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ABSTRACT

In plants, the proportion of transposable elements (TEs) is generally dominated by long
terminal repeat (LTR) retroelements. Therefore, it significantly impacts on genome
expansion and genetic and phenotypic variation, namely Copia and Gypsy. Despite such
contribution, TEs characterisation in an important crop such as banana [ Musa balbisiana (B
genome), Musa acuminata (A genome), and Musa schizocarpa (S genome)] remains poorly
understood. This study aimed to compare B, A, and S genomes based on repetitive element
proportions and copy numbers and determine the evolutionary relationship of LTR using
phylogenetic analysis of the reverse transcriptase (RT) domain. Genome assemblies were
acquired from the Banana Genome Hub (banana-genome-hub.southgreen.fr). Repetitive
elements were masked by RepeatMasker 4.0.9 before Perl parsing. Phylograms were
constructed according to domain analysis using DANTE (Domain-based ANnotation of
Transposable Elements), alignments were made using MAFFT 7 (multiple alignments

using fast Fourier transform), and trees

were inferred using FastTree 2. The trees
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were inspected using SeaView 4 and
visualised with FigTree 1.4.4. We reported
that B, A, and S genomes are composed of
repetitive elements with 19.38%, 20.78%,
and 25.96%, respectively. The elements
were identified with dominant proportions
in the genome are LTR, in which Copia is
more abundant than Gypsy. Based on RT
phylogenetic analysis, LTR elements are
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clustered into 13 ancient lineages in which
Sire (Copia) and Reina (Gypsy) are shown
to be the most abundant LTR lineages in
bananas.

Keywords: Banana, B, A, and S genomes, reverse

transcriptase, transposable elements

INTRODUCTION

Banana (Musa spp.) is one of the most
consumed fruits and staple food in many
countries across Asia and Africa (Food and
Agriculture Organization [FAO], 2019). Its
diversity is represented by the number of
cultivars and genome diversity (A, B, S,
and T genome) (D’Hont et al., 2000). A,
B, and S genomes are publicly available in
Banana Genome Hub and GenBank. Hence
it is possible to characterise their genome
organisation by observing the repetitive
elements and transposable elements (TEs).
Defined as stretches of DNA that are
competent to integrate into new positions in
the genome, TEs are competent to increase
their copy number over time, and that rely
on one or more enzymatic function provided
by an autonomous element (Lisch, 2013).
To date, comprehensive genome analysis
remains limited to two genome assemblies
(M. acuminata and M. balbisiana) (D’Hont
et al., 2012; Davey et al., 2013) despite
two recent whole-genome sequencings
(WGSs) of Musa itinerans (Wu et al.,
2016) and M. schizocarpa (Belser et al.,
2018) have been accomplished. However,
these genome data can be conducted into
a comparative study of M. acuminata (A
genome) and M. balbisiana (B genome),

a promising study to learn the structure
and character of a gene or a gene family.
For example, Nugrahapraja et al. (2021)
successfully identified and characterised the
pectin methylesterase (PME) gene family
among A and B genome bananas from the
comparative study of the genome. On the
other hand, the characterisation of repetitive
elements can also be studied by comparing
these genome data. The characterisation
of repetitive elements within the bananas’
chromosomal genome is relatively easier
than other plant species owing to the size of
the paradoxically small genome (1 C ~ 600
Mbp) (Dolezel et al., 1994). Plants repetitive
sequences make up a genome proportion
of 20% in Arabidopsis and more than 80%
in Zea mays (Kaul et al., 2000; Vitte et al.,
2014), which is highly dominated by long
terminal repeat (LTR).

LTR elements are an extensive group,
and their immense diversity is further divided
into an enormous number of families. In
eukaryote, the families are grouped into
two superfamilies: Copia/Tyl and Gypsy/
Ty3, characterised by their terminal repeat
on both ends, flanking the sequence (Wicker
et al., 2007). Once thought of as ‘junk
DNA’, TEs have been known to create a
variety of alterations of genes expression
and function. It leads to numerous studies to
inquire how TEs have played a crucial part
in plant genome dynamics. LTR elements
(Copia and Gypsy) have a significant
impact in contributing to flowering plants
diversity, evolutionary adaptation, and
genome expansion (Ragupathy et al.,
2013). Through a process called exaptation
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(Hoen & Bureau, 2015), TEs could be
evolutionarily adapted as functional genes,
such as Fhy33/Far (light-responsive genes),
Sleeper (transcriptional regulator in plant
development), and Mustang (transcriptional
regulator) families (Joly-Lopez et al., 2016;
Knip et al., 2013; Lin et al., 2007).

