA dilutions were used in PCR reactions as fol-
lows: 3.0 pL. of cDNA, 1 X PCR buffer, 0.25 mM of dNTP,
0.6 uM of primer, 2 mM of MgCl,, and 1.2 U of Tag DNA
polymerase (Promega). Ultrapure water was added to make
up the final volume of 20 uL. Reactions were incubated
for 5 min at 95 °C (denaturing step), then 30 cycles of
1 min at 95 °C, 1 min at 55 °C, 1 min at 72 °C and then
8 min at 72 °C. PCR products were analyzed in electropho-
resis with 1.2% agarose gels stained with SYBR SAFE®
(Invitrogen), using 1 X TBE as the running buffer, and
with the 100 bp DNA Ladder (Invitrogen) as a marker for
comparison.

LTR-RTs from wild Passiflora species

We also investigated the presence of the LTR-RTs in other
species of the Passiflora genera. The following wild spe-
cies were screened: P. edmundoi, P. setacea and P. alata
(subgenus Passiflora); P. organensis (subgenus Decaloba);
P. deidamioides and P. contracta (subgenus Deidamioides)
and P. rhamnifolia (subgenus Astrophea). These species
belong to the Passiflora collection kept in our laboratory
(Genetics Department, ‘Luiz de Queiroz’ College of Agri-
culture, University of Sdo Paulo, Brazil).

The primers described above (Supplementary Table 1)
were used to amplify the Reverse Transcriptase domain
using the total DNA of the wild species as a template;
this DNA was extracted from young leaf tissues using the
acetyltrimethyl ammonium bromide method adapted from
Murray and Thompson [65]. PCR and gel electrophoresis
procedures were as detailed above.
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Results

Identification and characterization of Transposable
Elements in the Passiflora edulis genome

We first exploited the P. edulis TE repertoire recognized
in a gene-rich fraction of the P. edulis genome [32], and
performed in-depth characterization of these elements up
to evolutionary lineages. Subsequently, we examined the
draft genome to evaluate the most common orders and
evolutionary lineages’ expansion trends. It is important
to clarify that the P. edulis draft genome [25] shows a
high level of fragmentation and low-quality assembly
(>234,000 scaffolds, N50: 1311 bp; 194 scaffolds > 10 Kb,
spanning 165 Mb), so it cannot be used for primary TE
identification.

The search for TEs resulted in the identification of 250
unique elements corresponding to 19% of the P. edulis
draft genome (Table 1, Supplementary file 1, Supplemen-
tary Table 2). Most of Class I and II elements correspond
to incomplete elements (177 out of 250). Furthermore,
TEs were predominantly located in intergenic spaces of
the gene-rich fraction of P. edulis (176/250), but 74 were
found to overlap genes (70 exonic and only four intronic
sequences).

Retrotransposons were the most common. LTR-RTs
were the most frequent elements, accounting for~13%
of the data set. Eleven incomplete elements (7933 to
13,640 bp in length) were recognized as belonging to
the DIRS (Dictyostelium Intermediate Repeat Sequence)

order, and were found to have some typical domains in
different arrangements (Supplementary Fig. 1), suggest-
ing they are relics of ancient amplification events. LINEs
(Long Interspersed Nuclear Elements) and SINEs (Short
Interspersed Nuclear Elements) were represented by only
7 and 2 copies, respectively, corroborating their low fre-
quency in plant genomes [66]. Thirty-six elements were
recognized as belonging to the LARDs (Large Retrotrans-
poson Derivatives) order, including 3 LARDs that harbor
genes inside their sequences and another 4 that were found
within introns (Supplementary Table 3).

Only 3.6% (9/250) of the TEs were assigned to Class II
(DNA transposons), most of them (6) to the TIR order. We
were also able to identify two Helitrons which contained
an additional domain bearing fragments of the toll-Inter-
leukin-1 Receptor (IPR000157) that is involved in signaling
processes [67], and Leucine-rich Repeats (IPR0O01611). Both
domains might be products of the Helitron gene capturing
process. DNA transposons accounted only for 0.26% of the
P. edulis genome, the majority in the TIR order.

Subsequently, 91.2% (165/181) of the LTR-RTs were
classified into evolutionary lineages within each superfam-
ily. Thirty-seven of them were assigned to Copia lineages
and 128 to Gypsy lineages. Copia and Gypsy elements had
similar proportions of internal recognizable domains. The
majority of Gypsy elements (~60%) had up to four internal
domains. Six Gypsy elements had none of the main internal
domains, but contained putative sequences of chromodo-
mains, used to classify them as Gypsy. All Copia elements
had at least one domain; the majority exhibited five domains
(Fig. 1a). Taking each domain separately, their frequencies

Table 1 Classification and abundance of transposable elements (TEs) identified in two data sets of Passiflora edulis

Order Gene-rich fraction® Draft genome®
Number of  Total length of ~ Percentage of  Fractional element occur- Total length of ~ Percentage of
elements elements (bp) nucleotides rences in the genome elements (bp) nucleotides
Class I SINE 614 0.01 1428 120,742 0.07
LINE 54,468 0.52 10,959 1,923,670 1.16
LTR/Copia 44 324,682 3.12 25,508 4,204,432 2.54
LTR/Gypsy 137 1,093,707 10.52 102,612 18,945,287 11.44
DIRS 11 115,640 1.11 7642 1,125,943 0.68
LARD 36 189,161 1.82 31,159 4,512,069 2.72
TRIM 4 4981 0.05 1026 140,829 0.09
Class I total 241 1,783,253 17.15 180,334 30,972,972 18.70
Class I TIR 6 32,748 0.31 2643 358,602 0.22
Helitron 2 13,827 0.13 507 71,418 0.04
MITE 1 792 0.01 3 134 0.00
Class II total 9 47,367 0.45 3153 430,154 0.26
Total 250 1,830,620 17.60 183,487 31,403,126 18.96

*TEs identified in a gene-rich fraction of the Passiflora edulis genome (Munhoz et al. [32])

®TEs identified in Munhoz et al. [32] and mapped against the draft P. edulis genome released (Araya et al. [25])
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Fig. 1 LTR-RT elements of Pas-
siflora edulis: a percentage of
elements from Copia and Gypsy
superfamilies that contain up

to five domains, displayed in
different colors; b percentage of
elements from Copia and Gypsy
superfamilies containing the fol-
lowing internal domains: GAG,
PROT, INT, RT and RH

b 100
90 1

a 100 -

90 A
80 1 WS

70 - H4
60 A 3
50 A
40 1

W Copia
Gypsy

were higher in Copia elements than in Gypsy, except for the
GAG domain, which is prevalent in Gypsy (Fig. 1b). This is
evidence of the higher level of conservation of Copia com-
pared to Gypsy elements, although in absolute terms, Gypsy
contained over three times more elements. In fact, Gypsy
elements were the most common, accounting for 10.52%
and 11.4% of the gene-rich fraction and the draft genome,
respectively.

TSDs ranged from 4 to 6 bp (average 4 bp), and were
identified in 134 LTR-RTs., while LTRs were recognized in
162 elements. In total, 73 LTR-RTs were complete elements
(22 Copia and 51 Gypsy).

Four plant evolutionary Copia lineages (Angela, Ale,
Tork and Sire) and five Gypsy lineages (Del, Athila, Reina,
CRM and Galadriel) were identified (Figs. 2 and 3; Sup-
plementary Figs. 2 and 3). Element lengths varied within
the superfamilies. For Copia, RLC_peAngela ranged from
5.5 to 14.3 kb, with an average of ~9.7 kb. RLC_peTork
exhibited elements with median lengths from 2.2 to 6.2 kb,
with an average of ~4.2 kb. For Gypsy, the larger lineage
(RLG_peDel) exhibited elements ranging in length from 0.6
to 13.3 kb, with an average of ~ 8.3 kb. RLG_peAthila length
ranged from 1.0 to 13.7 kb, with an average of ~7.7 kb
(Table 2, Supplementary Table 4).

The Angela lineage was the most abundant in the Copia
superfamily and the Del lineage in Gypsy. Angela cor-
responded to 1.9% of the total data and Del to 8.5%.
RLC_peAngela was the only lineage with a higher propor-
tion of complete elements than incomplete ones (Supplemen-
tary Fig. 5). In the P. edulis draft genome, the same lineages
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were the most representative, Angela corresponding to 0.9%
(~ 1.5 Mb) and Del to 9.3%, comprising ~ 15.4 Mb.