Considering banana’s potential
development and challenges as important
crop species, notably the characterisation of
chromosomal genome organisation, in silico
analysis was performed to characterise the
structure of repetitive elements. This study
also aimed to dissect the LTR (Copia and
Gypsy) phylogeny of three banana genomes:
A, B, and S genomes. In the future, such
research can be used in genome mapping,
evolutionary studies, omics studies, and
further depict the dynamic of transposable
elements.

MATERIALS AND METHODS

Data Retrieval

Whole genome sequence (WGS) of A
(Musa acuminata ‘DH-Pahang’), B (Musa
balbisiana ‘Pisang Klutuk Wulung’), and
S genomes (Musa schizocarpa) (Belser et
al., 2018; D’Hont et al., 2012; Davey et al.,
2013; Martin et al., 2016) were used in the
study. Complete WGS of three genomes
were downloaded directly from Banana
Genome Hub through the download menu of
genome_sequences (https://banana-genome-
hub.southgreen.fr/species-list) (Droc et al.,
2013).

Repeat Masking and Parsing

Fasta format of WGS then masked using
RepeatMasker 4.0.9 (Smit et al., 2015)
implemented in Perl 5.8.0. The data
were aligned using RMBIlast 2.9.0 while
tandem repeats were analysed using TRF
4.9.0 (Benson, 1999). Dfam 3.0 protein
database (Hubley et al., 2016) and RepBase
v20181026 (Jurka et al., 2005) were used
as a library to identify the repeats. As for
RepBase library, one should contact the
Genetic Information Research Institute
(GIRI) to attain the non-commercial license.
The dictionary of parsing was built using
build dictionary.pl against RM.out and
genome. The results of RepeatMasker were
parsed with one code to find them all.
pl using fuzzy matching (Bailly-Bechet et
al., 2014). CSV (comma-separated values)
files, which comprised LTR, transposons,
elem_sorted, and copy number created from
parsing, were visualised using Office 365.

Phylogeny Analysis

Phylogram was constructed by harnessing
the reverse transcriptase (RT) conserved
domain of transposable elements class I
using DANTE (Novak et al., 2010). The
domain opted for its conserved bases.
Thus, it could be easily used to dissect the
diversity of superfamilies or lineages. The
RT detection used the algorithm of robust
alignment from the LAST program. The
alignment was performed against REXdb
Viridiplantae 3.0, a database for plant
repetitive elements (Neumann et al., 2019).
Extracted domains were aligned by MAFFT
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7 (fft-NS-1), a progressive fast Fourier
transform alignment program (Katoh
& Standley, 2013). Aligned operational
taxonomical units (OTUs) were transformed
into a tree using FastTree 2 (Price et al.,
2010). The tree was constructed with
GTR+CAT substitution model, tree search
normal+NNI+SPR, JC joins evaluation, and
Shimodaira-Hasegawa (SH) test (1000) as
a bootstrap alternative (Shimodaira, 2002).
The tree produced was manually inspected
using SeaView 4 with a bootstrap threshold
of 0.5 (Gouy et al., 2010). Finally, the edited
tree was visualised and annotated using
FigTree 1.4.4 (Rambaut, 2018).

RESULTS AND DISCUSSION
Results

Repeats Genome Proportion and Copy
Number. The structure of the banana
genome represents its total repeats, repetitive
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(Figure 1). Overall, repeats covered from
three bananas were observed proportional
to their genome size. Repetitive elements
composed 19.38%, 20.78%, and 25.96%
of B, A, and S genomes, respectively. The
proportions of Copia and Gypsy account
for 8.79% and 7.51% in B genome, 9.32%
and 8.12% in A genome, and 12.66% and
9.70% in S genome, a significant fraction
of the repetitive elements. On the other
hand, the proportion of elements such as
non-LTR retroelements [short interspersed
retrotransposable element (SINE), long
interspersed retrotransposable element
(LINE)], DNA elements were relatively
low with less than 2% of the genome. Copy
number visualisation shows that tandem
repeats are abundant, followed by LTRs
(Copia and Gypsy), while other elements
are less abundant.
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Figure 1. Proportion of repetitive elements in A, B, and S genome
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Parsed Transposable Elements. As shown
in Table 1, masked sequences analysis, was
then parsed to produce a more explicit non-
bias depiction of LTRs (Copia and Gypsy)
copy number. Figure 2 shows a virtually

Copia is far more abundant than Gypsy in
genomic and chromosomal levels as well.
A glimpse at the copy number of Copia
and Gypsy in the S genome illustrates an
incredible abundance compared to two other

similar trend in B, A, and S genomes that genomes.
Table 1
Copy number of LTRs (Copia and Gypsy)
. LTRs copy number
Species
Copia Gypsy
A genome (Musa acuminata) 68857 59495
B genome (Musa balbisiana) 61070 46075
S genome (Musa schizocarpa) 95849 82317
Copia
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Figure 2. Copy number of (a) Copia and (b) Gypsy
chromosomal level

Ratio and divergence of parsed Copia
and Gypsy elements were plotted as shown
in Figure 3. Copies of the element are
represented by blue dots, providing a
general illustration of potentially full-length
and active elements and those which have
degraded over time. Provided that the blue
dots are abundant, the ratio of elements is

A genome

B genome

S genome (Musa schizocarpa)
(b)

in A, B, and S genomes described in total copies and

close to 1, possessing a low divergence.
Thus, the ubiquity of Copia and Gypsy was
inferred due to potentially active elements
in which their bases were relatively less
degraded. Figure 3 also shows an accordance
trend as depicted in Figure 2 as more active
and abundant Copia elements.

S genome

DIVERGENCE

Figure 3. Parsed retroelements: divergence and ratio values of Copia and Gypsy in B, A, and S genomes
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Figure 4 illustrates the ratio vs
divergence of parsed elements compared
from Chrl of M. balbisiana to gain further
perspective on how abundant and less
abundant elements differ from each other
regarding elements’ activity. As seen from
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Figure 4, LINE and SINE are less abundant
than LTR, such as Copia. On the other hand,
DNA elements (MuDR, Helitron, and hAT)
are relatively scarce. Therefore, they tend to
be degraded (a ratio close to zero).
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Figure 4. Ratio vs divergence comparison of Copia, class II elements (MuDR, Helitron, hAT), and non-LTRs

(class LINE and SINE)

Reverse Transcriptase (RT) Domain
Detection and Phylogenetic Analysis.
Copia and Gypsy elements detected based
on the RT domain are shown in Table 2.
Copia lineages detected are Ale, Alesia,
Angela, lkeros, Ivana, Sire, TAR, and
Tork. At the same time, Gypsy comprises
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Galadriel, Tekay, Reina, CRM, and Retand.
The abundance of Copia and Gypsy lineages
were further visualised as shown in Figure
5; the former is dominated by Sire lineages
while the latter is shown mainly composed
by Reina lineages.
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Table 2
Hierarchical classification of Copia and Gypsy in plants according to Neumann et al. (2019)
Copia Gypsy
Ale* Chromovirus Chlamyvir
Alesia Tenl
Angela* Galadriel*
Bianca Tekay*
Bryco Reina*
Lyco CRM*
Gymco-I, II, III, IV Chromo-unclass
Tkeros* Non-chromovirus Phygy
Ivana* Selgy
Osser OTA/Athila
Sire* OTA/TAT/Tat-1, 11, 111
TAR* Ogre
Tork* Retand*

Note. Asterisk (*): Identified elements based on RT domain: 13 elements in total comprising 8 Copia lineages

and 5 Gypsy lineages
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Figure 5. Filtered counts of (a) Copia and (b) Gypsy lineages in B genome (Musa balbisiana, green), A
genome (Musa acuminata, blue), and S genome (Musa schizocarpa, yellow) showing numbers of non-bias

RT domains of Copia and Gypsy were
constructed into inferred trees, as shown
in Figure 6. Regardless of the type of
genomes, both elements could be clustered
into evolutionary lineages including two
significant Copia and Gypsy superfamily
clusters. Copia cluster encompassed two
major lineages, designated Sirevirus clade
and Tork clade. At the same time, Gypsy
was divided into chromovirus and non-
chromovirus. Major clades/lineages of
Copia and Gypsy could be subdivided into
several lineages as mentioned in filtered
count results. Topologies acquired from
individual genomes could be consistently
inferred through a joint phylogram, as
represented in Figure 6.