Estimation of LTR-RT insertion time

We estimated the insertion time of all 73 LTR-RTs with intact
and complete copies (Fig. 4). The majority (74.3%, 29/39)
of the RLG_peDel copies were recently inserted into the P.
edulis genome (< 1.0 Mya), but insertion of three other cop-
ies was dated at> 2.0 Mya. RLG_peReina, RLG_peGaladriel
and RLG_peCRM, with 3, 1, and 2 copies respectively, had a
similar insertion time pattern (< 1.0 Mya); interestingly, one
copy of RLG_peReina had an estimated age of 0.0 Mya, while
RLG_peAthila copies (6) were inserted less than 1.5 Mya.

All RLC_peAngela copies were inserted into the
genome < 2.0 Mya, and one of them was found to be dated
at 0.0 Mya. One of the two copies of the RLC_peTork line-
age was inserted into the genome up to 0.5 Mya, and the
other between 1.5 and 2.0 Mya. The RLC_peSire copy had
an estimated age of between 1.5 and 2.0 million years.

Overall, the results presented in Fig. 4 indicate that 40%
of Copia LTR-RTs were inserted up to 1.0 Mya, and 60%
between 1 and 2.0 Mya; for Gypsy 70.6% were inserted up
to 1.0 Mya and 23.5% between 1 and 2.0 Mya.

LTR-RT in silico transcriptional activity and Reverse
Transcriptase PCR analysis

We were able to associate 2821 transcripts derived from the
RNA-seq libraries with full-length LTR-RTs in all Copia
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Fig.2 Phylogenetic tree of Copia lineages inferred from the complete
amino acid sequence of the Reverse Transcriptase domain. Maximum
Likelihood analysis was based on the JTT +F model. The bootstrap
values for each node are indicated in bold type. Sequences from the
Gypsy database are indicated by an asterisk. Angela and Ale are
sugarcane-characterized lineages. Names and colored lines indicate

and Gypsy lineages. The number of associated transcripts
was correlated with the number of representative elements
from each lineage, i.e. the higher the number of elements
representative of the lineage, the higher the number of tran-
scripts associated. Hence, there is no evidence to show that
lineages have different expression levels. The largest number
of transcripts was associated with the RLG_peDel lineage,
probably because this lineage has more elements (Fig. 5a).
In addition, the highest number of transcripts was identi-
fied in the RNA-seq library prepared from vegetative adult
plants (Fig. 5b).

An RT-PCR analysis was performed to confirm the
transcriptional activity of selected LTR-RTs. The young-
est LTR-RT from each lineage was selected based on

RLC_peSire

@0 TR 3

lineages. The CRM lineage from the Gypsy superfamily was used as
an outgroup to produce a rooted tree. A schematic representation of
full-length elements is shown on the right. Abbreviations and color-
coding of domains: LTR long terminal repeat (gray), GAG gag (red),
PROT protease (green), INT integrase (purple), RT reverse tran-
scriptase (blue), RH ribonuclease H (yellow). (Color figure online)

estimated insertion time, which led to the following selec-
tion: RLC_peAngela_Pe93F5 (0.0 Mya), RLC_peTork_
Pe93M2 (0.07 Mya), RLG_peAthila_Pe93M4-1 (0.5
Mya), RLG_peCRM_PelM17 (0.53 Mya), RLG_peDel_
Pe99P16-2 (0.03 Mya), RLG_peGaladriel_Pel64A12 (0.4
Mya), RLG_peReina_Pe21211 (0.0 Mya). RT-PCR analysis
confirmed the transcriptional activity of all elements, except
RLG_peAthila_Pe93M4-1 (Fig. 5c¢).

LTR-RTs from wild Passiflora species

The presence of the selected P. edulis TEs was tested in the
wild Passiflora species (Fig. 6).
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Fig.3 Phylogenetic tree of Gypsy lineages inferred from the complete
amino acid sequence of the Reverse Transcriptase domain. Maximum
Likelihood analysis was based on the WAG +F model. The bootstrap
values for each lineage node are indicated in bold type. Sequences
from the Gypsy database are indicated by an asterisk. Names and
colored lines indicate lineages. The Oryco lineage from the Copia
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superfamily was used as the outgroup to produce a rooted tree. A
schematic representation of full-length elements is shown on the
right. Abbreviations and color-coding of domains: LTR long termi-
nal repeat (gray), GAG gag (red), PROT protease (green), RT reverse
transcriptase (blue), RH ribonuclease H (yellow), INT integrase (pur-
ple), CHD chromodomain (carmine). (Color figure online)
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Table 2 General features of Passiflora edulis LTR-RT lineages in Copia and Gypsy superfamilies identified in two data sets of Passiflora edulis

Superfamily/lineage Gene-rich fraction®

Draft genome®

Element LTR length Number  Total length Percentage Fractional Total length Percentage
length range range (bp) of ele- of lineage ele- related to total element of lineage ele- related to total
(bp) ments ments (bp) data occurrences in  ments (bp) data
the genome
Copia
RLC_peAngela 5688-14,300 316-1831 21 204,129 1.96 11,029 1,543,735 0.93
RLC_peAle 4640 285-288 1 4640 0.04 563 91,652 0.06
RLC_peTork 2267-6289  147-987 10 55,198 0.53 6480 1,372,577 0.83
RLC_peSire 2108-13,073 102-1270 5 60,715 0.58 7436 1,196,468 0.72
Total Copia 37 324,682 3.11 25,508 4,204,432 2.54
Gypsy
RLG_peDel 669-15,362 103-4096 104 886,522 8.52 84,754 15,465,373 9.34
RLG_peAthila 1033-13,706 290-1401 17 139,694 1.34 11,443 2,204,103 1.33
RLG_peReina 5224-5684  293-475 3 16,334 0.16 2063 687,815 0.42
RLG_peCRM 6,529-6888  255-460 2 13,417 0.13 276 32,989 0.02
RLG_peGaladriel 1624-5708 513 2 7332 0.07 682 132,002 0.08
Total Gypsy 128 1,063,299 10.22 99,218 18,522,282 11.19
Total 165 1,387,981 13.33 124,726 22,726,714 13.73
“TEs identified in a gene-rich fraction of the Passiflora edulis genome (Munhoz et al. [32])
TEs identified in Munhoz et al. [32] and mapped against the draft P. edulis genome released (Araya et al. [25])
20
Il RLC_peAngela
.g 15 I RLC_peTork
S I RLG_peDel
"é 10 RLG_peGaladriel
2 I RLG_peReina
g 5 L L IRLG_peAthila
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0 ! . : : . . . — —E ——B  EERLG_peCRM

0-0.50 0.50-1.00 1.00-1.50

1.50-2.00

2.00-2.50 2.50-3.00 4.50-5.00

Insertion time (Mya)

Fig.4 Estimated insertion times of 73 full-length LTR-RT lineages of Passiflora edulis

RLC_peAngela_Pe93F5, RLC_peTork_Pe93M2,

RLG_peCRM_PelM17 and RLG_peDel_Pe99P16-2
were identified in all species tested. RLG_peAthila_
Pe93M4-1 was identified in P. alata and P. setacea, and
RLG_peGaladriel_Pel64A12 was identified only in P.
setacea. RLG_peReina_Pe21211 was not present in any
of the wild species.

The element from the CRM lineage showed a weak
PCR band, probably because this lineage is less repre-
sented in these species compared to the others.