DISCUSSION

Stood at around 20%, the numbers of
bananas’ repeats proportions, including
transposable elements (TEs) are less than the
sister group in a subclass of Commelinids
(the core of monocots) such as corn (Zea
mays), wheat (Triticum sp.), and barley
(Hordeum vulgare) with a proportion of
more than 80% (Vitte & Panaud, 2005).
Based on the size of the genome, with
the S genome being the largest and the B
genome being the smallest of all three, the
proportions of TEs correlated with the size
of the genome. The results are supported
by the collinearity between regression
analysis of various plants genomes against
the proportion of TEs (Kidwell, 2002).
This trend is similar to previous repeats
calculations, although the results were
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Figure 6. RT domain of Copia and Gypsy in banana phylogenetics with (A) Musa acuminata (AA), (B) Musa
balbisiana (BB), (C) Musa schizocarpa (SS), and (D) joint phylogram of the three bananas

higher, making up about 30% of the genome
(Htibova et al., 2010). That said, TEs,
particularly LTR retroelements (Copia and
Gypsy), could transpose and contribute to
genome expansion. At the same time, LTRs’
underlying mechanism and contributions
in affecting epigenetic and phenotype in
bananas need further inquiry.

The dominance and prominent copy
number of Copia and Gypsy in plants are not
excluded in bananas. As elaborated before,
the ubiquity of Copia and Gypsy resulted
from the copy and paste transposition action,
actively multiplying through intermediary
RNA (Wicker et al., 2007). In other types
of plants, Gypsy could outnumber Copia
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in terms of proportion or copy number,
for example, in Poales, such as Oryza spp.
(Zhang & Gao, 2017). In the case of bananas,
the abundance of Gypsy that somewhat lower
compared to Copia could be understood
due to its element association with spatial
distributions: in the banana’s genome, Gypsy
is scattered broadly in heterochromatin,
thus hampering the transcription cues from
accessing the sequences in transposition
(Domingues et al., 2012).

The activity of retroelements
transposition could be described by
their ratios close to 1. At the same time,
divergences are close to zero (Bailly-Bechet
et al., 2014). By contrast, DNA elements’
cut and paste mechanism were shown less
abundant and prone to degrade. In the
meantime, non-LTR retroelements were
less active to multiply. Although regarded
as non-autonomous retroelements, SINEs
maintain the transposition through which
LINE transposition machinery enzymes
are involved. The mechanism of LINE-
dependent SINE transposition is also
facilitated by SINE ability in recruiting
RNA Pol III while LINE depends on RNA
Pol II; the ratios and divergences of LINE
were encountered similar to SINE patterns
(Dewannieux et al., 2003).

Protein coding structures identified
from domain searching were classified
to chromodomain (CHD), endonuclease
(ENDO), GAG, integrase (INT), protease
(PROT), ribonuclease H (RH), reverse
transcriptase (RT), transposase (TPase), and
archeal ribonuclease H (aRH) according to

REXdb (Neumann et al., 2019). Not only
did we found the RT domain belonged to
Copia and Gypsy, but Parsaretrovirus/
Caulimovirus RT within the genome
described as endogenous banana streak virus
(eBSV) was identified (Chabannes et al.,
2013). In terms of Copia and Gypsy lineages
abundance, Sire and Reina were consistently
found the most ubiquitous LTR element in
three genomes of the B, A, and S genomes,
while other plants might differ. For instance,
Angela/Tork and TAT/Athila are found
prominent in paraphyletic monocots group
of rice (Oryza spp.), Sorghum spp., foxtail
millet (Setaria italica), and sugarcane
(Saccharum spp.) (Du et al., 2010) while
particular lineage such as CRM is absent in
Saccharum officinarum (Domingues et al.,
2012). As an addition to REXdb, a variety
of lineages were grouped based on some
classifications comprised GyDB (Gypsy
Database) (Llorens et al., 2009) and unified
classification (Wicker & Keller, 2007).

CONCLUSION

This study unravelled the bananas genome’s
overall composition, focusing on repetitive
elements proportion among three genomes,
Copia and Gypsy potential characteristics
and their phylogeny. Copia and Gypsy were
inferred as potentially active and full-length
elements. Their phylogeny was illustrated
in several lineages in which Sire and Reina
account for a significant percentage of LTR
ubiquity.
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