Discussion

This study reveals a conserved Passiflora transposable ele-
ment collection comprising 250 TEs fully characterized in
P. edulis, with most of Class I and Class II lineages rep-
resented; this is the first set of complete sequences of TEs
for the species. Comparing the two sets of genomic data, a
gene-rich fraction and a fragmented draft genome (respec-
tively 17.6% and 18.9% comprising TEs), both were found
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Fig.6 Agarose (2%) gel electrophoresis of PCR products from the
following elements: RLC_peAngela_Pe93F5 (1), RLC_peTork_
Pe93M2 (2), RLG_peAthila_Pe93M4-1 (3), RLG_peCRM_PelM17
(4), RLG_peDel_Pe99P16-2 (5), RLG_peGaladriel_Pel64A12 (6)
and RLG_peReina_Pe21211 (7). M: 100 bp ladder (Invitrogen). a
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Lines 1-7, P. edulis (TEs 1-7); 811, P. edmundoi (TEs 1, 2, 4 and
5); 12-17, P. setacea (TEs 1, 2, 3, 4, 5 and 6); 18-22, P. alata (TEs
1, 2, 3, 4 and 5); 23-26, P. organensis (TEs 1, 2, 4 and 5); b Lines
27-30, P. deidamioides (TEs 1, 2, 4 and 5); 31-34, P. contracta (TEs
1,2, 4 and 5); 35-38, P. rhamnifolia (TEs 1, 2, 4 and 5)
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to have very similar proportions of mobile elements. This
result was expected, since the search for TEs in the draft
genome was based on the TEs recognized in the gene-rich
fraction.

Passiflora edulis is an understudied species, with few
genomic resources available. Therefore, it should be borne
in mind that the TE content found herein may be underes-
timated as it reflects the approach adopted to pick up the
elements, and consequently the data source we analyzed,
though of high quality. In addition, the fact that we studied
a gene-rich region may have introduced a bias towards the
type and age of TEs identified. Nonetheless, we do show a
set of manually curated TEs that could be used in forthcom-
ing comparative studies.

Genome size and structure is largely determined by TEs
and their abundance in plant genomes is highly variable,
sometimes even in related species [66]. This variation is a
consequence of species’ genome evolution, which affects
genome size [68, 69]; species-specific factors that influence
TE amplification and repression [70]; and polyploidization
events [7, 21].

In completely sequenced genomes of Malpighiales,
genome size and TE content are extremely variable. For
instance, the genome of Hevea brasiliensis is estimated to
be 1470 Mb in size and 71% of it is made up of mobile
genetic elements [71]. These figures are 742 Mb and 24.4%
in Manihot esculenta [72]; 485 Mb and 42.0% in Populus
trichocarpa [73]; 416 Mb and 45.9% in Jatropha curcas
[74]; 373 Mb and ~23% in Linum usitatissimun [59] and
320 Mb and 50.0% in Ricinus communis [75].

The genome size of P. edulis is estimated at~ 1230 Mb
[22] and we believe that the TE content is high in this
genome, which might possibly explain its reasonably large
size. Very recently, Pamponét et al. [76], using very low-
coverage (2.2 X) sequencing data for repeat identification,
found that the P. edulis genome possibly consists of at least
59% repetitive DNA, 53% of this proportion consisting of
LTR-RTs. This is a preliminary analysis and corroborates
our data with regard the proportion of LTR-RTs. However
only when the whole genome is available will we be able to
confirm the content and types of TEs in P. edulis.

Retrotransposons are predominant in flowering plants,
the majority belonging to the LTR order [66]. In P. edu-
lis, retrotransposons are also prominent, most consisting of
LTR-RTs, which are also predominant in other Malpighiales
(74.6% in Linum, 74.2% in Jatropha, 71.7% in Hevea, 60%
in Populus and 45.6% in Manihot).

Retrotransposons play key roles in gene expansion, func-
tion, diversification and evolution. In P. edulis, we identi-
fied LARDs that captured genes and others that have been
inserted into intronic sequences. There are a few reports
of the capture of plant genes by retrotransposons [2, 54].
In rice, 672 captured genes have been identified, ~33% of

them being expressed, implying that a percentage of cap-
tured genes could have evolved into pseudogenes. In sor-
ghum, however, a total of 1343 captured genes have been
identified, ~ 70% being expressed, indicating that most of the
captured genes might be still functional [77].

Only 2.6% of P. edulis elements were classified as
DNA transposons, which are in fact less abundant in plant
genomes, like in the sequenced Malpighiales, in which the
proportion of DNA transposons is 2.7% in M. esculenta [72],
1.8% in R. communis [75] and 15.7% in L. usitatissimun
[59]. However, there are little-known exceptions, such as
Arabidopsis thaliana, whose genome is composed of 59.4%
of DNA transposons (see [66]). This is probably a conse-
quence of its compact genome size, with little space for
insertions of long elements and possibly strong selections
against them [20]. In sequenced Malpighiales, the proportion
of DNA transposons is 2.7% in M. esculenta [72], 1.8% in R.
communis [75] and 15.7% in L. usitatissimun [59].

There are some reports on the acquisition of genes or
gene fragments by DNA transposons that tend to interact
with host genes [78-80]. We report the occurrence of gene
fragments in Helitrons, which could be non-functional pseu-
dogenes or pseudogenes with some degree of function, as
already documented [81]. The capture of genes or gene frag-
ments by Helitrons was reported in rice [82] and Arabidop-
sis [83]. In maize, Helitrons have had significant impact on
genome structure and function, including the synthesis of
new genes and modification of expression patterns [84, 85].

In general, TEs are frequently recognized as genomic fos-
sils that were once autonomous, but at some point in time
experienced a mutation that rendered them inactive [86].
The majority of P. edulis TEs (70.8%) were incomplete, cor-
roborating previous findings showing that most TE copies
are either defective or fossilized [87]. However, a non-auton-
omous TE can remain active using the enzymatic machin-
ery required for transposition provided by an autonomous
partner [88, 89].

TEs are preferentially located in intergenic spaces [7, 86],
or in gene neighborhoods or even in regulatory regions [90],
which is consistent with our findings. For instance, in Linum
the location of TEs was not completely random and some
regions had equal coverage of genes and TEs, with a pre-
dominance of certain superfamilies [59]. TEs close to genes
can become positive regulators of gene expression, but they
can also be responsible for up- and downregulation of gene
expression, causing beneficial or deleterious effects depend-
ing on the process involved. TEs affect adjacent gene regions
by becoming targets for epigenetic silencing [21, 91].

This led us to consider the activity of LTR-RTs in this
gene-rich region of the P. edulis genome and we therefore
investigated them in detail.

At superfamily level, 81.8% of the LTR-RTs belonged
to Gypsy and 18.2% to Copia. The Gypsy superfamily is
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the most representative in the majority of plant genomes
adequately characterized (reviewed in [66]). Based only or
our data, one cannot assume that the presence of Gypsy in
the examined gene-rich fraction implies prevalence in the
whole P. edulis genome. In related species of P. edulis,
Gypsy accounted for 85% in Hevea, 70.6% in Ricinus, 54.5%
in Jatropha and 52% in Populus. On the other hand, the
majority of LTR-RTs are Copia in Linum (54.1%).

Some reports have shown that Gypsy elements are associ-
ated with heterochromatic regions and Copia with euchro-
matic regions [44, 59, 92]. In fact, pericentromeric regions
are, in general, Gypsy-enriched in plants, although this could
vary among families (see [93]). Evidence to date suggests
that there is a negative association between TEs and high
recombination rates along the chromosomes. Thus, most
TESs tend to accumulate in heterochromatic, non-recombin-
ing regions of the genome, such as centromeres and, more
commonly, in pericentromeric regions [20].

Four Copia and five Gypsy evolutionary lineages were
identified. The RLC_peAngela lineage was the most rep-
resentative within Copia. The Angela lineage has been
described in other plant species. In fact, Angela was sig-
nificantly predominant in the genome of Setaria italica
(Poaceae), corresponding to 28.2% of all complete LTR-RTs
[19, 44]. The RLC_peAngela lineage is well-conserved in
the genome fraction analyzed herein, since most of the P.
edulis elements were complete (78.26%, 18/23) and had
similar structure in terms of total length and internal domain
length and organization.

The RLG_peDel lineage dominated the population of
TEs in the gene-rich fraction, representing 48.4% of all
TEs. Interestingly, in the fragmented draft genome, the Del
lineage was also the most representative, accounting for
49.3% of all TEs. We observed that the RLG_peDel lineage
is not well-conserved in terms of the number of complete
elements (37.5%, 39/104), total length and internal domain
organization.

Although less frequent, Copia elements seems to be
more tolerated in this gene-rich region, because they have
a more conserved structure. Fragmented elements, most of
them Gypsy, could have resulted from old insertions that
underwent strong purifying selection. Insertions of TEs can
have drastic effects on genic regions by disrupting coding
sequence and the regulatory environment. Given the strong
mutagenic potential, molecular mechanisms evolved to
suppress TE activity [5]. In addition, natural selection is a
powerful force that affects the distribution and accumula-
tion of TEs. Hence, insertions that are strongly deleterious
are rapidly removed while insertions that have little or no
negative effects on host fitness are free to drift in frequency,
occasionally to fixation [94].

The success and diversity of TEs in a genome depend on
the properties of the elements and the evolutionary forces
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acting at the level of the host species [95]. TEs we have seen
in this gene region of P. edulis resulted from the combined
processes of new transposition and removal by selection.
TEs that are conserved and still active are being controlled
by silencing mechanisms or have not yet been removed by
selection. TEs with no conserved structure are possibly
older inactive elements, with silencing maintained to repress
transposition and ectopic recombination events, which have
deleterious effects on host fitness [20].

Regarding the representation of the families, an ascer-
tainment bias was undoubtedly introduced to the effect that
identified elements were those that tend to inhabit gene-
rich regions. Moreover, we were unable to find elements
in the gene-poor regions of the draft genome and those
well-known as pericentromeric specialists that were not
sampled. The general pattern very recently found by Pam-
ponét et al. [76] seems consistent with our findings, since
the families Ty3/Gypsy/Athila, Tyl/Copia/Angela and Tyl/
Copia/Maximus-Sire have shown similar genome propor-
tions and were uniformly distributed along the FISH labeled
P. edulis chromosomes. On the other hand, the 7y3/Gypsy/
Chromovirus was represented by two families, which were
the most frequent, one uniformly distributed, but the other
pericentromeric-specific.

The prevalence of particular families is highly variable
among plant species [7, 19]. It is well known that the expan-
sion of some plant genomes is due to the accumulation of
few types of elements, showing a clear correlation between
genome size and the activity of these highly repeated fami-
lies [7, 18]. One example is the expansion of the Capsi-
cum annuum genome through a massive accumulation of a
single-type Gypsy element that belongs to the Del subgroup
[10].

Passiflora edulis has one of the largest genomes com-
pared to other Passiflora species [22]. We therefore believe
that P. edulis has undergone a whole-genome duplication
event [32], that may be accompanied by TE proliferation,
specifically of Gypsy elements, along evolutionary time.
Corroborating this, our WGD analysis, based on the dis-
tribution of synonymous substitutions per synonymous site
for pairwise paralogs (dS), showed that P. edulis has under-
gone at least two WGD events, since the first peak is pos-
sibly a noise signal caused by unmerged allelic haplotypes
in the genome data or alternative splice transcripts within
the transcriptome data [53] (Supplementary Fig. 5). These
WGD events may have contributed to increased TE prolif-
eration, especially in the pericentromeric regions that were
not analyzed, explaining the increase in genome size, which
is composed of at least 53% of LTR-RTs, as very recently
reported [76]. In addition, this may have contributed in part
to the TE patterns in the genic regions.

In fact, it is hypothesized that WGD is followed by
a reduction in purifying selection, caused by genome
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redundancy, which may have led to an increase in TE
insertions [96]. Furthermore, due to genome stress after
polyploidization, silencing mechanisms that control TE
activity may have been temporarily disrupted. This com-
bination of relaxed selection and a breakdown of silencing
mechanisms could potentially drive the dramatic spread of
TEs through the genome [97, 98].

Another important aspect is the possible association
with mating system, as some population genetic models
predict that highly outcrossing species, such as the pas-
sionflowers, including P. edulis, are expected to experi-
ence higher rates of transposable element activity and
copy number (see [98]). Gypsy was predominant in the
gene-rich fraction, and represented a large proportion of
the draft genome. The data recently released by [76, 99]
corroborate our hypothesis, implying that this element is
highly frequent and could have significantly influenced
genome size.

We found that full-length LTR-RT elements became
active quite recently. Most elements (95.9%, 70/73) were
inserted into the genome <2.0 Mya and this seems to be
the result of a relaxed selection. These recently expanded
TEs are kept silenced and will likely be removed by ectopic
recombination, in order to suppress deleterious effects on
genes.

An analysis of in silico transcriptional activity showed
that all Copia and Gypsy lineages were associated with tran-
scripts, which is an indication of LTR-RT activity. Young
insertions are expected to be active, as selection has not yet
removed them. Interestingly, some older elements (4 Mya)
still seem to be active, but with fewer transcripts associated
(data not shown). This could represent a degree of tolerance
to insertions in this region. However, more data is needed to
make considerable assumptions.

Some LTR-RT lineages in L. usitatissimun and P.
trichocarpa were also active [59, 92]. In addition, some
reports have highlighted TE’ expression in different tis-
sues over different time periods, including sugarcane [44,
100, 101], Eucalyptus [61] and oil palm (Elaeis guineensis)
[102].

Reverse Transcriptase PCR analysis confirmed the
transcriptional activity of the youngest element of each
LTR-RT lineage, except for RLG_peAthila_Pe93M4-1.
RLC_peAngela_Pe93F5 and RLG_peDel_Pe99P16-2 exhib-
ited stronger PCR bands. These elements seem to be more
transcribed than the others, which is plausible since these
elements are respectively among the most representative
elements of the Copia and Gypsy superfamilies in both data
sets analyzed. Amplifications of RLC_peTork_Pe93M2,
RLG_peCRM_PelM17, RLG_peGaladriel_Pel64A12 and
RLG_peReina_Pe212I1 exhibited weak PCR bands. These
lineages were poorly represented, possibly because they are
less represented in the whole genome.

Regarding all lineages examined, RLC_peAngela,
RLC_peTork, RLG_peCRM and RLG_peDel seem to have
a more conserved structure, since they were found in all four
subgenera. This could be the result of their shared evolution-
ary history from the common ancestor, indicating that these
lineages may have undergone amplifications before the Pas-
siflora evolutionary diversification into subgenera.

RLG_peAthila and RLG_peGaladriel lineages seem to
be conserved throughout the subgenus Passiflora since they
were only found in P. alata and P. setacea. This is plausible
since these species together with P. edulis belong to the same
subgenus [103]. These lineages could have undergone rela-
tively recent proliferation in this subgenus. RLG_peReina
was the only lineage not found in any of the wild species
examined, and is possibly a specific lineage of P. edulis,
due to its recent proliferation in P. edulis or decay in the
other. However, this pattern could be a result of the sample
examined. We used the RT domain sequence from young
elements to test for the presence of these lineages in wild
Passiflora species. Hence, we could have missed old ele-
ments that may not have the RT domain or that are highly
mutagenized in the RT sequence.

In addition, our data suggest that P. edulis genome
underwent at least two WGD events. These events may
have occurred in a common ancestor of Passiflora, which
emerged ~40 Mya [104]. Hence, TEs could have expanded
in a shared WGD event, explaining the conservation of some
LTR-RT families in wild species, and differential retention
of other families due to genomic fractionation following
WGD events.

Conclusions

This is the first report on the annotation and detailed char-
acterization of transposable elements (TEs) in the tropical
fruit species Passiflora edulis (Passifloraceae, Malpighiales),
including structural features, protein domain organization
and proliferation in wild species. Most of the TEs are located
in intergenic spaces, although some TEs overlap genes. LTR
retroelements predominate, consisting mainly of Gypsy ele-
ments, with over-representation of the RLG_peDel lineage.
P. edulis LTR-RTs are reported as active over the last 2 mil-
lion years. We were also able to confirm the transcriptional
activity of full-length LTR-RTs by means of transcript asso-
ciation and reverse transcriptase PCR analysis. The recent
activity and abundance of LTR-RTs in a gene-rich portion
of P. edulis indicate that WGD events could have led to a
recent expansion of these lineages, which will probably be
selectively removed due to its deleterious potential. Interest-
ingly, some lineages seem to be conserved in wild species of
FPassiflora and further detailed characterization of the repeat
portion will contribute to understanding their influence on
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the evolution of this genus. Our study provides references of
single elements in the P. edulis genome, and will be helpful
in understanding the transposon landscape in further evolu-
tionary studies on Passiflora.
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